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Abstract Clostridium thermocellum is a thermophilic,
cellulolytic anaerobe that is a candidate microorganism for
industrial biofuels production. Strains with mutations in
genes associated with production of L-lactate (Dldh) and/or
acetate (Dpta) were characterized to gain insight into the
intracellular processes that convert cellobiose to ethanol
and other fermentation end-products. Cellobiose-grown
cultures of the Dldh strain had identical biomass accumulation, fermentation end-products, transcription proﬁle, and
intracellular metabolite concentrations compared to its
parent strain (DSM1313 Dhpt Dspo0A). The Dpta-deﬁcient
strain grew slower and had 30 % lower ﬁnal biomass
concentration compared to the parent strain, yet produced
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75 % more ethanol. A Dldh Dpta double-mutant strain
evolved for faster growth had a growth rate and ethanol
yield comparable to the parent strain, whereas its biomass
accumulation was comparable to Dpta. Free amino acids
were secreted by all examined strains, with both Dpta
strains secreting higher amounts of alanine, valine, isoleucine, proline, glutamine, and threonine. Valine concentration for Dldh Dpta reached 5 mM by the end of
growth, or 2.7 % of the substrate carbon utilized. These
secreted amino acid concentrations correlate with increased
intracellular pyruvate concentrations, up to sixfold in the
Dpta and 16-fold in the Dldh Dpta strain. We hypothesize
that the deletions in fermentation end-product pathways
result in an intracellular redox imbalance, which the
organism attempts to relieve, in part by recycling NADP?
through increased production of amino acids.
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Introduction
Increased consumption and progressive depletion of
petroleum fossil fuels have led to the development and use
of renewable liquid biofuels such as ethanol, for which
lignocellulosic biomass is a particularly promising future
feedstock [33]. Biological conversion of lignocellulosic
biomass to fuels can proceed by using established industrial microorganisms such as yeasts with cellulolytic
enzymes either added exogenously or produced heterologously. Alternatively, a microbe with good native capacity
to solubilize the carbohydrate fraction of lignocellulose can
be engineered for robust industrial fuel production at high
yield and titer [6, 24].
The anaerobic thermophilic bacterium Clostridium
thermocellum is efﬁcient at solubilizing cellulose, especially due to its cell wall-tethered cellulase enzyme complex called the cellulosome [9, 30]. The enzymes of the
cellulosome solubilize cellulose to cellodextrins, which are
taken up and converted by a mixed acid fermentation to
ethanol, acetate, L-lactate, formate, hydrogen gas, and
carbon dioxide [40].
All known thermophilic saccharolytic anaerobes produce organic acids in addition to ethanol as fermentation
end-products. The ‘‘classical’’ approach towards increased
ethanol production by rational strain design is to disrupt
those metabolic pathways that lead to alternative fermentation end-products such as acetate or lactate, and indeed
this strategy has proven successful in some cases. Shaw
and coworkers deleted the genes involved in acetate and
lactate production in the thermophilic bacterium Thermoanaerobacterium saccharolyticum [31]. The resulting T.
saccharolyticum strain ALK2 had a 50 % increase in ethanol production compared to wild-type levels, while the
growth rate of this strain remained comparable to the wildtype strain. Similarly, removal of lactate production in the
hemicellulolytic thermophile, Thermoanaerobacter mathranii, by disrupting its lactate dehydrogenase (ldh) gene,
led to increased ethanol production [12]. Lastly, disruption
of the lactate dehydrogenase and pyruvate formate lyase
pathways in Geobacillus thermoglucosidasius also led to
improved ethanol yields [5]. However, this ‘‘classical’’
strategy has yet to result in high ethanol yields in the case

of C. thermocellum for reasons that are not well understood
[1].
Motivated by a desire to increase ethanol yields, we
sought to enhance understanding of C. thermocellum
metabolism by characterizing three mutant strains and
comparing them to each other and their parent. The mutant
strains had disrupted acetate or L-lactate pathways, which
are the major alternative fermentation end-product pathways next to ethanol. We focused especially on these
mutants’ growth characteristics and their production of
intra- and extracellular metabolites. While the economic
feasibility of industrial fermentations relies on the use of
cost-effective raw (lignocellulosic) materials, in this study,
cellobiose rather than cellulose was used as model carbon
source. C. thermocellum hydrolyses insoluble cellulose to
soluble b-(1,4) linked glucose oligomers including cellobiose. Insoluble substrates interfere with the ability to
extract metabolites and monitor real-time fermentation
progression (e.g., [18, 22, 29]). As studies comparing cellulose and cellobiose have shown little difference between
fermentation end-product distribution [10, 28, 36], and
have shown cellobiose to be a good substrate for cellulosome expression [2, 41], the use of cellobiose gives
insights on the physiology of these mutants that can serve
as starting point for extrapolation to industrial-grade
substrates.

Materials and methods
Strains
Clostridium thermocellum strains used are listed in
Table 1. Strains were constructed from the genetically
tractable C. thermocellum DSM1313 strain [11] following
the procedures outlined by Argyros and coworkers [1]. In
brief, deletion of the gene encoding the ortholog of the B.
subtilis spo0A sporulation initiation regulator, spo0A
(Cthe_0812) in C. thermocellum Dhpt [1] yielded the Dhpt
Dspo0A genetic background (referred to as the ‘‘parent
strain’’). In this strain, the gene encoding lactate dehydrogenase (ldh, Cthe_1053) was deleted using plasmid
pMU1777 [1], removing base pairs ?55 to ?894 of the

Table 1 Strains used in this study
Strain name

Genotype

Comment

Parent

Dhpt Dspo0A

Parent strain, derived from C. thermocellum DSM1313 [11]. Strain ID M1726

Dldh

Dhpt Dspo0A Dldh

Deletion of ldh in parent strain. Strain ID M1629

Dpta

Dhpt Dspo0A Dpta

Deletion of pta in parent strain. Strain ID M1630

Dldh Dpta

Dhpt Dspo0A Dldh Dpta

Original merodiploid deletion of pta in strain Dldh. Strain ID M1655

Evolved Dldh Dpta

Dhpt Dspo0A Dldh Dpta

Evolved from Dldh Dpta strain in chemostat for over 500 h. Strain ID M1725
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954-bp gene. Similarly, phosphotransacetylase (pta,
Cthe_1029) was deleted in Dhpt Dspo0A using pMU1817
[1], removing base pairs ?174 to ?1,074 of the 1,077 bp
gene. To make a strain inactivated for both Ldh and Pta,
strain Dhpt Dspo0A Dldh was transformed with pMU1817,
followed by selection on rich medium supplemented with
thiamphenicol and 5-ﬂuoro-20 -deoxy-uridine as previously
described [1]. Thus, a merodiploid strain was created in
which the last 253 base pairs of the pta gene were replaced
by a cat-positive selection marker expressed by a 527-bp
Gapdh (Cthe_0137) promoter region. This deletion effectively removed the enzyme’s catalytic site, including the
catalytically essential Ser334 and Asp341 residues in the Pta
active site, and Arg335 that interacts with acetyl-phosphate,
as was deduced from sequence alignment with Pta proteins
for which crystal structures and structure-function studies
are available [20, 37]. Functional disruption of phosphotransacetylase activity in this strain was conﬁrmed by the
absence of acetate production in serum bottle fermentations. All gene deletions were conﬁrmed by sequencing the
chromosomal locus. As Dldh Dpta strains have a severe
growth defect [36], the merodiploid Dldh Dpta strain was
evolved for over 500 h in a chemostat to select for a strain
with improved growth rate, yielding the evolved Dldh Dpta
strain used in this study.
Fermentation
MTC medium [39] was prepared as previously described
[15] with all components except vitamins and trace elements prepared fresh as stock solutions 1 day prior to each
fermentation run. Stock solutions were ﬁlter-sterilized over
0.22-lm cellulose-acetate ﬁlters, aliquoted into sterilized,
rubber-sealed, N2-purged bottles, and stored in the dark
until use.
Standardized inoculum was obtained to minimize the
impact of differences in inoculum quality on fermentation
consistency. At the start of this study, each strain was
grown in a 1-l glass fermentor with MTC medium and 5 g/l
cellobiose. When an optical density of 0.4 AU was measured with in-vessel probes (Dasgip BioTools, Shrewsbury,
MA, USA), 5-ml aliquots were removed from the fermentor vessel, injected into sterile, N2-purged, rubbersealed glass bottles, and stored at -80 °C until use.
Glass 0.5-l fermentors containing 400 ml resazurin-containing water were autoclaved and were allowed to cool to
room temperature while the headspace was purged with
10 ml/min N2 gas for at least 12 h. Three hours before
inoculation time, 5-ml aliquots of frozen standardized
inoculum were placed on ice and allowed to thaw. Meanwhile, the fermentor vessels were heated to 55 °C, while
each fermentor off-gas cooler was kept at 4 °C. At 1 h before
inoculation, cellobiose and MTC medium components

were added to each vessel to obtain a working volume of
500 ml. pH was set to 7.2 using 4 M KOH and 1 M H2SO4.
The time of inoculation was designated as time = 0. Optical
density was followed by in-vessel probes. Cessation of cellobiose utilization (‘‘maximum OD time point’’) was determined by both observing the optical density maximum as
well as a discontinued addition of base to the vessel.
Prior to each sampling, a 3-ml aliquot was removed and
discarded to clear the sampling tube. At an optical density
of 0.40 ± 0.05 AU or within 5 min after reaching maximum optical density, which was determined by visually
monitoring the continuous OD measurement, 2 9 50-ml
broth aliquots were removed from the vessel and centrifuged (5 min, 3,5009g), followed by the removal of
supernatant using a tube connected to a vacuum pump.
Subsequently, pellets were snap-frozen in liquid N2 and
stored at -80 °C until analysis. For any other sampling
time point, a 3-ml sample was removed and centrifuged
2 min at 10,0009g (3 min for the evolved Dldh Dpta
strain), followed by decanting and snap-freezing.
Cell dry weight and total organic carbon and nitrogen
(TOCN) analysis
Cell dry weight was determined by taking three 5-ml volumes for each sampling time point, which were ﬁltered
over 0.22-lm GTTP membranes. Membranes were washed
once with 5 ml of water and placed in a 60 °C oven for
5 days, after which the amount of residue was determined.
Total organic carbon and nitrogen (TOCN) content was
determined from three 1-ml samples derived from one 5-ml
sample volume. Each 1-ml sample was centrifuged (2 min,
10,0009g), and 850 ll was removed to determine supernatant TOCN values. The pellet was resuspended in 1.0 ml
of water and centrifuged three times to remove any
remaining supernatant. After washing, the resuspended
pellet was added to a TOCN vial containing 9.0 g of distilled water. The vials were analyzed by a TOC-V CPH and
TNM-I analyzer (Shimadzu, Kyoto, Japan) operated by
TOC-Control V software. As standard solution, 0.5111 g
glycine and 8.333 ml of 6 M HCl per liter of distilled water
was used in 1, 10, and 50 times dilution. As carrier solvent,
8.72 mM HCl in distilled water was used. The resulting
peak area was translated to TOCN values using the standard values in Microsoft Excel.
Enzymatic analysis
All assays were performed under anaerobic conditions at
50 °C. Cell-free extracts were prepared following methods
described in [3].Brieﬂy, strains were grown in half-liter
cultures to O.D. 0.6, chilled, spun down, and resuspended
in 4 ml of 100 mM Tris–HCl (pH 7.6), 0.1 mM DTT
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buffer. Cells were then disrupted with a sonicator using a
microtip. Crude cell extract was centrifuged at 20,0009g
for 10 min, and supernatant was stored on ice. Protein
content of the cell extract was determined using the
Bradford assay. Reactions were monitored with an Agilent
8453 UV–Vis spectrophotometer with 1 ml of reaction
solution.
Phosphotransacetylase and lactate dehydrogenase activity
was measured based on previously described methods, following the change in absorbance at 233 nm by thioester bond
formation of acetyl-CoA (e = 4,360 M-1 cm-1) and at
339 nm by the oxidation of NADH (e = 6,220 M-1 cm-1),
respectively [17, 18]. The reaction conditions for phosphotransacetylase were as follows: 100 mM Tris–HCl pH 7.6,
1.6 mM glutathione, 0.43 mM coenzyme-A, 7.23 mM acetyl
phosphate, 13.3 mM ammonium sulphate; and for lactate
dehydrogenase 200 mM Tris–HCl pH 7.6, 6.6 mM NADH,
30 mM sodium pyruvate, 1 mM fructose 1,6-diphosphate.
Extracellular metabolite analysis
Supernatant obtained after centrifugation was ﬁltered over
a 0.22-lm ﬁlter spin-column for 2 min at 10,0009g (3 min
for the evolved Dldh Dpta strain) and stored at -20 °C
until use. Fermentation products were determined by
HPLC using an Aminex HPX-87H column (Bio-Rad,
Hercules, CA, USA). Extracellular amino acid concentrations were determined by Aminoacids.com (St. Paul, MN,
USA).
Lactic acid chirality was determined spectrophotometrically from 100 ll of supernatant using the K-DLATE
05/11 enzyme assay kit (Megazyme, Ireland), following
the manufacturer’s speciﬁcations.

Five replicate samples were analyzed per microbial
strain per time point. Dried extracts were processed as
described previously [38] on an inert XL gas chromatograph-mass spectrometer (model 5975C, Agilent Technologies Inc, Santa Clara, CA, USA) with a helium ﬂow of
1.33 ml per minute, and temperatures for the injection port,
MS Source, and MS Quad set to 250, 230, and 150 °C,
respectively.
Data analysis
Cell pellet for the evolved Dldh Dpta strain proved very
loose and unstable, which made supernatant removal after
centrifugation difﬁcult. As a result, accurate biomass concentration determination by weight was impossible, and
raw measured concentrations data were reported in grams
of intracellular compound per volume fermentation broth
(Supplementary Data File 1). Intracellular metabolite
concentrations were normalized to the pellet nitrogen (TN)
present as pellet nitrogen was found to be an accurate
proxy for cell biomass (Holwerda et al., manuscript in
preparation). This allowed us to calculate a molar concentration of metabolites per gram organic nitrogen biomass (Table 3; Supplementary Data File 1).
For all identiﬁed metabolites, the resulting molar concentrations of metabolite per gram organic nitrogen biomass were examined for signiﬁcance in R [27] using twoway ANOVA (response variate: ‘‘molar concentration’’,
classifying variates: ‘‘strain’’ and ‘‘timepoint’’; p = 0.01;
results are in Supplementary Data File 1).

Results

Intracellular metabolite analysis

Growth characteristics

Frozen cell pellet from a 50-ml sample was dissolved in
10 ml of 80% (v/v) aqueous ethanol to which 200 ll of
1,000 g/l D-sorbitol was added. Sorbitol was used as an
internal standard to correct for differences in derivatization
efﬁciency and changes in sample volume during heating.
This suspension was transferred to a 30-ml Pyrex glass
beaker (Corning), placed on ice, and sonicated with a
S4000 sonicator (QSonica) using as parameters: tip diameter 12.7 mm, amplitude 120 lm, ﬁve series of a 30-s pulse
with 30 % amplitude (17 W) followed by 30 s rest. The
sonicated suspension was transferred to a 15-ml polypropylene tube and stored at -20 °C until centrifugation. To
remove cell debris, the tubes were centrifuged (5 min,
3,5009g) and extraction solvent was carefully transferred
to new tubes. The solvent containing metabolites was
lyophilized by freeze-drying (-50 °C, 10 Pa) and stored at
-80 °C.

Growth curves were obtained in pH-controlled bioreactors
for strains of C. thermocellum DSM1313 with deletions in
genes encoding lactate dehydrogenase (Dldh), phosphotransacetylase (Dpta), or both (evolved Dldh Dpta).
Growth of the Dldh strain was not discernibly different
from the parent strain, as indicated by the optical density,
cell dry weight (CDW), and elemental analysis for carbon
and nitrogen (TOC/N) measurements (Fig. 1). Disruption
of the pta gene alone, however, resulted in slower cell
growth, an extended lag phase, and a 30 % decrease in total
biomass accumulated during fermentation: 0.7 g 9 l-1
CDW versus 1.0 g 9 l-1 CDW for the parent strain, the
ldh strain, and the evolved ldh pta strain.
A strain in which both ldh and pta were inactivated grew
very poorly in glass bottles, and we were unable to initiate
growth in a bioreactor. Hence, we examined a chemostatevolved descendant of this strain selected for improved
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Fig. 1 Growth characteristics.
a Optical density as measured
during one fermentation run,
and b cell dry weight, c total
organic carbon in pellet
fraction, and d total nitrogen in
pellet fraction as determined at
selected O.D. increments.
Parent strain: solid black line
and square; Dldh: solid gray
line and circle; Dpta, dotted
gray line and triangle; evolved
Dldh Dpta, dotted black line and
diamond. X axis: time in
minutes after inoculation. Error
bars denote standard error of the
mean as determined from three
replicate measurements per
sampling time point

Optical density [AU]
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growth rate. The supernatant of this evolved Dldh Dpta
strain had a higher apparent viscosity: centrifugation times
had to be increased to up to 3 min to collect all dialysate
per sampling time point. Its CDW was similar to that of the
parent strain at 1.0 g 9 l-1, yet its TOC/TN and optical
density values followed those of the Dpta strain (Fig. 1).
The higher viscosity, lower TOC/TN values, and lower
optical density of the Dldh Dpta strain indicates that
additional organic matter is present in its supernatant that is
retained in the CDW ﬁltration step, but is not pelleted with
the cells upon centrifugation.
Fermentation end-products
Extracellular fermentation end-product concentrations for
the examined strains are listed in Table 2. Despite its
longer lag phase and lower biomass yield, almost 75 %
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more ethanol is produced by the Dpta strain compared to
the three other strains: 17 mM ethanol compared to around
11 mM ethanol, which correspond to 29 and 19 % of
theoretical yields, respectively.
Small but signiﬁcant quantities of lactic acid and acetic
acid are detected in the fermentation broth of strains harboring disruptions in these pathways (Table 2). This production of small amounts of lactate and acetate by ldh and
pta mutant strains is consistent with previous reports [1,
36]. To exclude the possible presence of wild-type cells in
our inoculum that could explain these small quantities of
acetate and lactate, genomic DNA was extracted from cells
harvested after a fermentation run. The ldh and pta regions
were ampliﬁed by PCR and the resulting amplicons were
sequenced. No wild-type DNA sequences but only the
expected disrupted nucleotide sequences were found for all
strains.

Table 2 Fermentation end-products
Strain

O.D.

Time point (min)a ,
b

Parent
Dldh

Cellobiose
(mM)b

Ethanol
(mM)b

Acetic acid
(mM)b

L-lactic acid
(mM)b

Formate
(mM)b

0.4

650 ± 94

8.5 ± 0.8

4.5 ± 1.4

4.7 ± 0.5

0.1 ± 0.0

1.7 ± 0.2

Maximum

756 ± 92

0.0 ± 0.0

9.7 ± 1.3

10.7 ± 0.5

0.3 ± 0.0

4.5 ± 0.6

0.4

582 ± 34

8.8 ± 1.9

3.9 ± 0.6

4.7 ± 0.7

0.1 ± 0.0

1.9 ± 0.3

Maximum

693 ± 30

0.0 ± 0.0

10.9 ± 2.5

11.6 ± 1.7

0.2 ± 0.0

5.2 ± 0.8

5.6 ± 1.1

10.3 ± 1.3

0.3 ± 0.1

0.3 ± 0.1

0.7 ± 0.1

Dpta

0.4

1,174 ± 94

Maximum

1,313 ± 64

0.0 ± 0.0

16.9 ± 1.2

0.5 ± 0.1

0.7 ± 0.2

1.1 ± 0.2

Evolved Dldh
Dpta

0.4
Maximum

705 ± 32
823 ± 30

6.6 ± 1.5

5.0 ± 0.4

0.4 ± 0.1

0.3 ± 0.0

0.5 ± 0.1

0.6 ± 1.0

11.5 ± 3.5

0.7 ± 0.1

0.6 ± 0.1

1.0 ± 0.2

a

Time in minutes after inoculation of the fermentor vessel

b

Each value is given as mean with standard deviation as calculated from nine independent biological replicate fermentations for the parent strain
and from six independent biological replicate fermentations for the other strains
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Lactic acid was formed by both Dldh strains, with the
evolved double-knockout strain producing up to 0.6 mM
lactic acid (Table 2). Whereas in both ldh? strains, lactate
was detected approximately 90 min after acetate was ﬁrst
detected in a fermentor run, in both Dldh strains lactate and
acetate reached detection threshold concentrations at the
same time.
A chirality-speciﬁc enzyme assay showed that only
L-lactic acid but no D-lactic acid was present in broth
samples from all four strains. L-Lactate dehydrogenase
enzyme activity was measured in cell-free extracts of the
parent strain and the evolved Dldh Dpta strain either with
or without the addition of fructose 1,6-diphosphate, a
known activating molecule for C. thermocellum Ldh [19,
25]. Parent strain-speciﬁc activity was 0.09 lmol/min per
mg protein without fructose 1,6-diphosphate addition,
which elevated to 0.69 lmol/min/mg after fructose 1,6diphosphate addition. For the evolved Dldh Dpta strain,
speciﬁc activity was 0.08 lmol/min per mg protein irrespective of fructose 1,6 diphosphate addition.
In addition to unexpected L-lactic acid production, acetate concentrations to up to 0.7 mM (8 % of parent strain
levels) were observed in the Dpta and Dldh Dpta backgrounds. To verify the functional disruption of pta, phosphate acetyltransferase activity was measured in the parent
strain and the evolved Dldh Dpta strain. While the parent
strain had a speciﬁc activity of 0.39 lmol/min per mg
protein, no phosphate acetyltransferase speciﬁc activity
could be detected in cell-free extracts of the evolved Dldh
Dpta strain.
Intracellular metabolites
The concentrations of intracellular metabolites in the
strains compared in this study were examined by GC–MS.
Thirty-nine chromatography peaks with their raw GC-MS
peak area differing by at least twofold between any two
strains were identiﬁed, of which 22 could be assigned to
known compounds (Table 3 and Supplementary Data File
1).
The intracellular concentrations of all identiﬁed compounds except malic acid were statistically signiﬁcant
different at p = 0.01 between the strains examined in this
study (Supplementary Data File 1). Especially at the early
exponential growth phase time point, concentration differences were noticeable (Table 3). For example, glucose6-phosphate and fructose-6-phosphate levels in the two
strains harboring the pta disruption were 3–6-fold lower
compared to those in the parent strain or the Dldh strain,
and urea concentrations were up to twofold higher in the
Dldh Dpta strain relative to the three other strains.
Clear differences were observed between the two time
points at which the strains were sampled. Intracellular

123

cellobiose concentrations dropped from around
50–150 lmol 9 g biomass-1 in early exponential growth
phase to around 2 lmol 9 g biomass-1 at the onset of
stationary phase. A drop of 2–10- fold over time was
observed for the phosphorylytically cleaved products of
cellobiose, glucose, and glucose-1-phosphate, as well as for
the glycolytic intermediates glucose-6-phosphate, fructose6-phosphate, and 3-phosphoglycerate (Table 3).
Intracellular pyruvate concentrations decreased over
time about threefold in the parental and Dldh strains, in line
with the other glycolytic intermediates observed. However,
the pyruvate concentration did not decrease in the Dpta
strain, and was over twofold higher in the evolved Dldh
Dpta strain. Pyruvate serves as a precursor for the synthesis
of the amino acid alanine and for the branched-chain amino
acids valine, isoleucine, and (when combined with acetylCoA) leucine. Similar to pyruvate, the intracellular concentrations of alanine, valine and isoleucine were elevated
in the Dpta strain and even more so in the evolved Dldh
Dpta double knockout.
Secretion of amino acids
Although all strains studied secrete free amino acids into
the fermentation broth, the Dpta and Dldh Dpta strains
secrete substantially more than the parent strain (Table 4).
For example, in its early exponential growth phase, the
parent strain has secreted 0.6 mM valine, which corresponds to 5 % of the cellobiose carbon consumed. At the
onset of stationary phase, its valine concentration increased
to 1.2 mM (or 4 % of the cellobiose added on C-molbasis), and four additional amino acids are present in
concentrations above 0.1 mM (Table 4).
Compared to the parent strain, both Dpta mutants
secreted a subset of amino acids at higher levels. Isoleucine, valine, and alanine concentrations were 1.5 to 2-fold
higher in the Dpta strain, resulting in 5.8% of the cellobiose
carbon converted to free amino acids. In the evolved Dldh
Dpta strain, these amino acids were elevated 2 to 5-fold. At
maximum optical density, Dldh Dpta secreted over 17 %
(C-mol) of the carbon initially present as cellobiose as free
amino acids, of which valine contributed the bulk (14.2 %,
or 145.1 mM) (Table 4).

Discussion
To extend our current knowledge of metabolic processes
that affect ethanol yields in C. thermocellum, the physiology of strains with a disrupted L-lactate or acetate fermentative pathway or with both these pathways disrupted
was examined and compared to their parent strain in bioreactor cultivations on chemically deﬁned minimal

43.93 ± 9.8

4.77 ± 1.0

Maximum

4.28 ± 0.4
15.01 ± 6.6

3.32 ± 0.9
2.06 ± 0.4

Maximum

0.4

3.03 ± 1.8

1.91 ± 0.5

1.11 ± 0.3
1.90 ± 1.1

Maximum

0.4

1.33 ± 0.2

0.92 ± 0.2

0.4

0.39 ± 0.1

0.52 ± 0.1

0.43 ± 0.0

0.71 ± 0.1

0.27 ± 0.1

0.66 ± 0.1

0.30 ± 0.0

0.63 ± 0.1

Leucine

0.16 ± 0.1

0.27 ± 0.1

0.14 ± 0.0

0.17 ± 0.1

0.08 ± 0.0

0.17 ± 0.0

0.07 ± 0.0

0.17 ± 0.1

Glucose
1-P

2.02 ± 0.4

0.92 ± 0.5

0.23 ± 0.1

0.23 ± 0.1

0.15 ± 0.1

0.19 ± 0.1

0.57 ± 0.3

0.38 ± 0.1

Isoleucine

0.14 ± 0.1

1.17 ± 0.5

0.84 ± 0.6

2.24 ± 0.5

0.65 ± 0.5

7.37 ± 2.1

0.63 ± 0.5

6.22 ± 2.5

Glucose-6P

0.35 ± 0.2

0.42 ± 0.1

0.31 ± 0.1

0.28 ± 0.0

0.78 ± 0.1

0.59 ± 0.2

0.19 ± 0.0

0.27 ± 0.1

Threonine

0.11 ± 0.0

0.37 ± 0.2

0.26 ± 0.1

0.46 ± 0.2

0.20 ± 0.1

1.03 ± 0.2

0.21 ± 0.1

0.95 ± 0.1

Fructose
6-P

0.33 ± 0.1

0.45 ± 0.2

0.34 ± 0.2

0.28 ± 0.1

0.12 ± 0.0

0.12 ± 0.0

0.59 ± 0.1

0.39 ± 0.1

Aspartic acid

0.10 ± 0.0

0.56 ± 0.2

0.22 ± 0.0

1.16 ± 0.3

0.11 ± 0.0

0.49 ± 0.2

0.11 ± 0.0

0.63 ± 0.3

3-Phosphoglycerate

644.20 ± 173.1

868.35 ± 216.5

433.21 ± 88.7

444.07 ± 125.4

443.72 ± 53.9

508.13 ± 133.3

539.94 ± 97.4

507.50 ± 113.7

Urea

0.07 ± 0.0

0.03 ± 0.0

0.07 ± 0.1

0.13 ± 0.0

0.07 ± 0.0

0.07 ± 0.0

0.07 ± 0.0

0.07 ± 0.0

22.24 ± 5.8

2.70 ± 0.7

4.11 ± 0.8

21.65 ± 5.1

18.79 ± 6.4

32.45 ± 3.0

31.91 ± 8.6

28.13 ± 3.4

8.18 ± 0.8

6.59 ± 1.3

8.94 ± 1.1

4.73 ± 0.2

7.44 ± 2.1

5.30 ± 0.8

10.45 ± 4.0

3.98 ± 0.5

8.90 ± 1.8

6.76 ± 2.1

7.70 ± 0.8

6.61 ± 2.0

3.26 ± 1.1

4.72 ± 3.7

3.53 ± 0.6

5.51 ± 4.6

Lactic acid

147.56 ± 35.0

219.24 ± 27.0

105.46 ± 10.3

151.89 ± 18.3

46.59 ± 1.8

147.18 ± 34.2

53.93 ± 6.4

150.60 ± 40.0

Phosphate

0.95 ± 0.2

0.62 ± 0.1

0.93 ± 0.5

1.18 ± 0.3

1.15 ± 0.2

0.94 ± 0.4

1.05 ± 0.4

0.71 ± 0.1

Malic acid

Palmitic acid

0.99 ± 0.4

1.31 ± 0.4

0.49 ± 0.1

0.76 ± 0.2

0.34 ± 0.1

0.94 ± 0.3

0.31 ± 0.1

0.47 ± 0.1

Aconitic
acid

Glycerol-1-P

250.77 ± 56.6

318.91 ± 45.0

162.19 ± 23.9

178.47 ± 58.2

129.36 ± 5.3

179.49 ± 57.2

135.21 ± 53.8

191.02 ± 58.5

Citric acid

Ornithine

6.45 ± 3.2

2.82 ± 0.5

2.57 ± 2.1

2.17 ± 0.4

0.46 ± 0.0

1.27 ± 0.2

0.36 ± 0.1

1.03 ± 0.2

Pyruvate

Concentrations in lmol per gram total nitrogen (TN) biomass. Values are the average and standard deviation of ﬁve independent biological replicate samples per strain per time point

Evolved Dldh Dpta

Dpta

Dldh

4.81 ± 1.3
9.73 ± 3.3

2.13 ± 0.5
3.01 ± 0.6

0.4

Maximum

Parent

8.02 ± 2.5
Valine

15.00 ± 4.3

0.90 ± 0.2
Alanine

O.D.

Maximum

143.83 ± 33.3

10.87 ± 1.8

2.82 ± 1.0

0.4

12.06 ± 2.6

49.65 ± 9.3

Maximum

6.87 ± 1.5

2.47 ± 0.5

10.05 ± 2.5

2.08 ± 0.4
11.16 ± 2.2

10.74 ± 1.7

84.93 ± 18.8
117.56 ± 48.3

Glucose

Cellobiose

0.4

Maximum

0.4

Strain

Evolved Dldh
Dpta

Dpta

Dldh

0.4

Parent

Maximum

O.D.

Strain

Table 3 Intracellular metabolite concentrations
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Table 4 Extracellular amino acids in the fermentation broth
Gln (lM)

558

104.4

19.7

46.4

n.d.

52.5

47.5

563.1

37.3

684

153.1

51.0

136.7

18.3

129.4

141.0

1,200.7

49.4

610

70.6

13.4

42.8

n.d.

51.3

44.3

403.8

32.9

714

122.7

27.1

127.4

n.d.

125.4

117.3

1,105.7

46.2

1,174

75.1

25.9

n.d.

16.7

114.3

96.2

861.9

47.4

1,297

105.7

33.6

70.4

27.3

194.5

171.0

1,625.6

51.6

0.4

753

58.8

34.9

76.9

34.6

466.6

82.2

2,249.7

25.2

Maximum

871

111.2

64.8

154.2

69.2

839.6

182.1

5,077.0

32.9

O.D.

Parent

0.4
Maximum

Dldh

0.4

Dpta

0.4
Maximum

Maximum

Evolved Dldh Dpta

Time Pointa

Glu (lM)

Strain

Pro (lM)

Thr (lM)

Ile (lM)

Ala (lM)

Val (lM)

Ser (lM)

Only amino acids for which a concentration over 50 lM in at least one sample is detected are presented. Asp, Leu, Gly, and Phe are detected at
concentrations below 50 lM. Arg, Asx, Met, Lys, Tyr, Trp, and His were not detected in any sample. Cys cannot be determined with the
detection method used. n.d. not detected
a

Time is given in minutes after inoculation of the fermentor vessel

medium with cellobiose as sole carbon source. Independent
bioreactor runs for each strain proved highly reproducible,
which allowed us to make detailed observations on aspects
of C. thermocellum’s physiology.
Both L-lactate and acetate were detected in the fermentation broths of strains disrupted for the L-lactate or
acetate fermentative pathways. The observed non fructose1,6-bisphosphate-dependent Ldh activity in Dldh strains
might be explained by the presence of one or more
enzymes that complement this Ldh activity. The putative
malate dehydrogenase (Cthe_0345) is a likely candidate for
further investigations in this respect, given its high similarity at the amino acid level with Ldh (BLAST E-value:
2 9 10-207), its belonging to the same protein superfamily
[23], and the observed shift in substrate speciﬁcity from
malate to lactate by a single amino acid residue substitution
[13].
Disruption of pta reduced growth (Fig. 1) yet produced
1.7-fold more ethanol than its parent strain (Table 2).
These increased ethanol levels are in line with the
approximately 1.3-fold increased ethanol levels of a comparable pta strain fermented in bottle ﬂasks on rich medium
[36]. Unexpectedly, ethanol levels returned to parent strain
levels in the evolved strain in which both ldh and pta were
disrupted. Added to that observation is the presence of
unidentiﬁed soluble material in this strain’s fermentation
broth, as is indicated by an increased broth viscosity and by
the observed discrepancy between biomass determination
by the cell dry weight or TOC/TN procedure. Our observations are in contrast with the almost fourfold-increased
ethanol levels that Argyros and coworkers found when
working with another evolved Dldh Dpta strain [1]. Comparison between this latter experiment and ours is not
possible, as this latter experiment was performed by bottle
ﬂask cultivation grown on rich medium and with 20 g/l
Avicel cellulose as carbon source. However, it will be of
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interest to compare side-by-side both evolved Dldh Dpta
strains in minimal media on both cellobiose and crystalline
cellulose to determine whether media composition or carbon source may account for this observed discrepancy.
Pyruvate is a key intracellular metabolite that plays a
role in several metabolic pathways, including cellobiose
fermentation [28]. Secretion of pyruvate by C. thermocellum was reported earlier for the Dhpt Dldh Dpta strain
described by Argyros and coworkers when it was grown on
Avicel cellulose [1]. They observed that secretion of
pyruvate disappeared in a strain that was evolved for faster
growth. Although in our study extracellular pyruvate concentrations were not determined, intracellular pyruvate
concentrations were increased in our Dpta and evolved
Dldh Dpta strains to up to 16-fold in the latter strain relative to parent strain levels. Correlating with these elevated
intracellular pyruvate levels were higher intra- and extracellular levels of free amino acids including pyruvatederived valine, isoleucine and alanine. In cellulose and
cellobiose studies of C. thermocellum strain ATCC27405,
Ellis and coworkers found that both fermentations converted about 5 % of substrate carbon to secreted amino
acids, suggesting that amino acid secretion is not signiﬁcantly affected by substrate [10]. Under our experimental
conditions, all DSM1313-derived strains secrete large
quantities of amino acids, with the evolved Dldh Dpta
mutant converting 17% of its initial substrate carbon atoms
to free amino acids. Amino acid biosynthesis represents a
bioenergetic cost to the cell, as it requires cleavage of highenergy phosphate bonds [4, 35]. Yet, despite these costs,
the strains examined in this study divert a signiﬁcant portion of their metabolic ﬂux towards these pathways, suggesting that this ﬂux fulﬁlls a major metabolic need.
For the mesophile Clostridium cellulolyticum, chemostat
experiments suggests that its metabolism is adapted to low
carbon ﬂows [8, 14, 26]. At such low ﬂows, the NAD? that
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is reduced by glycolysis can be oxidized through hydrogen
gas formation through pyruvate:ferredoxin oxidase activity
[14, 26]. However, with increased intracellular carbon
ﬂow, this hydrogen gas-mediated NAD? regeneration is
not able to keep pace. The resulting imbalanced electron
ﬂow causes excess carbon to be passed on through pyruvate
to increased lactate production and exopolysaccharide
synthesis in this organism [7, 26]. Similar to C. cellulolyticum, C. thermocellum engineered strains might have an
imbalanced electron ﬂow. In this study, the most abundantly secreted amino acids observed (valine, isoleucine,
alanine, proline, and glutamate) all require little to no ATP,
yet substantial amounts of NADPH for their synthesis (e.g.,
biosynthesis of 1 mol of valine yields 2 mol of NADP? at
no ATP cost, and isoleucine 5 mol of NADP? at the cost of
2 mol of ATP [4, 21]. Thus, the observed ﬂux towards
these amino acids might be explained by a need to regenerate NADP? through amino acid biosynthesis. Regeneration of NADP? by production of amino acids has been
shown to occur in the fungus Aspergillus nidulans under
oxygen depletion conditions [32] and in the archaeon Pyrococcus furiosus [16]. Furthermore, an extensive study
involving 135 anaerobic rumen bacteria suggested that
most of these bacteria secreted amino acids, the highest
levels of which were those that require NADPH for their
biosynthesis yet have low ATP cost [34].
Our study suggests that not-well-understood metabolic
processes redirect carbon not towards ethanol, but through
other pathways, notably amino acid biosynthetic pathways.
As the amino acids with highest concentrations are synthesized with high NADPH consumption, this diversion
might be because of an imbalanced cellular redox state of
C. thermocellum. It appears of paramount importance that a
better understanding of this cellular redox state is required
for further successful engineering of improved ethanol
yields of this organism. Future experiments that investigate
differences in intracellular metabolism between celluloseand cellobiose-grown cultures should give further clues
about the (redox state) processes that underlie this observed
secretion of amino acids. In addition, experiments that
compare side-by-side various evolved C. thermocellum
mutant strains will likely identify mutations that modify
pathways involved in improved growth, carbon, and electron ﬂow in C. thermocellum.
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