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ABSTRACT Clostridium thermosuccinogenes is a thermophilic anaerobic bacterium
able to convert various carbohydrates to succinate and acetate as main fermentation
products. Genomes of the four publicly available strains have been sequenced, and
the genome of the type strain has been closed. The annotated genomes were used
to reconstruct the central metabolism, and enzyme assays were used to validate an-
notations and to determine cofactor specificity. The genes were identified for the
pathways to all fermentation products, as well as for the Embden-Meyerhof-Parnas
pathway and the pentose phosphate pathway. Notably, a candidate transaldolase
was lacking, and transcriptomics during growth on glucose versus that on xylose did
not provide any leads to potential transaldolase genes or alternative pathways con-
necting the C5 with the C3/C6 metabolism. Enzyme assays showed xylulokinase to
prefer GTP over ATP, which could be of importance for engineering xylose utilization
in related thermophilic species of industrial relevance. Furthermore, the gene re-
sponsible for malate dehydrogenase was identified via heterologous expression in
Escherichia coli and subsequent assays with the cell extract, which has proven to be
a simple and powerful method for the basal characterization of thermophilic en-
zymes.

IMPORTANCE Running industrial fermentation processes at elevated tempera-
tures has several advantages, including reduced cooling requirements, increased re-
action rates and solubilities, and a possibility to perform simultaneous saccharifica-
tion and fermentation of a pretreated biomass. Most studies with thermophiles so
far have focused on bioethanol production. Clostridium thermosuccinogenes seems
an attractive production organism for organic acids, succinic acid in particular, from
lignocellulosic biomass-derived sugars. This study provides valuable insights into its
central metabolism and GTP and PPi cofactor utilization.

KEYWORDS Clostridium thermosuccinogenes, succinate, xylulokinase, malate
dehydrogenase

The conversion of lignocellulosic biomass, which is typically a complex mixture of
sugar polymers, into useful green chemicals, such as building blocks for polymers,

is seen as an important step in the transition to a biobased economy. The United States
Department of Energy has published several well-known papers dealing with the top
12 promising biobased building blocks (1, 2). Several organic acids and dicarboxylic
acids, including succinic acid (SA), have been identified as such building block chem-
icals that can be produced from biomass. SA is currently used mainly as a food
ingredient or as an additive and precursor for pharmaceuticals. However, it has a range
of potential large-scale industrial applications, which are ultimately dependent on their
ability to economically compete with petroleum-based alternatives. Current commer-
cial processes exclusively use mesophilic organisms at temperatures around 30 to 37°C.
The use of thermophiles for an industrial fermentation process running at 50 to 60°C
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has several advantages. Such processes (i) require less cooling, (ii) generally have higher
reaction rates and solubilities, and (iii) have the possibility to carry out simultaneous
saccharification and fermentation of a pretreated biomass, making a more economic
process (3, 4).

Clostridium thermosuccinogenes is the only known thermophile that naturally pro-
duces SA as one of its main fermentation products. It was first isolated in 1990 for its
ability to grow on inulin at elevated temperatures, but like many Clostridia, it grows well
on a range of C5 and C6 sugars (5). Although it belongs to a group of (hemi)cellulolytic
organisms and is a close relative of the industrially relevant thermophilic Clostridium
thermocellum and mesophilic Clostridium cellulolyticum, it is incapable of degrading
(hemi)cellulose. A physiological characterization of the only four strains of the species
that have been described (DSM 5806, DSM 5807T, DSM 5808, and DSM 5809) includes
an evaluation of the effect of pH and redox potential on the distribution of its
fermentation products, namely, SA, acetic acid, formic acid, lactic acid, ethanol, and
hydrogen (6–8). Furthermore, enzyme assays have been used to shed light on the
fermentation pathways toward these products. A pathway from phosphoenolpyruvate
(PEP) to succinate was proposed via (i) PEP carboxylase (PEPC), (ii) malate dehydroge-
nase (MDH), (iii) fumarate hydratase (FH), and (iv) fumarate reductase (FR). For close
relatives of C. thermosuccinogenes and most natural SA producers, it is now well
established that the conversion from PEP to oxaloacetate is done by PEP carboxykinase
(PEPCK) rather than PEPC (9–11). A genome sequence should clarify whether there is a
PEPC or PEPCK present. Likewise, ATP-linked phosphofructokinase (PFK) activity was
detected, whereas for C. thermocellum, only PPi-linked activity was detected (7, 11).

In this paper, we present an updated characterization of C. thermosuccinogenes
metabolism by means of genomics, transcriptomics, and enzyme assays and provide
evidence of a GTP-dependent xylulokinase (XK).

RESULTS
Genome sequences of C. thermosuccinogenes. Genomes of the four C. thermo-

succinogenes strains were sequenced using Illumina HiSeq technology. From the initial
assemblies, it was clear that DSM 5806, DSM 5807T, and DSM 5808 were quite similar,
while DSM 5809 was more different from the others (see below). In an attempt to
reduce the number of contigs, DSM 5807T was selected for PacBio sequencing as the
type strain and representative of DSM 5806 and DSM 5808, together with DSM 5809,
which appears to produce the most succinic acid (5, 6). The data from both Illumina and
PacBio were combined in a hybrid assembly, which resulted in a closed genome for
DSM 5807T and an assembly of 8 scaffolds for DSM 5809. The general features of the
four genomes are presented in Table 1.

As indicated, the four strains are very similar. Using the genome-to-genome distance
calculator (GGDC) to estimate the DNA-DNA hybridization (DDH) (12), DSM 5806, DSM
5807T, and DSM 5808 were found to have 100% hybridization with each other and
92.3% with DSM 5809, which falls well within the 70% and 79% thresholds used to
delineate species and subspecies, respectively (13).

TABLE 1 General features of genome sequences of C. thermosuccinogenesa

Attribute DSM 5806 (Illumina) DSM 5807T (hybrid) DSM 5808 (Illumina) DSM 5809 (hybrid)

Genome size (bp) 4,519,012 4,731,216 4,509,994 4,665,658
GC content (%) 41.5 41.5 41.5 41.5
DNA scaffolds 266 1 240 8
No. of:

Total genes 3,930 4,086 3,888 4,035
Protein-encoding genes 3,783 3,940 3,751 3,885
RNA genes 70 75 69 75
Pseudogenes 77 71 68 75
Hypotheticalb 1,724 (43.9) 1,783 (45.3) 1,699 (43.7) 1,808 (44.8)

aIt should be noted that DSM 5806 and DSM 5808 were assembled with Illumina data only, whereas the numbers for DSM 5807T and DSM 5809 represent the hybrid
assembly with Illumina and PacBio data. Therefore, the numbers of these different assembly methods cannot directly be compared to each other.

bThe numbers in parentheses represent the percentage of hypothetical genes relative to total genes.
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Orthologous and paralogous proteins in the four assembled genomes were defined
using OrthoMCL to further quantify their similarity. Twenty-two orthologous groups
(OGs) were found that had only one or two paralogs in DSM 5806 and DSM 5808, while
these had up to 15 paralogs in DSM 5807T and DSM 5809. These 22 OGs consisted
almost exclusively of transposases and hypothetical proteins. The difference in the
numbers of paralogs for the strains reflects the different assemblies used, as the short
reads of Illumina do not enable a differentiation between repeated sequences without
a larger scaffold sequence provided by PacBio sequence analysis. From the OrthoMCL
analysis, it was also evident that DSM 5809 was more different from the other three
strains; 369 OGs were uniquely absent from DSM 5809, whereas this was the case for
only 1, 4, and 2 OGs for DSM 5806, DSM 5807T, and DSM 5808, respectively. Conversely,
180, 154, 149, and 527 genes and/or OGs were unique for DSM 5806, DSM 5807T, DSM
5808, and DSM 5809, respectively. A list of these unique genes together with the rest
of the results from the OrthMCL analysis can be found in the supplemental material (see
Table S1). The majority of the genes that are not shared between the four strains
encode hypothetical proteins, and none encode apparent metabolic functions.

Many clostridia are being studied for their potential in biotechnology, including
several close relatives of C. thermosuccinogenes: C. thermocellum and C. cellulolyticum. A
16S rRNA-based phylogenetic tree was constructed to place C. thermosuccinogenes in
context with those biotechnologically relevant species, as well as other natural succinic
acid producers and species with a known GTP-dependent glucokinase (GK) (Fig. 1).

Central metabolism. The central metabolism of C. thermosuccinogenes was recon-
structed on the basis of the genome annotation of DSM 5809, which should be
representative of the other three strains according to the OrthoMCL analysis (see
above), although in some cases, they can have more or fewer isozymes for a certain
reaction. The reconstruction was made by combining different annotations (NCBI
pipeline, RAST, Prokka), which appeared to be significantly different in certain cases.
Previous results from Sridhar et al. were also considered in the reconstruction (7). All
genes for the Embden-Meyerhof-Parnas pathway and, apart from the transaldolase
(TAL) gene, all genes for the pentose phosphate pathway (PPP) were annotated.
Around the PEP-pyruvate-oxaloacetate node (9), four different pathways for the con-
version from PEP to pyruvate seem to be present: pyruvate kinase (PYK); pyruvate,
phosphate dikinase (PPdK); the “malate shunt;” and one via oxaloacetate decarboxylase
(OAD). The latter two involve a GTP-dependent PEPCK rather than PEPC. As with most

FIG 1 Neighbor-joining tree based on 16S rRNA sequences of a selection of industrially relevant clostridia and other
species related to C. thermosuccinogenes, as well natural succinic acid producers and species with a known GTP-dependent
glucokinase. T, thermophile; C, cellulose degrader; S, succinate producer; G, known to have a GTP-dependent glucokinase.
The percentages next to branching points represent the results of bootstrapping with 1,000 replicates.
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anaerobes, the tricarboxylic acid (TCA) cycle is bifurcated, because no succinyl-
coenzyme A (CoA) synthetase or succinyl-CoA ligase is present, which coincides with
succinate being one of the end products. The routes to the other products (lactate,
acetate, formate, ethanol, and hydrogen) are annotated as well. The formation of
acetyl-CoA can go either via pyruvate:ferredoxin oxidoreductase or via pyruvate for-
mate lyase. Sugar transport seems to occur mainly via ABC transporters, as no phos-
photransferase systems were retrieved from the annotation, while many ABC trans-
porters were found. The schematic reconstruction is shown in Fig. 2.

To help identify the missing TAL, a transcriptome sequencing analysis was per-
formed on RNA isolated from cells growing on glucose versus on xylose. Table S2 shows
the genes with the highest differential expression. As expected, genes responsible for
the uptake of xylose and the subsequent conversion to xylulose-5-phosphate (X5P)
showed the most differential expression. CDQ83_14310 and CDQ83_08695 are anno-
tated by RAST as (xylose) transport proteins. CDQ83_14315 is the xylulokinase and
CDQ83_14305 is almost certainly a xylose isomerase, rather than a fucose isomerase,
and is also annotated as such by RAST. The rest of the differentially expressed genes
are mostly hypothetical and are either very short peptides or still have a very low
coverage. Since all carbon that enters the C3/C6 metabolism during growth on xylose
has to be channeled through the nonoxidative PPP, it is not unlikely that the genes
responsible for this conversion are upregulated as well and would include an unknown
TAL or an alternative pathway. However, no leads for candidate genes were derived
from the differentially expressed genes (Table S2).

Many reactions in the central metabolism have several isoforms annotated. The
transcriptomics data can in some cases already indicate which of the isoforms are
dominant during (exponential) growth on glucose and/or xylose. The transcriptomics
data for all the annotated genes that potentially fulfil the roles of the reactions
presented in Fig. 2 are listed in Table S3.

The annotation has no candidate MDH but has three candidate lactate dehydroge-
nases (LDHs), one of which (CDQ83_05915) is very ambiguously annotated. As it is
difficult to differentiate between MDH and LDH on the basis of their sequences, it is
likely that one of the genes annotated as LDH is really an MDH, which has not been
annotated (14, 15). CDQ83_08825 has the highest homology with the isoform from
Clostridium thermocellum that was found to be an MDH (16, 17) and seems therefore
the most likely candidate. To test this, the two unambiguous isoforms were overex-
pressed in Escherichia coli, and the cell extract of E. coli was subsequently used to
determine the MDH and LDH activities (Table 2). An SDS-PAGE analysis clearly showed
the overproduction of a protein of the expected size in both strains (see Fig. S1).
Background activities in the extract from E. coli with an empty vector control were
negligible under the tested conditions. As expected, CDQ83_08825 is an MDH and
shows activity with both NADH and NADPH. The other isoform, CDQ83_04860, is an
LDH but also showed substantial NADH-dependent MDH activity.

Several genes are ambiguously annotated as potential oxaloacetate decarboxylases
(OAD), including CDQ83_05940, which is part of a highly expressed operon containing
three genes. Because none of those genes are predicted to be membrane proteins,
which OAD is known to be (18, 19), and because they have orthologous genes in C.
thermocellum, for which no OAD activity has currently been detected, it seems unlikely
that they encode an OAD. Indeed, assays with a (crude) cell extract of C. thermosucci-
nogenes did not show any OAD activity; therefore, the OAD reaction is denoted with a
dashed arrow in Fig. 2.

Cofactor specificities are difficult to derive from annotations. For C. thermocellum, it
was demonstrated that it prefers GTP and PPi for several glycolytic reactions instead of
the “typical” ATP (11). Therefore, enzyme assays were carried out to evaluate cofactor
specificities in C. thermosuccinogenes. As summarized in Table 3, GK activity depends on
GTP and PFK activity on PPi. Phosphoglycerate kinase activity is highest with ATP but
is also detected with GTP. For XK, the highest activity was found with GTP, but
ATP-dependent activity was also detected. The activity for malic enzyme (ME) was
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FIG 2 Reconstruction of the central metabolism of C. thermosuccinogenes. Green arrows denote reactions verified in enzyme assays
with C. thermosuccinogenes cell extract. 6PGDH, 6-phosphogluconate dehydrogenase; ACDH, acetaldehyde dehydrogenase; ACN,
aconitase; ACS, acetyl-CoA synthetase; ADH, alcohol dehydrogenase; AK, acetate kinase; CS, citrate synthase; ENO, enolase; FBA,
fructose-bisphosphate aldolase; FH, fumarate hydratase; FR, fumarate reductase; G6PDH, glucose-6-phosphate dehydrogenase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GK, glucokinase; ICD, isocitrate dehydrogenase; LDHL, L-lactate dehydrogenase;

(Continued on next page)
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dependent on NADP�. Except for XK, the difference in enzyme activities measured with
extracts from cells grown on glucose or xylose appeared to be minimal.

DISCUSSION
Genome assembly. The hybrid assemblies of DSM 5807T and DSM 5809 are

approximately 200 kb and 150 to 200 genes larger than their SPAdes assemblies that
are based on Illumina data. This difference presumably consists mostly of repeated
sequences that cannot be assembled correctly based on the shorter reads from
Illumina. This was also evident from the fact that a striking difference in the assemblies
of DSM 5807T and DSM 5809 compared to those of DSM 5806 and DSM 5808 was the
much larger number of replicates of transposable elements.

With 4.7 Mb, the overall size of the genome is significantly larger than those of C.
thermocellum and C. cellulolyticum of 3.6 Mb and 4.1 Mb, respectively.

Link between C5 and C3/C6 metabolism. The absence of an annotated TAL has
already been discussed for several of the cellulolytic clostridia (20–22), and according
to Schellenberg et al. (22), 18% of clostridial genomes do not have a TAL annotated, of
which at least a few, including C. thermosuccinogenes, can grow well on pentose sugars.
From the transcriptomics data, no candidate genes were found, and none of the
annotated genes from the nonoxidative PPP appeared to be differentially expressed
during growth on xylose versus that on glucose, apart from the genes responsible for
the formation of X5P (see Table S2 in the supplemental material). In many bacteria,
including in E. coli, none of the genes of the nonoxidative pathway are differentially
expressed during growth on xylose versus that on glucose (23). For Clostridium termi-
tidis, an organism related to C. thermosuccinogenes that also lacks a transaldolase, the
transketolase was found significantly upregulated during growth on xylose (21). How-
ever, we did not observe this in C. thermosuccinogenes. Assuming that this is indeed the
case, the PPP enzymes are either already present in amounts high enough to channel
all X5P to the C3/C6 metabolism or there is an alternative unknown pathway being
expressed during growth on xylose. No indication for any such highly and differentially
expressed pathway is apparent from our results. The presence of an alternative
unknown pathway that is not differentially expressed during growth on xylose versus
that on glucose would not appear in these results.

One alternative pathway proposed for C. thermocellum runs via sedoheptulose-1,7-
bisphosphate formed from sedoheptulose-7-phosphate by a PFK that is subsequently
cleaved to dihydroxyacetone-phosphate (DHAP) and erythrose-4-phosphate (E4P) by a
fructose-bisphosphate aldolase, thereby replacing the missing TAL activity (20). This
pathway has been demonstrated to exist in parasitic protists that also rely on PPi-

FIG 2 Legend (Continued)
MDH, malate dehydrogenase; ME, malic enzyme; OAD, oxaloacetate; decarboxylase; OOR, 2-oxoglutarate,ferredoxin oxidoreductase;
PEPCK, phosphoenolpyruvate carboxykinase; PFK, phosphofructokinase; PFL, pyruvate formate lyase; PFOR, pyruvate:ferredoxin
oxidoreductase; PGI, phosphoglucose isomerase; PGK, phosphoglycerate kinase; PGLS, 6-phosphogluconolactonase; PPdK, pyruvate,
phosphate dikinase; PTA, phosphate acetyltransferase; PYK, pyruvate kinase; RPE, ribulose-phosphate 3-epimerase; RPI, ribose-5-
phosphate isomerase; TAL, transaldolase; TKL, transketolase; TPI, triosephosphate isomerase; XI, xylose isomerase; XK, xylulokinase.

TABLE 2 Enzyme assay with E. coli cell extract containing the two MDH candidates from
C. thermosuccinogenes, which were initially annotated as LDHs

Enzyme

Reaction velocity (�mol/mg cell extract protein/min)a

MDHb assay LDHc assay

NADH NADPH NADH NADPH

CDQ83_08825 5.35 � 0.04 6.27 � 0.86 NDd ND
CDQ83_04860 1.34 � 0.42 ND 0.96 � 0.13 ND
aReaction velocities are given � the standard deviations.
bMDH, malate dehydrogenase.
cLDH, lactate dehydrogenase.
dND, not detected.
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dependent PFK (PPi-PFK) (24). As one of the hallmarks of PPi-PFK is its reversibility, in
contrast to the ATP-dependent one (25), it is not unlikely that the PPi-PFK of C.
thermosuccinogenes could also play a role in the nonoxidative PPP. PPi-PFK does appear
to be roughly 40% more active in cell extract from cells grown on xylose, but this is
insignificant as long as it has not been tested with sedoheptulose-7-phosphate. How-
ever, due to the limited availability of PPP intermediates that could be used for enzyme
assays, it is not trivial to search for an unknown alternative pathway. Moreover, the
recursive nature of the PPP and the high reverse fluxes, due to the low thermodynamic
driving force of anaerobic metabolism in general, complicate stable-isotope-labeling
studies, which would otherwise be a very powerful method.

PEP-pyruvate-oxaloacetate node. The PEP-pyruvate-oxaloacetate (PPO) node
forms the junction between glycolysis and the TCA cycle and can compromise a large
set of reactions (9). In C. thermosuccinogenes, genes are annotated for PEPCK, PPdK, PYK,
OAD, MDH, and ME. Taken together, these reactions would enable four different
pathways from PEP to pyruvate, each involving different cofactors: (i) PPdK: AMP, PPi ¡
ATP � Pi; (ii) PYK: ADP ¡ ATP; (iii) malate shunt: GDP, NADH ¡ GTP, NADPH; and (iv)
via PEPCK and OAD: GDP ¡ GTP.

In contrast to what was found earlier by Sridhar et al. (7), C. thermosuccinogenes
appears to rely on PEPCK rather than PEPC for the formation of oxaloacetate. One
explanation for their conclusion could be the fact that they only tested activity with
ADP, whereas it is a GTP-dependent PEPCK. Furthermore, it is probable that the activity
they measured, using MDH as a reporter enzyme, was in fact that of PYK, via the
nonspecific activity of MDH with pyruvate.

From the transcriptomics, it seems that during exponential growth on glucose and
xylose, the malate shunt and OAD are expressed the highest (Table S3). However, the
annotation of OAD is ambiguous, and activity could not be detected in enzyme assays.
In C. thermocellum, no OAD activity has been detected either and is said to be absent
(26), which is the most likely explanation. Furthermore, C. thermocellum also does not
contain a PYK, and both the malate shunt and PPdK are shown to contribute substan-
tially to pyruvate formation (26). Much effort has been put into engineering the PPO
node in C. thermocellum, mostly to decrease the transhydrogenase effect of the malate
shunt in order to increase the ethanol yield, which requires NADH (11, 16, 26, 27). For

TABLE 3 Enzyme assay with C. thermosuccinogenes cell extract to determine cofactor
specificities for several glycolytic reactions

Reaction Cofactor

Reaction velocity (�mol/mg cell
extract protein/min)a in cell
extracts grown on:

Glucose Xylose

Glucokinase ATP NDb ND
GTP 0.90 � 0.10 0.68 � 0.12
PPi ND

Xylulokinase ATP 0.01 � 0.01 0.60 � 0.01
GTP 0.02 � 0.00 0.83 � 0.05

Malic enzyme NADP� 2.5 � 0.3 2.3 � 0.3
NAD� ND ND

6-Phosphofructokinasec ATP ND
GTP ND
PPi 2.8 � 0.2 4.0 � 0.2

Phosphoglycerate kinasec ATP 2.8 � 0.3 2.9 � 0.2
GTP 1.2 � 0.1 1.1 � 0.1
PPi

aReaction velocities are given � the standard deviations.
bND, not detected.
cCell extract prepared with Tris-HCl buffer instead of potassium phosphate buffer.
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C. thermosuccinogenes, the PPO node will likely also be an important target for
improving succinate yield, since FH and FR directly compete with ME for malate.

CDQ83_08825, annotated as an LDH, was shown to be responsible for the formation
of malate from oxaloacetate, as was already shown for its homolog in C. thermocellum,
which also utilized both NADH and NADPH, albeit with a 12-fold lower catalytic activity
for the latter (16). In C. thermocellum, the then putative MDH gene is located next to the
ME gene, which made it the obvious MDH candidate to test. However, in C. thermo-
succinogenes, the two genes are not adjacent to each other.

The other gene annotated as an LDH (CDQ83_04860) did indeed show LDH activity.
However, it also appeared to exhibit significant NADH-dependent MDH activity. The
relatively low LDH activity compared to MDH activity could be due to suboptimal assay
conditions resulting, for example, from the E. coli cell extract or an inadequate fructose
1,6-bisphosphate concentration, which is typically required for LDH activity. Neverthe-
less, the heterologous expression of proteins in E. coli without further purification, save
for an optional heating step, has proven to be a simple and powerful method for the
basic characterization of enzymes with a thermophilic origin.

GTP-dependent xylulokinase. Our study provides evidence for an XK that prefers
GTP over ATP. Although significant, the difference between the two nucleotides is not
as big as for GK, where no ATP-dependent activity was detected at all. For cells grown
on glucose, the XK activity is negligible compared to that from cells grown on xylose,
which corresponds to the large difference in expression observed in the transcriptomics
results. In only very few studies, GTP has been tested as a cofactor for XK, and if any GTP
activity is observed, it is much lower than ATP-dependent activity (28–32). Nevertheless,
GTP-dependent XKs could be widespread, similar to GTP-dependent GKs, as it is
increasingly apparent that a “typical” glycolysis does not exist (33). Furthermore, it is
possible that other sugar kinases in C. thermosuccinogenes, such as fructokinase and
galactokinase, are also GTP dependent, as well as other kinases such as acetate kinase.

C. thermocellum is not able to grow on xylose, as it lacks the genes for xylose
isomerase and XK. By expressing those missing genes from Thermoanaerobacterium
saccharolyticum, C. thermocellum was previously engineered to grow on xylose (34),
with the goal to increase its efficiency of ethanol production from hemicellulosic
biomass. However, it is not known whether T. saccharolyticum XK uses GTP or ATP,
which could be of importance. Besides being from a closer relative, the XK from C.
thermosuccinogenes might also be an interesting candidate to test in C. thermocellum to
potentially further improve its ability to grow on xylose.

There is no clear explanation for the reliance of the central energy metabolism on
GTP. The fact that the GTP-dependent GK appears throughout a range of distantly
related bacteria, e.g., C. thermocellum and Fibrobacter succinogenes, indicates that it is
not simply an artifact of evolution but instead is driven by a certain underlying
mechanism. Too few have been characterized to form a meaningful theory, but it could
be related to cellulolytic (rumen) bacteria, since F. succinogenes, Ruminococcus albus, C.
thermocellum, and C. thermosuccinogenes, the only organisms known to use a GTP-
dependent GK (11, 35, 36), can all be associated with this group. The underlying
mechanism can only be speculated upon. Perhaps GTP enables the existence of an
additional energy charge, next to ATP, similar to NADH and NADPH having different
oxidation states, enabling them to fulfil different roles in the metabolism. It could also
be a primitive regulatory mechanism due to the direct link of GTP with anabolism, via
protein synthesis.

Conclusions. We have sequenced and annotated the genomes of four strains of the
thermophilic succinate producer Clostridium thermosuccinogenes and, with this, recon-
structed its central metabolism. All enzymes for glycolysis and the fermentation path-
ways to its main products, including succinate, were identified, with the exception of
the transaldolase in the PPP. A transcriptomics study for growth on glucose versus that
on xylose did not hint at any transaldolase candidate genes or alternative pathways.
Furthermore, we showed that C. thermosuccinogenes, similar to its close relative C.
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thermocellum, uses GTP and PPi for several of the glycolytic reactions. Xylulokinase,
which is not present in C. thermocellum, was found to be GTP dependent as well and
could therefore potentially aid in engineering xylose utilization in C. thermocellum. The
malate dehydrogenase and the lactate dehydrogenase genes were identified via the
heterologous expression of the two candidate genes in E. coli. Unpurified cell-free E. coli
extracts were used for the assays, and this was found to be an efficient means of
characterizing thermophilic enzymes.

MATERIALS AND METHODS
Anaerobic cultivation. C. thermosuccinogenes DSM 5806, DSM 5807T, DSM 5808, and DSM 5809

were acquired from DSMZ (Braunschweig, Germany). The strains were routinely cultivated anaerobically
in 120-ml serum bottles containing 50 ml bicarbonate-buffered liquid medium and an N2/CO2 (80%/20%)
atmosphere. The cultures were incubated at 60°C.

Glycerol stocks for storage at �80°C were prepared by adding 2 ml of exponentially growing culture
(optical density at 600 nm [OD600] of 0.2 to 0.6) into previously prepared anaerobic vials containing 2 ml
of 50% glycerol in phosphate-buffered saline (pH 7.3) and 0.5 mg/liter resazurin. The vials were reduced
with a few drops of titanium citrate (100 mM) directly before the addition of the culture.

Overnight precultures were typically grown with 2 g/liter of substrate (i.e., glucose or xylose), as they
were found to have a shorter lag phase upon transfer than that of overnight cultures grown in 5 g/liter
substrate, presumably because there is less to no acidification.

Medium composition and preparation. C. thermosuccinogenes was grown in adapted CP medium
(37), which contained per liter 0.408 g KH2PO4, 0.534 g Na2HPO4·2H2O, 0.3 g NH4Cl, 0.3 g NaCl, 0.1 g
MgCl2·6H2O, 0.11 g CaCl2·2H2O, 4.0 g NaHCO3, 0.1 g Na2SO4, 1.0 g L-cysteine, 1.0 g yeast extract (BD
Bacto), 0.5 mg resazurin, 1 ml vitamin solution, 1 ml trace elements solution I, and 1 ml trace elements
solution II. The medium was autoclaved in serum bottles under 80:20 N2/CO2 atmosphere with �70 kPa
overpressure, containing a final volume of 50 ml medium. A solution containing NaHCO3 and L-cysteine
was autoclaved separately and added later as well as a solution containing CaCl2·2H2O, to which the
vitamin solution was added after it was autoclaved. The substrate (glucose or xylose) was also autoclaved
separately and added later to a final concentration of 2 g/liter or 5 g/liter.

The vitamin solution, which was 1,000� concentrated, contained per liter 20 mg biotin, 20 mg folic
acid, 100 mg pyridoxine-HCl, 50 mg thiamine-HCl, 50 mg riboflavin, 50 mg nicotinic acid, 50 mg
Ca-D-pantothenate, 1 mg vitamin B12, 50 mg 4-aminobenzoid acid, and 50 mg lipoic acid.

Trace elements solution I, which was 1,000� concentrated, contained per liter 50 mM HCl, 61.8 mg
H3BO4, 99.0 mg MnCl2·4H2O, 1.49 g FeCl2·4H2O, 119 mg CoCl2·6H2O, 23.8 mg NiCl2·6H2O, 68.2 mg ZnCl2,
and 17.0 mg CuCl2·2H2O.

Trace elements solution II, which was 1,000� concentrated, contained per liter 10 mM NaOH, 17.3 mg
Na2SeO3, 33.0 mg Na2WO4·2H2O, and 24.2 mg Na2MoO4·2H2O.

Genome sequencing and annotation. Ten to twenty milliliters of exponentially growing cells was
harvested for DNA extraction with the Gram positive DNA purification kit (Epicentre, Madison, Wisconsin)
according to the manufacturer’s instructions.

Library preparation and sequencing was carried out by BaseClear (Leiden, The Netherlands) both for
Illumina and PacBio. Illumina sequencing was performed with the HiSeq2500 system, using paired-end
chemistry and run lengths of 125 bp. FASTQ sequence files were generated using the Illumina Casava
pipeline version 1.8.3. The initial quality assessment was based on data passing the Illumina Chastity
filtering. Subsequently, the reads containing adapters and/or the PhiX control signal were removed using
an in-house filtering protocol. The second quality assessment was based on the remaining reads using
the FASTQC quality control tool version 0.10.0 (38). This resulted in 4,159,110, 5,143,445, 4,483,080, and
3,992,113 reads for DSM 5806, DSM 5807, DSM 5808, and DSM 5809, respectively. The data collected from
the PacBio RS instrument were processed and filtered using the SMRT analysis software suite. The
continuous long read data were filtered by read length (�35), subread length (�35), and read quality
(�0.75). This resulted in 216,616 and 91,998 reads for DSM 5807 and DSM 5809, respectively, with
average read lengths of 3,577 and 5,794, respectively, and maximum read lengths of 41,645 and 36,236,
respectively.

Illumina sequence data from the four strains were assembled using SPAdes genome assembler (39).
For DSM 5807 and DSM 5809, the additional sequence data from PacBio sequencing were used in
combination with the Illumina data for a hybrid assembly. The hybrid assembly was carried out by
BaseClear (Leiden, The Netherlands), using ABySS assembler version 1.5.1, SSPACE-LongRead scaffolder
version 1.0 (40), and GapFiller version 1.10 (41).

The final assemblies of the four strains, i.e., SPAdes assemblies for DSM 5806 and DSM 580 and hybrid
assemblies for DSM 5807 and DSM 5809, have been submitted to the NCBI database and were annotated
by their in-house annotation pipeline (42). Additionally, the different assemblies have also been anno-
tated with RAST and with Prokka, aiding the manual reconstruction of the central metabolism (43, 44).

In silico DNA-DNA hybridization. The genome-to-genome distance calculator (GGDC) version 2.1
from the DSMZ website was used to calculate the DNA-DNA hybridization of the four C. thermosucci-
nogenes strains (12). For all four strains, the SPAdes assembly of Illumina HiSeq sequence data was used
as the input. The results of formula 2 were used, as is recommended, but results from formula 1 and
formula 3 led to identical conclusions.
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OrthoMCL analysis. The OrthoMCL algorithm was used to identify orthologous proteins in the four
C. thermosuccinogenes genomes, using the default settings (45). Protein FASTA files were used, derived
from the genomes that were annotated by the NCBI pipeline, meaning that for DSM 5806 and DSM 5808,
these were based the SPAdes assemblies, whereas these were based on the hybrid assembly for DSM
5807T and DSM 5809. The output of the program was used to compile a list with unique genes, i.e., a list
of genes that did not appear in any of the orthologous (and paralogous) groups, including all the RNA
genes, as these are not part of the OrthoMCL analysis. Additionally, lists were made with orthologous
groups that were present in all but one of the strains. The output of the OrthoMCL analysis can be found
in Table S1 in the supplemental material.

Construction of phylogenetic tree. For the construction of the phylogenetic tree, 16S RNA
sequences were aligned using ClustalW with the standard settings in MEGA6 (46). Aligned sequences
were trimmed to a length of 1,324 bp and were used for the construction of a phylogenetic tree by using
the neighbor-joining methods in MEGA6. A bootstrap test with 1,000 replicates was performed.

Transcriptomics. Ten milliliters of exponentially growing cells at an OD600 of �0.3 was harvested for
RNA extraction by centrifugation at 4,800 � g for 15 min at 4°C. The pellet was suspended in 0.5 ml
ice-cold Tris-EDTA (TE) buffer (pH 8.0). The samples were divided into two 2-ml screw-cap tubes
containing 0.5 g zirconium beads, 30 �l 10% SDS, 30 �l 3 M sodium acetate (pH 5.2), and 500 �l
water-saturated phenol, chloroform, and isoamyl alcohol at a ratio of 25:24:1 (pH 4.5 to 5) (Roti-Aqua-
P/C/I; Carl Roth, Karlsruhe, Germany). Cells were disrupted in a Precellys 24 tissue homogenizer (Bertin
Instruments, Montigny-le-Bretonneux, France) at speed 6 for 40 s. After a centrifugation for 5 min at
9,300 � g at 4°C, the water phase (top) was transferred to a new tube containing 400 �l chloroform. After
a centrifugation for 3 min at maximum speed, the water phase was again transferred to a new tube and
mixed with the lysis buffer from the High Pure RNA isolation kit from Roche. From there on, the protocol
of the kit was followed. The integrity of the RNA was checked using Experion RNA StdSens chips from
Bio-Rad.

Library preparation and sequencing was performed by BaseClear (Leiden, The Netherlands), using an
Illumina HiSeq platform, yielding 50-bp single reads. The samples from cells growing on glucose and on
xylose resulted in 25 and 67 million reads, respectively. Transcript reads were aligned on the coding
sequences from the NCBI annotation using the Burrows-Wheeler aligner (BWA; version 0.7.12-r1039). From
this, the reads per kilobase per million mapped reads (RPKM) were calculated for every coding sequence.

Preparation of cell extract of C. thermosuccinogenes. Cell extracts were made using 150 ml (3 �
50 ml) of exponentially growing cultures at an OD600 of 0.3 to 0.4, according to a protocol adapted from
Zhou et al. (11). The cells were harvested by centrifugation at 4,800 � g for 10 min at 4°C and were
washed twice with 50 mM Tris-HCl buffer (pH 8.0) containing 5 mM freshly added dithioerythritol (DTT).
The cells were finally suspended in 5 ml of either the wash buffer or 50 mM potassium phosphate buffer
(pH 7.0) containing 5 mM DTT. The cell suspensions were homogenized in a French press at �120 kPa.
The lysate was centrifuged for 10 min at maximum speed in microcentrifuge tubes, and the supernatants
were used as the cell extracts. For the oxaloacetate decarboxylase assay, the crude extract that was not
centrifuged was also used to test if any activity was present in the solid fraction. The total protein
concentration in the cell extracts was determined using the Bradford assay, with bovine serum albumin
as a standard. Protein concentrations in all cases were �1 mg/ml. All steps were performed aerobically.

Heterologous expression of malate dehydrogenase candidates in E. coli. The two malate
dehydrogenase gene candidates from C. thermosuccinogenes investigated in this study were heterolo-
gously overexpressed in E. coli. CDQ83_08825 was amplified via PCR using the forward primer TACTTC
CAATCCAATGCAGTAAAATCCAAATCAAAAGTTGCAATAATC and the reverse primer TTATCCACTTCCAATG
TTATATATCCTTCACCTGATCGATTATAGCCTTTAC. CDQ83_04860 was amplified via PCR using the forward
primer TACTTCCAATCCAATGCAATGCATGAAATTACACCAAAAAAGATC and the reverse primer TTATCCA
CTTCCAATGCTACAATTTAAGTTTGCCGGC. Via ligase-independent cloning, the cloned enzymes were
inserted in a backbone derived from pET-28b(�) (Novagen, Madison, Wisconsin) that was generated
using the primers ATTGGATTGGAAGTACAGGTTTTCATGGTGATGGTGATGGTGAGAAGAACCCATGGTATA
TCTCCTTCTTAAAG and ATTGGAAGTGGATAACGGATCCGAATTCGAGCGCCGTCGACAAGCTTGCGG. The
ligase-independent cloning protocol is described elsewhere and takes advantage of the exonuclease
activity of T4 polymerase to create compatible ends (47). In the final construct, the enzyme has an
N-terminal His tag with a TEV protease site in between. Constructs containing CDQ83_08825 and
CDQ83_04860 were transformed to E. coli DH5� and subsequently verified via sequencing.

CDQ83_08825 and CDQ83_04860 were heterologously overexpressed in E. coli Rosetta (Novagen), which
is an E. coli BL21 derivative containing a plasmid encoding tRNAs of rare codons and a chloramphenicol
resistance marker. Cells carrying the expression plasmids were grown in LB containing 50 �g/ml kanamycin
and 20 �g/ml chloramphenicol to an OD600 of 0.6 to 0.8 and subsequently placed on ice for 20 min. Fifty
milliliters of the culture was used for making E. coli cell extracts. Heterologous gene expression was then
induced by the addition of 0.2 mM IPTG (isopropyl-�-D-thiogalactopyranoside), and the cultures were
grown for an additional 3 to 4 h at 37°C. Then, the cell extract of E. coli was prepared in a manner
identical to that for C. thermosuccinogenes cell extract, except that no DTT was used in the buffers.
Additionally, the E. coli cell extract was also subjected to a heating step of 30 min at 60°C, followed
by a centrifugation step to remove precipitated proteins. This heating step was included to decrease
the background activity of the E. coli extract, although the assays were found to work very well even
without this last step.

Enzyme assays. Activities in all assays were determined either indirectly (via one or more auxiliary
enzymes) or directly by measuring the change in absorbance at 340 nm, which corresponds to NAD(P)�

reduction or NAD(P)H oxidation. A Shimadzu U-2010 spectrophotometer in combination with a ther-
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moelectric cell holder was used for the measurements that were performed at 55°C. Crystal cuvettes
containing 1 ml of the reaction mixture were used with a 1.0-cm path length. Activities are expressed in
micromoles of product per minute per mg of cell extract protein. The enzymes and biochemicals were
obtained from Sigma. Tris-HCl buffer used was set at pH 8.0 at room temperature, which corresponds to
�pH 7.0 at 55°C. All enzyme assays contained 50 mM Tris-HCl. Ten to sixty microliters of cell extract was
used in the assays, and in all cases, at least three different concentrations were tested to verify that the
extract was the limiting factor in the assay. Water was added to a final volume of 1 ml. In the case of
glucokinase and phosphofructokinase, significant background activity was present without the addition
of a phosphoryl donor, which was subtracted from the final values.

The glucokinase (EC 2.7.1.2) assay was adapted from Zhou et al. (11) and contained 5 mM MgCl2, 60
mM KCl, 2 mM glucose, 0.15 mM NADP�, and 2 U/ml glucose-6-phosphate dehydrogenase; 2 mM ATP,
GTP, or PPi was added to start the reaction.

The xylulokinase (EC 2.7.1.17) assay was adapted from Dills et al. (29) and contained 5 mM MgCl2, 2
mM xylulose, 2 mM phosphoenolpyruvate, 0.15 mM NADH, 4 U/ml pyruvate kinase, and 4 U/ml lactate
dehydrogenase; 2 mM ATP, GTP, or PPi was added to start the reaction.

The phosphofructokinase (EC 2.7.1.11/EC 2.7.1.90) assay was adapted from Zhou et al. (11) and
contained 5 mM MgCl2, 1 mM fructose-6-phosphate, 0.15 mM NADH, 4 U/ml aldolase, 4 U/ml triose-
phosphate isomerase, and 4 U/ml �-glycerophosphate dehydrogenase; 2 mM ATP, GTP, or PPi was added
to start the reaction.

The phosphoglycerate kinase (EC 2.7.2.3) assay was adapted from Zhou et al. (11) and contained 5
mM MgCl2, 2 mM EDTA, 2 mM 3-phosphoglycerate, 0.15 mM NADH, and 2 U/ml glyceraldehyde-3-
phosphate dehydrogenase; 2 mM ATP, GTP, or PPi was added to start the reaction.

The malic enzyme (EC 1.1.1.40) assay was adapted from Zhou et al. (11) and contained 5 mM MgCl2,
5 mM NH4Cl, 5 mM dithiothreitol, and 0.15 mM NADP�; 2 mM malic acid was added to start the reaction.

The malate dehydrogenase (EC 1.1.1.37) assay was adapted from Taillefer et al. (16) and contained 0.3
mM NADH; 10 mM oxaloacetate was added to start the reaction.

The lactate dehydrogenase (EC 1.1.1.27) assay was adapted from Taillefer et al. (16) and contained
0.005 mM fructose 1,6-bisphosphate and 0.15 mM NADH; 10 mM pyruvate was added to start the
reaction.

The oxaloacetate decarboxylase (EC 4.1.1.3) assay was adapted from Olson et al. (26) and contained
0 to 2 mM MgCl2, 0 to 2 mM NaCl, and 1 to 1.6 mM oxaloacetic acid. The (crude) cell extract was added
to start the reaction after the rate of spontaneous oxaloacetic acid degradation was determined. The
reaction was monitored at 265 nm, which is the absorbance peak for oxaloacetic acid.

Accession number(s). The NCBI database accession numbers for DSM 5806, DSM 5807, DSM 5808,
and DSM 5809 are NIOJ00000000, CP021850, NIOK00000000, and NIOI00000000, respectively.
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