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FIG. 4. Effects of exogenous vitamin B,, on ethanol yields for Ther-
moanaerobacter strains (X514 and 39E) grown on 50 mM xylose
(A) and Thermoanaerobacter-C. thermocellum cocultures grown on 1%
cellulose (B). Vitamin B, concentrations in the media are indicated
on the x axis (mg/liter). The data represent the means for three rep-
licates, with error bars presenting standard deviations. Significant dif-
ferences in mean ethanol yields were calculated using the one-tailed
paired ¢ test, and P values of <0.1 are shown above the dotted line.

gene being located adjacent to the truncated cbiL gene (Fig. 3).
Interestingly, some strains show a putative gene fusion encod-
ing siroheme synthase and glutamate-1-semialdehyde amino-
transferase, whereas in other strains these functions appear to
be encoded by different genes (Fig. 3). Thus, disruption of the
Na™ gradient in strain 39E by removing vitamin B,, from the
growth medium would be expected to impair growth and eth-
anol yields, while X514 would be unaffected. Furthermore, it
has been observed previously that increased ethanol yields
from cellulose fermentation can be achieved in some strains of
C. thermocellum by the addition of exogenous vitamin B, (35).
Thus, the ability to synthesize vitamin B,, de novo could po-
tentially enhance the ability of X514 to maintain energy me-
tabolism under nutrient-poor conditions and may provide a
needed cofactor in cellulolytic cocultures with C. thermocellum
which would enhance cellulose fermentation.

To test this hypothesis, X514 and 39E were grown individ-
ually on xylose and in coculture with C. thermocellum LQRI on
cellulose, with differing concentrations of exogenous vitamin
B,, added to the medium (Fig. 4). In Thermoanaerobacter
monocultures grown on 50 mM xylose, ethanol yields in X514
were largely independent of vitamin B,, concentrations even
when no vitamin B,, was present in the medium, while yields
decreased significantly (~60% of maximum yield) in 39E when
no exogenous vitamin B;, was present (Fig. 4A). This effect
was much more pronounced when the strains were grown in
coculture with C. thermocellum on 1% cellulose (Fig. 4B).
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Ethanol yields were strikingly lower (~25% of maximum yield)
in the 39E coculture with C. thermocellum on 1% cellulose
when no exogenous vitamin B, was added, and yields ap-
proached those of the X514 coculture only when 2- to 3-fold
more vitamin B;, was added to the growth medium (Fig. 4B).
In contrast, ethanol yields remained unchanged in X514-C.
thermocellum cocultures, even when no exogenous vitamin B,
was added to the growth medium (Fig. 4B). These results
suggest that X514 synthesizes vitamin B,, de novo, as pre-
dicted, and that this ability has a significant effect on ethanol
yields in both mono- and coculture.

Central carbon metabolism. Differences in energetics be-
tween the strains provide a clear, albeit indirect, link between
differing genotypes and ethanol yields. However, other geno-
typic differences appear to provide a more direct correlation to
ethanol yield phenotypes. An identical core set of Embden-
Meyerhof-Parnas (EMP) pathway genes were identified in
both strains (Fig. 2). 39E carries additional ED pathway genes,
though neither strain appears to employ the modified ED
pathway observed in many Clostridia species (6). Multiple
pathways for metabolizing hexose and pentose sugars (glucose,
fructose, xylose, maltose, ribose, and galactose) are present,
and xylose metabolism appears to occur exclusively via the
traditional xylose isomerase-xylulokinase-pentose phosphate
pathway. Both strains also carry genes annotated as encoding
pyruvate decarboxylase subunit B, a key enzyme in ethanol
production in Zymomonas strains (3, 38), but sequence homol-
ogy suggests that this enzyme is more likely an oxaloacetate
decarboxylase and thus not expected to be involved directly in
ethanol formation. In addition, both strains utilize multiple
complex carbohydrates, including amylopectin, cyclodextrin,
cellodextrin (cellobiose, cellotriose, cellotetraose, and cello-
pentaose), pectin, and pullulan, while only 39E is capable of
metabolizing sucrose and degrading xylan (see below). Thus,
the phenotypic difference in ethanol yields between the strains
does not appear to be due to observable differences in carbon
metabolism pathways between the strains.

A total of 46, 45, and 48 presumptive carbohydrate-active
enzymes (7) were identified in 39E, X514, and MB4, respec-
tively (see Table S3 in the supplemental material). While many
of the relevant genes correspond to characterized carbohy-
drate metabolism enzymes (e.g., amylopullulanase, etc.), sev-
eral remain uncharacterized. Whole-transcriptome analysis of
each of the strains showed that many of these genes were
actively expressed when cells were grown with 50 mM xylose
(see Table S3). SIGI-HMM analysis (47) suggests that X514
has acquired (via lateral gene transfer) a lineage-specific,
~1-kb gene cluster encoding additional copies of xylulokinase,
transketolase, transaldolase, alcohol dehydrogenase (ADH),
aldehyde dehydrogenase, acetate kinase, and bacterial micro-
component shell components that could potentially facilitate
carbon metabolism in X514 by alleviating metabolic bottle-
necks between xylose and ethanol. However, microarray anal-
ysis suggests that these genes are not actively expressed when
cells are grown on xylose and thus likely have no significant
effect on ethanol production yields in X514.

A total of 7 and 9 alcohol dehydrogenase genes were iden-
tified in 39E and X514, respectively (Table 1). Both strains
encode an NADPH-dependent secondary alcohol dehydroge-
nase (adhB) predicted to catalyze the terminal step in ethanol
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TABLE 1. Alcohol dehydrogenase genes carried by strains 39E and X514¢

39E X514
adh gene product
Locus tag GenelD Locus tag GenelD

Iron-containing ADH Teth514_0145 167038817
Teth39_1979 167038363 Teth514_0241 167038910
Teth514_0564 167039223
Bifunctional secondary ADH/aldehyde dehydrogenase (adhE) Teth39_0206 167036636 Teth514_0627 167039286
Bifunctional secondary ADH/acetyl-CoA thioesterase (adhB) Teth39_0218 167036648 Teth514_0653 167039312
Primary ADH (adhA) Teth39_0220 167036650 Teth514_0654 167039313
Short-chain ADH Teth39_2190 167038570 Teth514_1808 167040441
ADH with GroES domain Teth39_0878 167037292 Teth514_1882 167040513
Iron-containing ADH Teth514_1935 167040564

Teth39_1597 167037999

“ Orthologous genes are presented in rows.

production in Thermoanaerobacteraceae species (also found in
other Clostridia species, such as Thermosinus carboxidivorans,
Clostridium botulinum, and Ethanoligenens harbinense) and an
NADPH-dependent primary alcohol dehydrogenase (adhA)
involved in ethanol catabolism (3a, 4). In both strains, these
genes are located adjacent to each other (in opposite orienta-
tion) and adjacent to a predicted NADP™" reductase gene
(Teth514_0652). Both strains also encode a bifunctional
secondary alcohol dehydrogenase/aldehyde dehydrogenase
(adhE) (Fig. 2; Table 1) implicated in ethanol production in
Thermoanaerobacter (32) and in butanol production in Clos-
tridium acetobutylicum (11). This complement of ADH en-
zymes is novel compared to that of most ethanol-producing
bacteria, which typically employ a primary ADH (adhA) as the
terminal step in ethanol production (4). X514 also carries three
additional lineage-specific iron-only adh genes compared to
39E, which carries only one additional lineage-specific adh
gene (Table 1). Microarray analysis of 39E and X514 grown on
xylose showed that the three major adh genes (adhA, adhB,
and adhE) were expressed in both strains at different xylose
concentrations (see Fig. S2 in the supplemental material), a
result consistent with previous analysis of the expression of
these genes (4). adhB in particular appears to be expressed
highly in both strains at 10 mM xylose, suggesting that AdhB is
the key terminal enzyme involved in ethanol production (see
Fig. S2). Interestingly, the adhA gene encoding the catabolic
primary ADH is expressed much more highly in 39E than in
X514, and the conserved ADH encoded by Teth514 0241/
Teth39_1979 is expressed more highly in 39E under the same
growth conditions (see Fig. S2). AdhB has been proposed as a
biotechnological target for enhancing ethanol yields in Ther-
moanaerobacter strains, and the observation of differential ex-
pression of adh genes in response to xylose is intriguing, but no
definitive evidence linking differences in adh expression to
strain-specific ethanol yields was observed.

Flux analyses of carbon metabolism pathways. Genomic
differences alone were insufficient to link the observed physi-
ological phenotypes to genotypic traits. To extend the analyses,
13C-assisted flux analysis was conducted for both strains to
quantify the relative and absolute flux rates from xylose to
ethanol for the two strains and to complement a previous
metabolomic analysis of X514 (Fig. 5; see Table S4 in the
supplemental material) (10). The measured extracellular fluxes
(i.e., ethanol production, growth rates, and the consumption

rates of glucose and xylose) in X514 were >50% higher than
those in 39E (Fig. 1). Using glucose as the carbon source (see
below) revealed that the oxidative pentose phosphate pathway
(a common pathway associated with cellular NADPH produc-
tion) in X514 exhibited very low activity for glucose metabo-
lism (relative flux, <5% of total flux) (Fig. 3), consistent with
the lack of a 6-phosphogluconolactonase (EC 3.1.1.31) gene in
the Thermoanaerobacter genomes (Fig. 2 and 5). The flux
through the oxidative pentose phosphate pathway was moder-
ately higher in 39E (relative flux, ~12% of total flux), suggest-
ing that X514 might be more dependent on alternate pathways
for NADPH production. For example, based on sequence an-
notation, X514 could use pyruvate:ferredoxin oxidoreductase
(Teth514_0781) to produce reduced ferredoxin and a ferre-
doxin-NADP™ reductase (Teth514_0652) to reduce NADP™.

As expected from physiological characterization, a substan-
tially higher carbon overflow (2- to 3-fold for glucose culture
and 5- to 10-fold for xylose culture) was channeled to ethanol
than to acetate and lactate for both strains (e.g., 1 mol glucose
can generate about 1 mol ethanol by X514) (Fig. 5). Further-
more, the intracellular carbon flux distributions after normal-
ization by carbon substrate (i.e., glucose or xylose) consump-
tion rates were not significantly different between these two
strains (Fig. 5; see Table S4 in the supplemental material),
though absolute growth rates and metabolite production in
X514 were much higher than those in 39E under both glucose
and xylose growth conditions. Such observations suggest that
the two phylogenetically closely related strains share similar
regulation of central metabolic pathways, but unique geno-
types of X514 likely significantly enhance ethanol synthesis
rates.

Carbon transporters. Since observed differences in carbon
metabolism pathways were insufficient to explain increased
absolute flux rates in X514, the complement of sugar trans-
porters (for xylose in particular) was examined. Thermoanaero-
bacter strains carry a variety of genes for carbon transporters,
encompassing primarily ABC-type (120 and 134 genes in 39E
and X514, respectively) and phosphotransferase system (PTS)
(28 and 29 genes in 39E and X514, respectively) transporters
(Fig. 2). These transporters are specific for hexoses (glucose,
galactose, fructose, and mannose), pentoses (xylose and ri-
bose), disaccharides (sucrose, lactose, cellobiose, and maltose),
oligosaccharides (maltodextrin), and unspecified sugar and
polysaccharide transporters (Fig. 2). A major difference in
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FIG. 5. Relative flux distributions for glucose (A) and xylose (B) metabolism. The actual carbon utilization mole rates were normalized to 100.
The flux distributions describe the utilization of “100-mol” carbon sources by each pathway. The numbers in blue show the fluxes of X514, and
the numbers in red show the fluxes of 39E. The fluxes to biomass are shown with pink arrows. Abbreviations: AcCoA, acetyl-coenzyme A; CIT,
citrate; E4P, erythrose-4-phosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; 6PG, 6-phosphogluconate; ICIT, isocitrate; MAL,
malate; OAA, oxaloacetate; AKG, 2-oxoglutarate; PEP, phosphoenolpyruvate; 3PG, 3-phosphoglycerate; C5P, ribose-5-phosphate (or ribulose-
S-phosphate) and xylulose-5-phosphate; S7P, sedoheptulose-7-phosphate; SUC, succinate; GAP, 3-P-glyceraldehyde; PYR, pyruvate.

carbon transport between these two strains is the complement
of putative xylose transport genes in X514 (Fig. 6).

Genes encoding a bifunctional xylanosidase/arabinosidase
(xarB), associated cellobiose transporters (xarG), and B-gluco-
sidase (cglT) have previously been cloned and characterized
for Thermoanaerobacter ethanolicus JW200 (25). The genomes
of 39E and X514 were compared to genomes of eight addi-
tional Thermoanaerobacter species to determine if the variabil-
ity of this region extends across multiple Thermoanaerobacter
species and if this variability can be linked to observed physi-
ological phenotypes (Fig. 6). The JW200 xarBG-cgIFT gene
cluster is conserved in 39E and is associated with genes of a
ribose transport operon, with xylose metabolism (xylAB), and
with mobile elements (Fig. 6). In contrast, X514 utilizes a
xylose-specific XylFGH system but lacks the xarB xylanosidase
gene (Fig. 6). Thermoanaerobacter italicus and Thermoanaero-
bacter mathranii, which represent a distinct lineage within Ther-
moanaerobacter, carry both operons as well as multiple lineage-
specific xylanase genes (Fig. 6). Transcriptomic analysis
revealed that all of the genes of the xy/ operon in X514 were
highly expressed when cells were grown with xylose at a low
concentration (10 mM) compared to a high concentration (200
mM), but the cgl-xar operon in 39E was largely unresponsive to
xylose, consistent with its presumed function as a cellobiose

transport operon (see Fig. S4 and Table S5 in the supplemental
material). The presence of a dedicated xylose transport system
may explain why X514 can grow on xylose concentrations as
low as 1 mM while 39E cannot, and it may also explain the
observed increase in absolute flux rates from xylose to ethanol
in X514 and raises the question of how xylose is taken up by
39E. A conserved ribose-specific ABC transport operon is lo-
cated adjacent to the xy/ and xar operons and could potentially
display xylose uptake activity as well. However, transcriptomic
analysis does not suggest that this operon is upregulated in
response to xylose in 39E (see Table S5). A fructose/mannose/
sorbose-specific ABC transport operon showed >2-fold in-
creased expression in 39E cells grown on 10 mM xylose versus
200 mM xylose, suggesting that this operon could potentially
have xylose uptake activity (see Table S5). Alternatively, 39E
may employ less specific uptake systems, possibly via Na™
gradient-mediated solute uptake.

DISCUSSION

The study of Thermoanaerobacter species has long been
driven by interest in the ability to efficiently produce ethanol at
high yields from both glucose and xylose (21, 32, 50) and in the
potential applications in CBP, a concept offering the most
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promise in addressing central challenges to cellulosic bioetha-
nol production (23). Several features in particular make Ther-
moanaerobacter species attractive for integration into CBP
schemes, including (i) the ability to efficiently ferment both
hexose and pentose sugars (particularly xylose) (21) to ethanol
in their natural state, in contrast to non-pentose-fermenting
strains such as Zymomonas (38); (ii) relatively high ethanol
yields generated from sugar fermentation (14); (iii) simplifica-
tion of nutrient requirements due to the capability for de novo
cofactor (i.e., vitamin B,,) biosynthesis; (iv) a high growth
temperature which is better suited for industrial processing of
ethanol and minimization of microbial contamination than
those for mesophilic strains such as engineered E. coli; (v) a
high substrate affinity coupled with nearly complete substrate
utilization; (vi) ease of growth in microbial consortia; and (vii)
a unique terminal ethanol production pathway involving novel
lineage-specific alcohol dehydrogenase enzymes which may
positively affect fermentation balance and ethanol yields (3a, 4,
32). Although Thermoanaerobacter species have great biotech-
nological potential for cellulosic ethanol production, their ge-
netics, biochemistry, and physiology are only partially under-
stood. The sequencing of multiple Thermoanaerobacter
genomes coupled to experimental analyses allowed for the first
comprehensive attempt to link genotypic differences to pheno-
typic effects on substrate usage and product yields. This infor-
mation in turn is vital to future attempts to engineer these
strains for integration into CBP processes.

The use of Thermoanaerobacter species for ethanol produc-
tion presents several major challenges. First, ethanol yields
from Thermoanaerobacter, while high, do not currently meet
desired industrial standards. Accumulation of alternative fer-
mentation end products, such as lactate and acetate, reduces
the efficiency of substrate conversion to ethanol, though Ther-
moanaerobacter strains are naturally more efficient at main-
taining a high ratio of ethanol formed to other fermentation

products than other strains commonly employed in industrial
fermentation processes. Genetic engineering of strains by
blocking metabolic pathways of acetate and lactate formation
is a common mechanism for obtaining higher ethanol yields
(17, 39, 41), though such efforts have proven difficult with
Thermoanaerobacter species due to the lack of reliable genetic
systems. Second, Thermoanaerobacter species efficiently con-
vert sugars to ethanol at relatively low substrate concentrations
(<10 gliter), considerably lower than the desired, industry-
scale substrate levels (>50 g carbohydrate/liter). Understand-
ing how substrate concentrations affect ethanol yields and how
they are regulated at the molecular level is important for the
optimization of biotechnological processes. Third, pretreat-
ment of lignocellulosic materials typically results in the forma-
tion of inhibitory compounds, including weak acids, furans, and
phenolic compounds (31). Knowledge on how various inhibi-
tors affect ethanol production at the molecular level is also
critical to developing resistant strains for more efficient con-
version of lignocellulosic materials to ethanol. Fourth, certain
strains require growth factors (e.g., vitamins) susceptible to
high temperatures prevalent under thermophilic conditions,
which could hinder the efficiency of high-density thermophilic
fermentation. Finally, rapid cell lysis has been observed in
Thermoanaerobacter cultures reaching high densities, making it
difficult to maintain the high process efficiencies required by
industry-scale fermentation operations. The availability of
whole-genome sequences of X514 and 39E provides the basis
for further genetic and metabolic engineering for desired bio-
technological applications.

Strains X514 and 39E are phylogenetically closely related,
but significant differences in physiology have been observed
with respect to ethanol production. For example, X514 pro-
duces higher yields of ethanol from xylose, and the stable
coculture of C. thermocellum LQRI and X514 produces sub-
stantially more ethanol than the corresponding C. thermocel-
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lum LQRI-39E coculture. The whole-genome sequence com-
parison and experimental analyses in this study have revealed
key genotypic differences between these two strains which may
explain these phenotypes. In contrast to 39E, X514 encodes a
xylose-specific transporter, additional lineage-specific alcohol
dehydrogenase enzymes, and a complete vitamin B,, de novo
biosynthesis pathway, which is critical for maintenance of Na™*
gradient-based energetics. Additional genes encoding xylose
metabolism and pentose phosphate enzymes in X514 are pres-
ent but do not appear to significantly affect carbon flux in
X514. While relative carbon flux from xylose appears to be the
same in each strain, the observed greater absolute flux in X514
and the ability of X514 to grow at lower xylose concentrations
than those for growth of 39E may be explained by the employ-
ment of xylose-specific Xyl transporters in X514. These trans-
porters may allow for more efficient uptake and utilization of
xylose in this strain than in 39E, which must presumably utilize
a more generic xylose uptake system (i.e., Na™ gradient-linked
solute transporters, etc.). Furthermore, the capacity for de
novo synthesis of vitamin B,, by X514 appears to be a key
factor in maintaining high ethanol yields in cellulosic cocul-
tures compared to those with 39E. Finally, transcriptomic
analysis shows that alcohol dehydrogenase genes are ex-
pressed differentially in both strains under different growth
conditions but that the AdhB enzyme is likely the key ADH
enzyme involved in ethanol production and is thus a logical
candidate for future experimental analysis and engineering
efforts. Recent studies of the closely related Thermoanaero-
bacteraceae species Thermoanaerobacterium saccharolyticum
have shown that metabolic and genetic engineering can be
used successfully to enhance ethanol yields from sugar, to
yields of 37 g/liter in the case of T. saccharolyticum (39).
While similar results would be expected from engineered
Thermoanaerobacter species, such efforts have been ham-
pered by the relative genetic recalcitrance of strains. Fur-
ther systematic in-depth functional genomic studies are
needed to fully understand how these genotypic differences
contribute to the observed phenotypic differences in sugar
utilization and ethanol production. Such information will be
essential for the metabolic engineering of Thermoanaero-
bacter strains for high ethanol production. In addition, the
unique genes observed in Thermoanaerobacter (e.g., alcohol
dehydrogenase and xylose transporter genes) could also be
useful for genetically engineering non-xylose-utilizing mi-
croorganisms for xylose metabolism and/or improved etha-
nol yields (17, 20, 36, 39, 40, 41).

In conclusion, Thermoanaerobacter species are important in
biotechnological applications of biofuel production. However,
implementation of Thermoanaerobacter species into CBP
schemes requires a detailed, systems-level understanding of
the genetics, biochemistry, physiology, and ecology of this
group of bacteria. The comparative whole-genome sequence
analyses of X514 and 39E presented here provide valuable
insights into the nature of carbon metabolism, energy metab-
olism, carbon transporters, ethanol production, and cofactor
biosynthesis in these Thermoanaerobacter strains. Such infor-
mation is important not only for implementing Thermoanaero-
bacter strains into industrially viable CBP schemes through
further developing and/or optimizing more efficient strains but

ANALYSIS OF THERMOANAEROBACTER SPECIES 8007

also for potentially engineering other, non-xylose-utilizing
and/or ethanol-producing microorganisms.
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