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ABSTRACT Genetic engineering of hyperthermophilic organisms for the production
of fuels and other useful chemicals is an emerging biotechnological opportunity. In
particular, for volatile organic compounds such as ethanol, fermentation at high tem-
peratures could allow for straightforward separation by direct distillation. Currently,
the upper growth temperature limit for native ethanol producers is 72°C in the bacterium
Thermoanaerobacter ethanolicus JW200, and the highest temperature for heterologously-
engineered bioethanol production was recently demonstrated at 85°C in the archaeon
Pyrococcus furiosus. Here, we describe an engineered strain of P. furiosus that synthe-
sizes ethanol at 95°C, utilizing a homologously-expressed native alcohol dehydrogen-
ase, termed AdhF. Ethanol biosynthesis was compared at 75°C and 95°C with various
engineered strains. At lower temperatures, the acetaldehyde substrate for AdhF is
most likely produced from acetate by aldehyde ferredoxin oxidoreductase (AOR). At
higher temperatures, the effect of AOR on ethanol production is negligible, suggesting
that acetaldehyde is produced by pyruvate ferredoxin oxidoreductase (POR) via oxida-
tive decarboxylation of pyruvate, a reaction known to occur only at higher tempera-
tures. Heterologous expression of a carbon monoxide dehydrogenase complex in the
AdhF overexpression strain enabled it to use CO as a source of energy, leading to
increased ethanol production. A genome reconstruction model for P. furiosus was
developed to guide metabolic engineering strategies and understand outcomes. This
work opens the door to the potential for ‘bioreactive distillation’ since fermentation
can be performed well above the normal boiling point of ethanol.

IMPORTANCE Previously, the highest temperature for biological ethanol production
was 85°C. Here, we have engineered ethanol production at 95°C by the hyperthermo-
philic archaeon Pyrococcus furiosus. Using mutant strains, we showed that ethanol pro-
duction occurs by different pathways at 75°C and 95°C. In addition, by heterologous
expression of a carbon monoxide dehydrogenase complex, ethanol production by this
organism was driven by the oxidation of carbon monoxide. A genome reconstruction
model for P. furiosus was developed to guide metabolic engineering strategies and
understand outcomes.

KEYWORDS Pyrococcus furiosus, archaea, thermophile, ethanol, genetic engineering,
CO dehydrogenase, bioethanol, carbon monoxide, hyperthermophiles, metabolic
engineering, metabolic modeling

The use of extremely thermophilic microorganisms is becoming an increasingly attrac-
tive option for biological production of fuels and chemicals, and improved genetic sys-

tems in thermophiles have expanded the possibilities in recent years (1–4). In particular,
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organisms growing at temperatures of 70°C to 100°C have distinct advantages over meso-
philes and moderate thermophiles for industrial applications: cultivation at high tempera-
tures makes them less prone to contamination and limits phage infection, volatile fuels
and chemical products can be continuously distilled from culture, and less cooling is
needed for a large-scale fermenter, leading to reduced cooling costs (1, 4–6). With that
said, metabolic engineering of extreme thermophiles for industrial fuels and chemicals is
still in its beginning stages. However, with the expansion of molecular genetic tools, a
growing number of these organisms hold promise for industrial biotechnology.

One such organism that is being developed as a platform for high-temperature meta-
bolic engineering applications is the marine archaeon Pyrococcus furiosus, which grows
optimally near 100°C. As a heterotrophic organism with a doubling time (37 min [7])
approaching that of Escherichia coli and for which a robust genetic system has been
developed (7–9), it is a prime candidate for genetic engineering applications. Current en-
gineering approaches in this organism have required the use of a temperature shift strat-
egy for expression of heterologous pathways and synthesis of the resulting products
because most pathway enzymes come from organisms which have optimum growth
temperatures lower than that of the host. Engineering efforts in P. furiosus for product
formation have included lactate at 72°C using a bacterial thermophilic lactate dehydro-
genase gene (10), ethanol at 78°C using a bacterial alcohol dehydrogenase gene (AdhA)
(10, 11), 3-hydroxypriopionate at 73°C using a five-gene archaeal pathway (12), and buta-
nol at 60°C using a combination of genes from three bacterial sources (13). It has also
been engineered for utilization of formate at temperatures up to 95°C (14) and for utili-
zation of CO at 80°C (15) via expression of multi-subunit membrane-bound complexes
from a related archaeon.

Engineered ethanol production above 70°C has been accomplished in only two organ-
isms to date. The cellulose-degrading thermophilic bacterium Caldicellulosiruptor bescii
has been engineered with a bifunctional AdhE enzyme containing both acetaldehyde de-
hydrogenase and an alcohol dehydrogenase domains for the conversion of acetyl-CoA to
ethanol; this engineered strain, also containing a deletion of the lactate dehydrogenase
gene, produced up to 2.3 mM ethanol at 75°C (16). P. furiosus has been engineered to
produce ethanol, up to 78°C, via insertion of a single alcohol dehydrogenase gene from
Thermoanaerobacter strain X514 (11, 17). Intriguingly, this AdhATX514 enzyme was found
to act in concert with the native aldehyde ferredoxin oxidoreductase (AOR) for the pro-
duction of ethanol from acetate in a redox-balanced energy-conserving pathway. The fer-
redoxin-dependent AOR enzyme was previously demonstrated to oxidize acetaldehyde
to acetate and thought to detoxify aldehyde buildup in the cell (18, 19). In the AOR-Adh
pathway, however, AOR functions in reverse, converting acetate to acetaldehyde, which
is used by AdhATX514 for ethanol production. Not only could the pathway convert native
acetate to ethanol, but the broad specificity of the two enzymes allowed exogenously
added organic acids, such as propionate and isobutyrate, to be converted to their corre-
sponding alcohol (17). Furthermore, engineering a CO dehydrogenase complex into the
AdhA-containing strain allowed CO to supply the reductant for organic acid conversion
(17). P. furiosus was also engineered to contain a primary alcohol dehydrogenase from the
thermophile Caldanaerobacter subterraneus which enabled ethanol production, presum-
ably through the AOR-Adh pathway, optimally at 80°C and at a maximum of 85°C (20).

The bifunctional AdhE enzyme catalyzes ethanol production from acetyl-CoA, and
P. furiosus has also been engineered with AdhE enzymes in an aor deletion background
to eliminate competition from the AOR-Adh pathway (21). However, this ethanol pro-
duction was an order of magnitude lower than that of the AOR-Adh pathway, and the
temperature of ethanol formation was limited to 65°C. Of the eight AdhE enzymes
tested, only two, from Thermoanaerobacter species, were functional in P. furiosus.

P. furiosus produces a small amount (;1 mM) of ethanol natively during growth at
lower temperatures (e.g., 65°C to 75°C) (17, 21). Another study also reported the pro-
duction of ethanol at 90°C in concentrated cell suspensions, using NMR studies with
13C-labeled glucose (22). Interestingly, a strain in which the AOR gene had been
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deleted still produced background levels of ethanol at 65°C, indicating that AOR is not
the only source for native acetaldehyde production in P. furiosus (21). The native pyruvate
ferredoxin oxidoreductase enzyme (POR), which catalyzes the ferredoxin-dependent con-
version of pyruvate to acetyl-CoA, non-oxidatively decarboxylates pyruvate to acetalde-
hyde in vitro (23, 24). Additional potential sources of acetaldehyde include other members
of the tungsten-containing AOR family, such as formaldehyde ferredoxin oxidoreductase
(FOR) (25), and two other partially characterized tungsten-containing oxidoreductases
(WOR4 and WOR5) (26, 27).

In P. furiosus, native ethanol production likely comes from acetaldehyde via one or more
native alcohol dehydrogenase enzymes, some of which have been biochemically character-
ized. The short-chain alcohol dehydrogenase termed AdhA (PF0074) was heterologously-
expressed in E. coli and characterized with a substrate specificity for pyruvaldehyde (specific
activity: 30.2 U mg21) in the reductive reaction and 2-pentanol (Vmax: 41.6 U mg21) in the oxi-
dative reaction (28). The same study identified an iron-containing AdhB (PF0075) encoded
adjacent to the AdhA gene; however, the heterologously expressed protein was not bio-
chemically characterized due to its rapid loss of activity (28). Interestingly, a Thermotoga nea-
politana protein highly homologous to AdhB (74% identity over the entire sequence) was
characterized as a bifunctional Adh, leading to the possibility that P. furiosus AdhB may also
be bifunctional (29). A mid-chain, zinc-containing alcohol dehydrogenase, AdhC (PF0991),
heterologously expressed and purified from E. coli, was demonstrated to oxidize 2,3-butane-
diol to acetoin (specific activity: 5 U mg21) (30). Another alcohol dehydrogenase homolog,
termed AdhD (PF1960), was heterologously expressed in E. coli and characterized with a sub-
strate specificity for diacetyl-acetoin (Vmax: 22.5 U mg21) in the reductive reaction and 2,3-
butanediol (Vmax: 108.3 U mg21) in the oxidative reaction (31). Interestingly, this AdhD is tran-
scribed immediately upstream of, and is likely in an operon with WOR4 (PF1961). There was
also a report of a characterized alcohol dehydrogenase from P. furiosus before its genome
was sequenced; however, it is not easily identifiable because the 14-amino acid N-terminal
sequence determined for the purified protein does not correspond to any gene in the P. fur-
iosus genome (32).

Here, we describe a previously unstudied P. furiosus Adh that is responsible for native
ethanol production and suggest the mechanisms by which ethanol is produced at subop-
timal versus optimal growth temperatures. Furthermore, its homologous overexpression
allows for increased ethanol production at 95°C in P. furiosus. Additionally, heterologous
expression of a CO dehydrogenase in this strain was shown to enable CO to serve as a
source of energy for ethanol biosynthesis. Genome-scale modeling revealed an important
role for redox balancing ferredoxin in controlling the mechanism of ethanol production
at different temperatures and in the presence of CO dehydrogenase.

RESULTS AND DISCUSSION
P. furiosus Adh gene expression. Since P. furiosus natively produces low concen-

trations (;1 mM) of ethanol at lower growth temperatures (around 75°C), we were
interested in determining the expression levels of the five putative adh genes. P. furio-
sus COM1 was cultivated at both 95°C and 75°C, RNA was extracted, and quantitative
RT-PCR was performed for adhA, adhB, adhC, and adhD. PF0608 was also included
because it is another annotated, although uncharacterized, iron-containing alcohol de-
hydrogenase (Fig. 1). Expression levels of adhA and adhB transcripts were significantly
lower at 75°C, approaching 10-fold lower than that of the control gene, while the
expression of adhC, adhD, and PF0608 was similar to that of the control gene. Since
AdhC and AdhD have characterized activities with 2,3-butanediol and acetoin, respec-
tively (30, 31), we selected PF0608 to pursue as a potential Adh with ethanol-produc-
ing activity. Here, we refer to the PF0608 gene product as AdhF to keep to the naming
sequence of previous P. furiosus Adh-type enzymes and avoid confusion with the well-
characterized bacterial bifunctional AdhE.

Deletion of adhF abolishes ethanol production. To determine whether AdhF
plays a role in ethanol production in P. furiosus, we generated adhF deletions in both
the COM1 and Daor backgrounds; here, these strains are referred to as DAdhF and
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DAOR DAdhF, respectively (Fig. 2 and Table 1). Previous work has demonstrated native
production of up to ;1 mM ethanol by P. furiosus at 65°C and 75°C (17, 21). A Daor
strain was also shown to produce similar amounts of ethanol at 65°C (21). The DAdhF
and DAOR DAdhF strains were cultured at 75°C and 95°C in minimal medium contain-
ing 5 g L21 maltose and 0.5 g L21 yeast extract and compared to the control and DAOR
strains (Fig. 3). At 95°C, the growth of all strains was comparable, and at 75°C, the
DAOR DAdhF strain appeared to perform better than the other strains. At 75°C, ethanol
production by the DAdhF strains after 96 h of growth was ,0.2 mM. Also, DAOR pro-
duced slightly more ethanol than COM1 (0.4 versus 0.2 mM, respectively), consistent
with previous observations at 65°C (21). Interestingly, at 95°C, both the control and
DAOR strains produced more ethanol, particularly after the cultures reached stationary
phase, with the DAOR strain again producing more ethanol than the control (0.8 versus
0.6 mM, respectively). At 95°C, neither of the DAdhF strains produced ethanol, confirm-
ing the role of AdhF in native ethanol production in P. furiosus. The observation that
the DAOR strain produced more ethanol than the control suggests that AOR is not
involved in native ethanol production, as also previously proposed (21). In the hybrid
synthetic AOR-Adh pathway developed previously, AOR drives ethanol production via
a heterologously expressed Adh operating at 75°C (17).

Overexpression of AdhF increases ethanol production at 75°C and 95°C. To dis-
sect the role of AdhF in ethanol production in P. furiosus, we constructed adhF overex-
pression strains (Fig. 2 and Table 1). For adhF overexpression, the high-level slp promoter
was inserted in front of the gene at its native location (strain OE-AdhF). Two additional

FIG 2 Strain diagrams. Strains are listed on the left with loci of interest labeled at the top. aor and
adhF genes are indicated by purple and red arrows, respectively. Overexpression promoter Pslp is
represented by a bent blue arrow. Deleted loci are represented by D.

FIG 1 Expression levels of Pyrococcus furiosus Adh genes. P. furiosus control strain (MW004) was
grown in minimal maltose medium at 75°C and 95°C to mid-log phase. Expression of the constitutive
gene PF0983 encoding the DNA polymerase sliding clamp was used as an internal standard to
calculate relative expression. Error bars represent standard deviation (SD), n = 2 biological replicates.
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adhF overexpression strains were generated in a DadhF Daor background, one which
overexpressed adhF only (strain OE-AdhF DAOR) and a second which overexpressed
both adhF and aor (strain OE-AdhF-AOR), both at a separate genome region from the
DadhF locus. These strains were cultured in minimal medium at both 75°C and 95°C to
monitor growth and metabolite production (Fig. 4). While the endpoint growth of these
strains at both temperatures was comparable to the control (shown in Fig. 3), each of
the three strains had a significant increase in ethanol production. At 95°C, all three
strains produced ethanol at similar levels, with a maximum of around 2 mM. At 75°C, the
OE-AdhF-AOR strain also produced ;2 mM ethanol after 96 h of growth, while the OE-
AdhF and OE-AdhF DAOR strains produced a maximum of;0.75 mM. These results indi-
cate a clear difference in how ethanol is produced at low and high temperatures. At
75°C, overexpression of AOR along with AdhF appears to enhance ethanol production.
However, at 95°C, AOR appears to play no significant role in ethanol production, since
the same levels of ethanol are produced in its presence and absence. Correspondingly,
ethanol:acetate ratios were highest for OE-AdhF-AOR at 75°C, approaching 0.6 at 96 h of
growth, while at 95°C, the ratios for the three overexpression strains are similar (0.3 to

TABLE 1 Strains used and constructed in this study

Strain Alias Parent Genotype/description Source
MW002 COM1 DSM 3638 DpyrF 9
MW004 Control MW002 DpyrF::pyrF 43
MW616 DAOR MW002 DpyrF Daor::Pgdh-pyrF 21
MW252 - MW616 DpyrF Daor 21
MW629 DAdhF MW002 DpyrF DadhF::Pgdh-pyrF This work
MW631 OE-AdhF MW002 DpyrF PslpadhF::Pgdh-pyrF This work
MW633 DAOR DAdhF MW252 DpyrF Daor DadhF::Pgdh-pyrF This work
MW641 - MW633 DpyrF Daor DadhF This work
MW644 OE-AdhF-AOR MW641 DpyrF Daor DadhF Pslp-adhF-aor::Pgdh-pyrF This work
MW647 OE-AdhF DAOR MW641 DpyrF Daor DadhF Pslp-adhF::Pgdh-pyrF This work
MW191 CODH MW002 DpyrF Pmbh-TonCODH::Pgdh-pyrF 15
MW304 - MW191 DpyrF Pmbh-TonCODH This work
MW650 CODH-OE-AdhF MW304 DpyrF Pmbh-TonCODH Pslp-adhF::Pgdh-pyrF This work

FIG 3 Effect of adhF deletion on native ethanol production at 75°C and 95°C. Growth (top panels)
and ethanol production (bottom panels) of control (dark blue, diamonds), DAOR (brown, diamonds),
DAdhF (green, triangles) and DAOR DAdhF (yellow, triangles) strains grown in minimal medium
(containing 5 g L21 maltose and 0.5 g L21 yeast extract) without shaking at 75°C (left panels) and
95°C (right panels). Error bars represent SD, n = 3 biological replicates.
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0.4) (Fig. S2 in the supplemental material). At 95°C, the yield of ethanol was approxi-
mately 0.26 mol per mol of maltose consumed (Fig. S3). Therefore, ethanol production in
P. furiosus follows different metabolic routes depending on the temperature.

These results show that native ethanol production at 95°C is most likely mediated by
AdhF, and it does not depend on the presence of AOR (Fig. 3 and 4). In fact, the absence of
AOR leads to a slight increase in ethanol production since acetaldehyde is not being detoxi-
fied by AOR (Fig. 3). The acetaldehyde intermediate most likely comes from a side reaction
of POR via oxidative decarboxylation of pyruvate (23, 24), as illustrated in Fig. 5. Conversely,
overexpression of adhF along with aor changes the dynamics of this metabolism. At 75°C,
when AOR is overexpressed, it becomes the major player in supplying acetaldehyde, pre-
sumably because the lower specific activity of POR at that temperature cannot keep up
with the demand. POR has an optimal temperature of $90°C in vitro, but at 75°C, its spe-
cific activity drops to approximately 25% of that at 95°C (23). Also, labeling experiments
performed with a P. furiosus strain expressing AdhATX514 at 72°C showed that 13C-labeled ac-
etate was converted to 13C-labeled ethanol, confirming the role of AOR in engineered etha-

FIG 4 Effect of adhF overexpression on ethanol production at 75°C and 95°C. Growth (top panels)
and ethanol production (bottom panels) of OE-AdhF (light blue, circles), OE-AdhF-AOR (orange,
circles), and OE-AdhF DAOR (purple, circles) strains grown in minimal medium (containing 5 g L21

maltose and 0.5 g L21 yeast extract) without shaking at 75°C (left panels) and 95°C (right panels).
Error bars represent SD, n = 3 biological replicates.

FIG 5 Model for native ethanol production in P. furiosus. Native ethanol is produced predominantly
through two routes in P. furiosus, depending on the growth temperature. At 95°C, the acetaldehyde
intermediate is generated by pyruvate ferredoxin oxidoreductase (POR) from pyruvate via an oxidative
decarboxylation side-reaction, and at 75°C, it is generated predominantly by AOR from acetate. ACS,
acetyl-CoA synthetase I; AOR, aldehyde ferredoxin oxidoreductase; AdhF, alcohol dehydrogenase F;
MBH, membrane-bound hydrogenase; Fd, ferredoxin.
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nol production at suboptimal growth temperatures (17). At 95°C, however, the absence of
AOR has little if any effect on ethanol production by AdhF (Fig. 4). Therefore, the acetalde-
hyde intermediate used by AdhF at 95°C is most likely supplied by POR. In addition, the
RNA expression level of porA at 95°C is at least 30-fold higher than that of aor and other
genes representing oxidoreductase enzymes with the potential to supply acetaldehyde
(vorA, iorA, kgor, for, wor4, and wor5; see Fig. S4). The putative bifunctional AdhB enzyme
may also provide acetaldehyde, given its high homology to a recently characterized bifunc-
tional alcohol dehydrogenase in Thermotoga neapolitana (29).

Improving growth and ethanol production at 95°C. The growth experiments
described above were performed using a minimal medium; therefore, to improve etha-
nol yields, we used a rich medium containing 5 g L21 maltose and 5 g L21 yeast extract.
In closed bottle cultures at 95°C, the use of rich medium increased ethanol production
to 5 to 6 mM for the three AdhF overexpression strains (Fig. S5). There was still little dif-
ference in ethanol production among these, with OE-AdhF, OE-AdhF-AOR, and OE-
AdhF DAOR forming 5.8, 5.5, and 5.0 mM ethanol, respectively, after 21 h of growth.
The DAdhF strain still produced no ethanol after 21 h. However, the DAOR DAdhF
strain produced almost 1 mM, indicating that one or more of the other alcohol dehy-
drogenases must also contribute to ethanol production when sufficient acetaldehyde
is available (i.e., in the absence of AOR).

Ethanol production was further increased when the OE-AdhF strain was grown in
rich medium in a custom 20-L stainless steel fermenter with gas flow and pH control
(Fig. 6). Using this setup, ethanol production reached 12 mM at 21 h, with an ethanol:
acetate ratio of 0.9. It is worth noting that some ethanol is not accounted for in these
measurements from the growth medium because the high growth temperature and
continuous sparging of the vessel likely led to the loss of ethanol by evaporation.
Growth began to decline after 15 h due to acetate accumulation, as shown by the
decline in the concentration of soluble protein (Fig. 6).

Effect of CODH on growth and ethanol production by AdhF. Pyruvate via POR is
thought to supply most, if not all, of the acetaldehyde for ethanol production at 95°C.
Thus, ethanol production from this point after glycolysis will result in a net loss of ATP.
For each ethanol molecule produced, one less molecule of acetyl-CoA is converted to
acetate by acetyl-CoA synthetase, and consequently one less ATP is generated from
ADP (Fig. 5). Heterologous expression of the CO-utilizing CODH (CO dehydrogenase)
complex from the carboxydotrophic thermophile Thermococcus onnurineus enables P.
furiosus to utilize CO as an energy source for growth (15). The CODH complex is encod-
ed by a 16-gene cluster and includes a CO dehydrogenase, a membrane-bound [NiFe]
hydrogenase, and a Na1/H1 antiporter. This complex oxidizes CO to CO2 coupled to H2

production, while also generating a sodium ion gradient that can drive ATP synthesis
via the native sodium-dependent ATP synthase. When added to a P. furiosus strain

FIG 6 Fermenter growth of strain OE-AdhF at 95°C. Growth of the OE-AdhF strain in rich medium
(containing 5 g L21 maltose and 5 g L21 yeast extract) in a 20-L custom fermenter with pH control,
sparged with N2:CO2 (80:20) showing ethanol (red triangles) and acetate (yellow circles) production
on the left axis. Growth as measured by total protein (blue squares) is plotted on the right y axis.
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with the engineered AOR-AdhA pathway, this CODH complex increased alcohol pro-
duction from organic acids (17).

We explored whether addition of the CODH complex with overexpression of adhF
would increase ethanol production. The AdhF expression cassette was inserted into a
strain expressing the T. onnurineus CODH, here referred as strain CODH OE-AdhF (Table
1 and Fig. S6). Growth analyses of the CODH OE-AdhF and OE-AdhF strains were per-
formed in serum bottles at 90°C (due to the stability of T. onnurineus CODH) (15) using
rich medium in the presence or absence of 100% CO in the headspace, with agitation
to disperse CO into the culture. Under these growth conditions, the CODH-containing
strain showed improved growth and ethanol production in the presence of CO. With
CO, the CODH OE-AdhF strain reached a maximum of 5.8 mM ethanol after 15 h of
growth, compared to 3.5 mM in strain OE-AdhF (Fig. 7). Ethanol begins to accumulate
near the beginning of stationary-phase growth (9 h, see Fig. S7), likely due to excess
pyruvate production. At 15 h, the CODH-containing strain had consumed all the CO
and produced twice as much H2 compared to the OE-AdhF strain (67 mM versus
28 mM, Fig. S7). Previous work suggests that the CODH in P. furiosus produces CO2 in
amounts equivalent to the CO that is utilized (15). Pressure buildup from excess H2 and
CO2 could have contributed to the decrease in both ethanol and H2 during headspace
sampling for time points after 15 h. Also, depending on the balance of redox carriers
within the cell, ethanol consumption could also account for the slow decrease of etha-
nol during the stationary phase. The activity of CODH with CO not only provided extra
energy for growth, but also increased the ethanol:acetate ratio: up to 1.4 in the CODH
OE-AdhF strain compared to,0.5 for the OE-AdhF strain (Fig. S7).

Ethanol production in P. furiosus is linked to the production and uptake of H2. P. furio-
sus contains a membrane-bound hydrogenase (MBH), which generates H2 and recycles
reduced ferredoxin generated during glycolysis (33). In static, closed cultures, the H2 pro-
duced by MBH diffuses slowly to the gas phase, but agitation of the culture during
growth causes faster mass transfer of the evolved H2, allowing more efficient recycling of
reduced ferredoxin by MBH. A steady supply of oxidized ferredoxin should favor the
ferredoxin-dependent activity of POR over the oxidative decarboxylation side-reaction and
also push AOR in the direction of acetaldehyde detoxification (Fig. 5). Therefore, agitation
of the culture effectively decreases ethanol output by keeping the pool of oxidized ferre-
doxin high. Evidence of this effect can be seen when comparing the OE-AdhF strain grown
statically (Fig. S5A) to that grown in agitation (Fig. 7), where the strain reached a maximum
of 5.8 mM ethanol compared to 4.0 mM, respectively. When the CODH complex was
added to the strain, however, H2 output doubled, increasing hydrogen partial pressure
and reducing the efficiency of MBH at recycling ferredoxin. An insufficient pool of oxidized
ferredoxin should increase the side-reaction of POR to produce acetaldehyde, resulting in
improved ethanol production. Therefore, addition of the CODH with CO in the OE-AdhF
strain prevents ethanol production from diminishing due to culture agitation. This is an

FIG 7 Addition of CO dehydrogenase (CODH) with CO improves ethanol production by AdhF in
shaking cultures. Ethanol (red) and acetate (yellow) production of OE-AdhF (left) and CODH OE-AdhF
(right) strains grown in rich medium (containing 5 g L21 maltose and 5 g L21 yeast extract) with
shaking at 90°C, with CO (solid lines, circles) or without CO (dashed lines, squares) in the headspace.
Error bars represent SD, n = 3 biological replicates.
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important factor to consider because agitation or stirring is a necessity when scaling up
from bottles to a fermentor.

P. furiosus also has two soluble hydrogenases (SHI and SHII), one of which is thought
to be involved in H2 uptake for NADPH biosynthesis (33). If AdhF is NADPH-dependent,
then increased H2 supplied via CODH could also increase NADPH availability for ethanol
synthesis. It is not known whether CODH or its associated MBH can utilize P. furiosus fer-
redoxin, as has been suggested (17); however, if so, it could contribute to not only the
balance of the intracellular NADP1/NADPH pools but also those of reduced and oxidized
ferredoxin.

Simulation of redox-driven responses to temperature shift and CODH expres-
sion. The newly developed genome-scale model of P. furiosus (34) was used to investigate
redox balance in response to temperature shifts and CODH expression. We hypothesized
that the temperature-dependent activity of POR would cause a shift in the average direc-
tion of AOR from acetaldehyde-producing at 75°C to acetaldehyde-consuming at 95°C.
POR is most active above 90°C, with the acetaldehyde-producing decarboxylation reaction
generally producing less than the oxidative acetyl-CoA-producing reaction but becoming
proportionally more active at higher temperatures (24). Accordingly, we approximated the
two temperature conditions by constraining the acetaldehyde-producing reaction to be
less than one-third of the flux of the oxidative reaction at 75°C, and greater than or equal
to the flux of the oxidative reaction at 95°C. A flux sampling approach was used to mea-
sure the effect of these constraints on the overall distribution of fluxes in the model. We
observed a median AOR flux of 3.26 (acetaldehyde-producing) in the 75°C condition and
210.50 (acetaldehyde-consuming) in the 95°C condition, with a significant difference
between the two AOR flux distributions (P , 1e–10, effect size = 22.59) (Fig. 8A). Despite
differences in the AOR flux distribution, the overall ferredoxin balance remained similar
between the two temperatures. The flux of energy-conserving MBH, the major enzyme

FIG 8 Simulated flux distributions for key reactions. (A) AOR flux at 75°C and 95°C. (B to D) ATP
synthase flux (B), acetate production (C), and ethanol production (D) with and without CODH and CO.
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that oxidizes reduced ferredoxin, showed no significant change between the 75°C and
95°C conditions (P = 0.14). Therefore, it appears that AOR responds to changes in POR flux
as a way to maintain a supply of reduced ferredoxin; when more flux is directed through
the decarboxylation reaction of POR than the oxidative (oxidized ferredoxin-using) reac-
tion, AOR is driven to consume acetaldehyde and produce acetate and reduced ferredoxin.

Given the importance of producing reduced ferredoxin and maintaining a high MBH
flux in the model to maximize energy conservation, we hypothesized that expression of
energy-conserving CODH would reduce acetate production by allowing MBH to main-
tain a lower flux. Sampling the solution space with and without the CODH reaction
showed notable shifts in the product distributions and overall energy balance of the cell.
When CODH was active, acetate production was greatly reduced from a median of
22.48 to 10.69 mM, while ethanol production saw a significant median increase from
5.62 to 7.64 mM (P , 1e–10, effect size = 0.33), consistent with the experimental results
(Fig. 8C and D). CODH activity allowed the model to take up slightly less carbon on aver-
age while achieving a higher median biomass (Table S1). Additionally, the median flux of
MBH was reduced from 79.25 to 67.49, and the fluxes of GAPOR and POR saw similar
reductions (Table S1). When CODH was active, ATP synthase carried an extremely high
median flux of 204.22 compared to 16.36 in the absence of CO oxidation (Fig. 8B).

Taken together, these results highlight the importance of MBH and ferredoxin redox
balancing to ATP generation in P. furiosus. Without CODH, MBH drives the production of
a sodium gradient and the recycling of reduced ferredox in that is generated through
glycolysis (via GAPOR) and acetate production (via AOR and POR). AOR is also important
for maintaining ferredoxin redox balance by MBH, and this partially explains the shift
from AOR acting as the main acetaldehyde source at 75°C to POR becoming the acetal-
dehyde source at 95°C. When CODH is expressed, it becomes an additional source of
energy conservation by generating a sodium gradient; this reduces dependence on both
MBH activity and acetate production for ATP generation, allowing greater amounts of
ethanol to be produced.

Conclusions. There are many advantages to high-temperature fermentation, including
reduced risk of contamination, lower fermenter cooling costs, and the potential to separate
volatile products based on temperature (4). Currently, native ethanol producers are more
readily metabolically engineered for high-yield ethanol production (35). P. furiosus natively
produces a very small amount of ethanol (,1 mM), and we were able to identify the pri-
mary alcohol dehydrogenase responsible for ethanol production, AdhF. Overexpression of
this gene resulted in an order-of-magnitude increase in ethanol production of up to
12 mM. While this is still low by industry standards, further modifications to the metabo-
lism, such as overexpression of POR or deletion of genes encoding acetyl-CoA synthase
(ACS), could potentially improve yield. Addition of the CODH complex to the strain pro-
vided an additional pathway to boost ATP synthesis and influence redox pools, allowing
more pyruvate to be diverted for ethanol production (Fig. 5). This resulted in a 3-fold
increase in the ethanol:acetate ratio compared to a strain without the CODH complex. The
ease of genetic manipulation of P. furiosus coupled with a robust understanding of its me-
tabolism makes it a useful model for metabolic engineering of high-temperature pathways,
particularly for producing volatile products such as ethanol as demonstrated here.

MATERIALS ANDMETHODS
PCR product and plasmid construction. For construction of PF0608 (AAL80732.1, here referred to as

adhF) deletion strains, 0.5-kb flanking regions upstream and downstream of adhF were joined on either
side of the Pgdh-pyrF pop-out marker cassette (12) by splice overlap extension (SOE) PCR (36). To insert the
slp promoter (Pslp, consisting of 184 b of the promoter region immediately upstream of the S-layer protein
gene, PF1399) in front of adhF at its locus, 0.5-kb flanking regions upstream and downstream of the first
base of the adhF gene were joined on either side of the Pgdh-pyrF pop-out marker cassette, together with
Pslp, by SOE PCR.

Expression constructs for insertion into Genome Region 3 were constructed by standard cloning.
The slp promoter and T1 terminator sequence (59-aatcttttttagcactttt, 19 b from the 39 untranslated
region of PF1722) were combined with either adhF alone or adhF and aor via SOE PCR and cloned into
pGL020 (a plasmid essentially identical to pGL007 [12], but lacking a single point mutation at the SphI
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and AscI sites) to generate pGL117 and pGL118, respectively (Fig. S1). Resulting plasmids were con-
firmed by sequencing.

Strain construction. Transformation of P. furiosus was performed essentially as previously described,
using linearized plasmids or PCR products (9). The COM1 strain (MW002) was transformed with the adhF
deletion PCR construct and the Pslp insertion PCR construct to generate strains DAdhF (MW629) and OE-
AdhF (MW631), respectively. The MW252 strain (21) harboring a deletion of the aor gene was trans-
formed with the AdhF deletion PCR construct to generate the double deletion strain DAOR DAdhF
(MW633). To generate a markerless version of the DAOR DAdhF strain, loss of the Pgdh-pyrF marker cas-
sette was selected for using 5-fluoroorotic acid (5-FOA), as previously described (9, 12). The resulting
strain, MW641, was transformed with linearized pGL117 and pGL118 to generate strains OE-AdhF-AOR
(MW644) and OE-AdhF DAOR (MW647), respectively. To generate an AdhF expression strain also contain-
ing T. onnurineus CODH complex, a markerless version of the CODH strain MW191 was obtained as
described previously for MW641, and the resulting strain, MW304, was transformed with a PCR construct
for insertion of Pslp at the adhF locus to generate strain CODH OE-AdhF (MW650). For strains constructed
from PCR products, the altered loci were verified by sequencing. Strains constructed in this work are
summarized in Table 1.

Growth of P. furiosus. P. furiosus strains were cultured anaerobically in an artificial seawater-based
medium containing, per L, 1� base salts (37), 1� trace minerals (37), 5 g maltose, 1� vitamins (9),
10 mM sodium tungstate, 0.25 mg resazurin, 0.5 g cysteine, 1 g sodium bicarbonate, and 1 mM potas-
sium phosphate buffer, with pH adjusted to 6.8 prior to bottling. Yeast extract was added at a concentra-
tion of 0.5 or 5 g L21 to make ‘minimal’ and ‘rich’ media, respectively. Media were aliquoted into serum
bottles, and the headspace was replaced with argon after three cycles of vacuum and argon. For experi-
ments with CODH-containing strains, sodium tungstate was reduced to 1 mM and headspace was
replaced with 100% CO as indicated. Cultures were incubated at 95°C or 75°C with or without shaking at
150 rpm, as indicated. When necessary, cell counts were performed using a Petroff-Hausser counting
chamber.

RNA extraction and quantitative RT-PCR. Cultures of control strain MW004 were grown in duplicate
at 95°C and 75°C in minimal maltose medium, and cells were harvested from 25 mL culture samples. RNA
was extracted using a phenol:chloroform extraction method as previously described (38). Contaminating
genomic DNA was digested using TURBO DNase (Ambion) after which RNA was purified by phenol:chloro-
form extraction and ethanol precipitation. The Affinity Script QPCR cDNA synthesis kit (Agilent) was used
for cDNA synthesis with 1 mg purified RNA. The Brilliant III Ultra-Fast SYBR QPCR Master Mix (Agilent) was
used for quantitative reverse transcription-PCR (RT-PCR) experiments with primers designed to amplify an
;150-b product within the target genes. The constitutively expressed PF0983 gene encoding the DNA po-
lymerase sliding clamp was used as a reference.

Cell protein and metabolite analyses. During growth, 1-mL samples were collected in 96-well deep-
well plates using a syringe. Plates were centrifuged at 12°C for 25 min at 3,500 � g. A multichannel pipette
was used to transfer 200mL of medium supernatant to a 96-well polypropylene storage plate. The remain-
ing medium was decanted and cell pellets were used for cell protein quantitation using the Bradford pro-
tein assay kit (Bio-Rad) as previously described (14). For metabolite analyses, 10 mL 88% formic acid was
pipetted into each 200-mL spent medium sample in the 96-well plates. Acidified samples were analyzed
for acetate and ethanol using GC-FID (Agilent 7890A Gas Chromatograph with a Flame Ionization Detector
fitted with a Carbowax 20M column) and for maltose using high-performance liquid chromatography
(Waters Alliance 2690 fitted with a Bio-Rad Aminex HPX-87H column and a Waters 410 RI detector).

Headspace gas analyses. Headspace samples were collected using a pressure-lock syringe. H2 and
CO were quantified using GC (Shimadzu GC8A with TCD detector, oven 70°C, injector/detector 120°C,
Alltech Molecular Sieve column 5A 80/100). Samples from bottles of uninoculated medium bottles con-
taining known amounts of H2 and CO were used as standards.

Metabolic modeling. Metabolic fluxes were simulated using the genome-scale model of P. furiosus
COM1 (34). The model was represented in YAML format following the PSAMM software package guide-
lines (39, 40). A medium file was defined based on the minimal maltose medium used in this study, with
5 g L21 maltose as the carbon source and 0.5 g L21 yeast extract added. The model was exported to
sbml format for use with the COBRApy package (41) using the “sbmlexport” function in PSAMM. Flux
samples were collected using the optGpSampler method (42) as implemented by the “sample” function
in COBRApy. Whenever samples were collected, the total sample size was 2,500, split between 10 inde-
pendent sampling runs of size 250. Additionally, constraints were applied to restrict the flux of GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; R01063 and R01061) to zero to remove unrealistic looping
behavior. To emulate the temperature conditions, constraints were set as follows:

75°C: POR_acetaldehyde # (1/3) � POR_acetyl-CoA
95°C: POR_acetaldehyde $ POR _acetyl-CoA
The added CODH reaction in the model was formulated as the following:

CO c½ �1H2O c½ �1Na1 c½ � ! CO2 c½ �1H2 c½ �1Na1 e½ �

where [c] denotes compounds within the cytoplasm and [e] denotes extracellular compounds. When
CODH was added, the model was allowed to freely take up carbon monoxide. CODH expression was
simulated without any temperature-dependent constraints. The temperature constraints were applied
to simulate AOR directionality. The CODH reaction was used to examine ethanol, acetate, and ATP syn-
thase usage.
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