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Glycoside linkage (cellobiose versus maltose) dramatically influenced bioenergetics to different extents and
by different mechanisms in the hyperthermophilic archaeon Pyrococcus furiosus when it was grown in continuous culture at a dilution rate of 0.45 hⴚ1 at 90°C. In the absence of S0, cellobiose-grown cells generated twice
as much protein and had 50%-higher specific H2 generation rates than maltose-grown cultures. Addition of S0
to maltose-grown cultures boosted cell protein production fourfold and shifted gas production completely from
H2 to H2S. In contrast, the presence of S0 in cellobiose-grown cells caused only a 1.3-fold increase in protein
production and an incomplete shift from H2 to H2S production, with 2.5 times more H2 than H2S formed.
Transcriptional response analysis revealed that many genes and operons known to be involved in ␣- or
␤-glucan uptake and processing were up-regulated in an S0-independent manner. Most differentially transcribed open reading frames (ORFs) responding to S0 in cellobiose-grown cells also responded to S0 in
maltose-grown cells; these ORFs included ORFs encoding a membrane-bound oxidoreductase complex (MBX)
and two hypothetical proteins (PF2025 and PF2026). However, additional genes (242 genes; 108 genes were
up-regulated and 134 genes were down-regulated) were differentially transcribed when S0 was present in the
medium of maltose-grown cells, indicating that there were different cellular responses to the two sugars. These
results indicate that carbohydrate characteristics (e.g., glycoside linkage) have a major impact on S0 metabolism and hydrogen production in P. furiosus. Furthermore, such issues need to be considered in designing and
implementing metabolic strategies for production of biofuel by fermentative anaerobes.
tion and consumption of molecular hydrogen drive the microbial physiology and bioenergetics of many hyperthermophilic
bacteria and archaea inhabiting hydrothermal environments
(1). The potential of these microorganisms for biofuel processes has not gone unnoticed (25). Elevated processing temperatures could facilitate the breakdown of complex carbohydrates to fermentable sugars and, at the same time, minimize
the impact of H2-consuming mesophilic acetogens and methanogens associated with heterogeneous biomass feedstocks.
Studies of H2 production by a range of high-temperature bacteria and archaea, including Thermotoga neapolitana (58), Caldicellulosiruptor saccharolyticus (24, 57), Pyrococcus furiosus
(46), and Thermococcus kodakaraensis KOD1 (25), have been
reported. Notably, P. furiosus was found to have high specific
hydrogen production rates when it was grown on maltose in a
continuous bioreactor configuration (25, 46).
P. furiosus, a facultative sulfur-reducing, fermentative anaerobe, grows optimally at 98 to 100°C on sugars or peptides as
the primary carbon and energy source, producing hydrogen,
hydrogen sulfide (in the presence of elemental sulfur [S0]),
organic acids (primarily acetate when it is grown on sugars),
and small amounts of alanine and ethanol (18, 46). The genesis
of these products in the presence and absence of reduced
inorganic sulfur species is key to understanding the bioenergetics of this microorganism, especially as it relates to sinks and
sources of reductants. Three different hydrogenases from P.
furiosus have been characterized; two are cytoplasmic (soluble
hydrogenase 1 [SH1] and soluble hydrogenase 2 [SH2]) (34,

Because of problems with sufficient access to petroleum and
natural gas resources and the emerging threat of global warming, there is increasing interest in alternative energy options to
supplement or replace fossil fuels (43). One prospect that has
received considerable attention is the conversion of renewable
resources (i.e., biomass) to ethanol using biological routes
(20). While availability of bioprocess-based ethanol could offset current demands to some extent, problems with significant
CO2 emissions upon energy conversion would remain (37). A
longer-term option being considered is the production of molecular hydrogen from biomass using fermentative, anaerobic
microorganisms (38). For example, many mesophilic Clostridium and Enterobacter species can grow on fermentable sugars
and produce hydrogen as a by-product of energy metabolism
(8, 11, 16, 28, 38).
Studies suggest that biohydrogen production rates may be
enhanced at higher temperatures (9, 23). In fact, the produc-
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MATERIALS AND METHODS

Growth and maintenance of P. furiosus. P. furiosus DSM3638 was routinely
cultured anaerobically at 90°C on a sea salts-based medium supplemented with
1 g/liter yeast extract with or without S0, as described previously (51). In brief, the
base medium (950 ml) and yeast extract were autoclaved together, after which 50
ml of a membrane-filtered sugar solution (maltose or cellobiose obtained from
Sigma, St. Louis, MO) or tryptone (Fisher Scientific, Pittsburgh, PA) was added
at a final concentration of 3.3 g/liter. To achieve anaerobic conditions, the
medium was first sparged with N2. Then 0.6% (by volume) of a 10% sodium
sulfide solution was added to the culture, which was sparged with N2 again prior
to inoculation.
Determination of product gas composition. The content of the exhaust gas was
determined periodically by using a Gow-Mac G400C online gas chromatograph
with a thermoconductivity detector (Gow-Mac, Bethlehem, PA); the H2 content
was determined with N2 as the carrier gas, and the CO2 and H2S contents were
determined with He as the carrier gas. The exhaust manifold was connected to
a cooling tower to minimize water carryover from the heated bioreactor. Before
entering the autosampler, the exhaust gas was dried by passage through an
adsorber filled with Drierite (Fisher Scientific, Pittsburgh, PA). Results were
recorded by using the Chromperfect 5.0 software (Justice Laboratory Software,
Denville NJ), and the gas composition was calculated by comparing the peak
area to calibration curves.
Continuous culture. The continuous culture bioreactor configuration used was
similar to one described previously (39). The temperature of the reactor was
measured with a type K thermocouple and controlled within ⫾1°C of the desired
temperature by a Digi-Sense controller (Cole Palmer Instrument, Vernon Hills,
IL) coupled to a heating mantle (Fisher Scientific, Pittsburgh, PA). The culture
pH was monitored with an autoclavable pH probe and a Chemcadet pH controller (Cole Palmer Instrument, Vernon Hills, IL). The reactor was placed on a
stir plate so that a Teflon stirring bar could be used for mixing. The inlet gas flow
rate was controlled with a rotameter at 21 ml/min. N2 or He (NWSCO, Charlotte, NC) was used to sparge the reactor. Product gases (H2, H2S, and CO2)
were determined by gas chromatography.
Prior to each set of experiments, P. furiosus was subcultured (four passages)
from a stock in 125-ml serum bottles. Starter cultures (30 ml) were prepared and
cooled to room temperature prior to inoculation of a 2-liter round-bottom flask
with 1 liter (working volume) at an initial density of 6 ⫻ 106 cells/ml. After
inoculation, the reactor was operated in batch mode for 6 h before continuous
operation was initiated at a dilution rate of 0.15 h⫺1. Once stabilized at 0.15 h⫺1
for 12 h, the dilution rate was increased to 0.45 h⫺1. Samples for cell counting
and product analysis were taken from the reactor every 2 h. The culture usually
achieved steady state after three volume changes, so the final sample was usually
harvested roughly 12 h after operation was initiated at a dilution rate of 0.45 h⫺1.
For sulfur-grown cultures, 5 g of elemental sulfur was added to the 1-liter culture
at the start. To avoid S0 limitation, 10 g of S0 was added directly to the reactor
through a port on the top after 4 h of operation at a dilution rate of 0.45 h⫺1. In
all cases, gas production profiles and exhaust gas concentrations were monitored
to ensure that samples used for subsequent analysis were obtained under mechanical and biological steady states.
Determination of cell density and metabolites in spent medium. Cell densities
were determined by epifluorescence microscopy (51). Samples (1 ml) were removed from the reactor and added to 100 l of a 2.5% glutaraldehyde solution
(Sigma, St. Louis, MO). Each mixture was vortexed briefly and let stand for 5
min. From this mixture, 5 to 20 l was added to 4.9 ml of a 0.004% acridine
orange solution, following which the solution containing stained cells was passed
through a 25-mm black polycarbonate filter with a pore size of 0.22 m (GE
Water Process Technology, Minnetonka, MN). The filter was placed on a glass
slide and examined using an epifluorescence microscope (Nikon, Melville, NY).
Ten fields were counted for each sample and cell density. Residual sugar concentrations were determined by first hydrolyzing maltose with ␣-glucosidase
(Roche Diagnostics, Basel, Switzerland) and cellobiose with ␤-glucosidase from
P. furiosus (4). The glucose was then measured with a glucose assay kit (Sigma,
St. Louis, MO). Acetate and ethanol concentrations were also determined with
assay kits (R-Biopharm, Inc., Marshall, MI). Pyruvate was assayed by examining
the oxidation of NADH (Sigma, St. Louis, MO) to NAD⫹ in the presence of
lactate dehydrogenase (Sigma, St. Louis, MO). The subsequent changes in the
optical density at 340 nm were determined spectrophotometrically (PerkinElmer, Boston, MA).
Analysis of liquid phase fermentation products. An HPX-87H cation-exchange column and guard column (Bio-Rad Laboratories, Hercules, CA) were
used to quantify the residual sugar and fermentative products by high-performance liquid chromatography (Waters Corp., Milford, MA). The mobile phase
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35), and one is membrane associated (MBH) (45). It has been
suggested that the genome encodes a fourth hydrogenase designated MBX (52). However, this is not the case as DNA
microarray analyses have shown that the mbx operon is upregulated in S0-grown cells, which do not produce hydrogen
and lack measurable hydrogenase activity (2, 49).
Energy conservation in P. furiosus has been linked in part to
hydrogen production by the ferredoxin-dependent MBH,
which generates a proton gradient across the cellular membrane to drive ATP production (45). Reduced ferredoxin is
generated by pyruvate oxidoreductase (POR), which also produces acetyl coenzyme A (acetyl-CoA) (32) that is used to
generate acetate and ATP by acetyl-CoA synthetase (36). POR
has also been connected to acetaldehyde formation from excess reductant accumulating in the cytoplasm (32). Acetaldehyde can be removed by an aldehyde oxidoreductase to regenerate reduced ferredoxin and acetate, but at the expense of
losing the energy conserved as ATP in the acetyl-CoA pathway
(5, 27, 42). Acetaldehyde could also be converted into ethanol
by alcohol dehydrogenases (31, 54), but at the expense of
reducing equivalents in the form of NADPH. This pathway
makes ethanol a potential sink when cells are challenged with
reductant overflow (33). Another reductant sink is alanine,
which is generated from pyruvate by the coordinated action of
glutamate dehydrogenase and alanine aminotransferase at the
expense of NADPH (60). While other routes to alanine formation are possible, such routes are not apparent from the P.
furiosus genome sequence. To reduce the amount of carbon
entering the glycolytic pathway, P. furiosus, like other Thermococcales, can produce glycogen (21) and extracellular polysaccharides, which could in turn provide the basis for biofilm
formation (40, 41).
Although much has been reported about the role of specific
enzymes and proteins in the central metabolic pathways of P.
furiosus (17, 44, 45), the mechanism of S0 reduction and the
impact of S0 on this archaeon’s bioenergetics are still not clear.
Sulfur reduction proceeds through polysulfides produced by
nucleophilic attack on elemental sulfur (6), but so far the
mechanism of S0 reduction has been studied only in maltosegrown cells. S0-grown cells do not produce hydrogen (18), and
preliminary transcriptional analysis showed that the three
operons encoding the three hydrogenases are dramatically
down-regulated in the presence of S0 (49). Conversely, two
operons, including the genes encoding MBX and two so-called
sulfur-induced proteins (Sips), were up-regulated in S0-grown
cells and were proposed to play a key role in H2S evolution
(49). Additional transcriptional and biochemical analyses have
confirmed these results and have also shown that CoA is involved in S0 reduction (G. J. Schut and M. W. W. Adams,
unpublished data).
Given the potential of P. furiosus as an H2 producer, it is
important to understand the intricacies of its bioenergetics
with different types of biomass. Here, a whole-genome DNA
microarray was used in conjunction with high-temperature
chemostat experiments to further explore the connection between the utilization of two different types of carbohydrates,
product formation, and the role that S0 plays in cellular bioenergetics. Surprisingly, the two carbohydrates examined here
(maltose and cellobiose) have very different impacts on the
bioenergetics and on H2 production.
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TABLE 1. Bioenergetic parameters for P. furiosus growing in chemostat cultures on maltose, cellobiose,
and tryptone in the presence and absence of S0a
Substrate(s)

Cell density
(108 cells/ml)

Maltose
Maltose ⫹ S0
Cellobiose
Cellobiose ⫹ S0
Tryptone ⫹ S0

2.0
4.1
2.4
3.1
2.4

Total
Doubling time
QA
QAla
QE
QH2
QH2S
QCO2
QH2⫹H2S
QS
protein
for batch
(mmol/g/h) (mmol/g/h) (mmol/g/h) (mmol/g/h) (mmol/g/h) (mmol/g/h) (mmol/g/h) (mmol/g/h)
(mg/liter)
growth (min)

37
142
66
84
122

24.7
18.1
25.0
19.8
NA

24.5
24.5
37.1
26.1
6.5

8.2
0.1
5.2
4.0
ND

ND
ND
2.9
2.3
ND

63.6
ND
94.6
43.6
ND

ND
55.1
ND
17.9
46.6

34.8
31.4
47.8
30.1
25.1

63.6
55.1
94.6
61.5
46.6

80
40
90
50
42b

was a 0.008 N sulfuric acid solution, and the column temperature was maintained
at 35°C. Standards composed of freshly prepared sea salts-based medium containing known amounts of maltose or cellobiose were injected and used to
generate standard curves. Alanine concentrations were determined in culture
supernatant samples separated on a Symmetry C18 reverse-phase column, using
phenyl isothiocyanate derivatization (Pierce Biotechnology, Rockford, IL).
RNA isolation and purification. Cells from the reactor were harvested into a
glass vessel in a dry ice-ethanol bath. Cells were separated from the spent
medium by centrifugation at 10,000 ⫻ g. RNA extraction and purification were
carried out as described previously (29, 50).
Microarray experiment and data analysis. RNA samples were converted to
fluorescence-labeled cDNA and hybridized to a whole-genome P. furiosus microarray according to a modified protocol from TIGR (10). The amount of
cDNA hybridized on a slide was normalized to minimize operational variations.
Each slide was hybridized for 18 h, washed, and read (ScanExpress scanner;
Perkin-Elmer, Boston, MA). Spot intensities were quantified by the vendorsupplied software, and quality control was confirmed by using MA plots (13) of
raw intensity values. Raw intensities were normalized by using a mixed-effects
analysis of variance model described previously (10). Data for Venn diagrams
were generated by JMP software (SAS Institute, Cary, NC).

RESULTS
Influence of growth substrate and S0 on the bioenergetics of
chemostat-grown P. furiosus. Chemostat cultures grown at
90°C (dilution rate, 0.45 h⫺1) were used to assess the influence
of the carbon source and S0 on the bioenergetics of P. furiosus.
Tables 1 and 2 summarize the growth characteristics and stoichiometry for cultures grown on maltose or cellobiose in the
presence and absence of S0. Data for growth on tryptone (peptides) in the presence of S0 are also included; no growth was
observed on tryptone in the absence of S0. The impact of
glycoside linkage on P. furiosus growth and bioenergetics was
profound. In the absence of S0, the cell densities for growth on
cellobiose or maltose were comparable, although cellobiose
generated 50% more protein. Equivalent increases in acetate,

CO2, and H2 production were also observed. While no ethanol
was detected for growth on maltose, small amounts were measured for growth on cellobiose. As expected, the presence of S0
in the medium of maltose-grown cells led to complete cessation of H2 production; the H2S levels were comparable to the
H2 levels in the absence of S0. However, the protein production on a medium containing maltose and S0 increased nearly
fourfold, even in the face of reduced specific sugar consumption, compared to the protein production by S0-free cells. Specific rates of production of acetate and CO2 for growth on
maltose were not affected by S0. For cells grown on cellobiose
in the presence of S0, the cell density and protein yields were
greater than the cell density and protein yields of cells grown in
the absence of S0, while the specific rates of CO2 and acetate
production decreased by one-third. Surprisingly, while H2 production decreased in the presence of S0, it decreased only by
about 50% (from 94.6 to 43.6 mmol/g cell protein/h) and did
not decrease to zero, as observed with cells grown on maltose
plus S0. The effect of S0 on maltose-grown cells was more
profound than the effect of S0 on cellobiose-grown cells. Compared to a culture grown with maltose plus S0 or with cellobiose plus S0, the culture grown with tryptone plus S0 had a
much lower cell density but comparable protein production
levels. This comparison also showed that much less acetate and
slightly less CO2 were produced in the culture grown with
tryptone plus S0. No H2 could be detected in cultures grown on
tryptone plus S0.
Table 2 shows the growth stoichiometry of P. furiosus, based
on information in Table 1. The theoretical amounts of primary
metabolic products are 4, 2, and 2 mol/mol of glucose equivalents consumed for H2 (or H2 plus H2S), acetate, and CO2,
respectively. For maltose-grown cells, the amounts of acetate,

TABLE 2. Stoichiometry of P. furiosus conversion of growth substratesa
Substrate(s)

Theoretical
Maltose
Maltose ⫹ S0
Cellobiose
Cellobiose ⫹ S0
Tryptone ⫹ S0
a

YX/S (mg protein/mmol
sugar consumed)

QA/QS

QE/QS

QCO2/QS

QH2⫹H2S/QS

QCO2/QA

QH2⫹H2S/QCO2

37
50
36
46
NA

2
1.0
1.4
1.5
1.3
NA

0
0
0
0.1
0.1
NA

2
1.4
1.7
1.9
1.5
NA

4
2.6
3.0
3.8
3.1
NA

1
1.4
1.3
1.3
1.2
3.8

2
1.8
1.8
2.0
2.1
1.9

YX/S, apparent yield coefficient. For other abbreviations, see Table 1, footnote a.
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a
Abbreviations: QS, specific rate of consumption of substrate per gram of protein; QA, specific rate of production of acetate per gram of protein; QAla, specific rate
of production of alanine per gram of protein; QE, specific rate of production of ethanol per gram of protein; QH2, specific rate of production of H2 per gram of protein;
QH2S, specific rate of production of H2S per gram of protein; QCO2, specific rate of production of CO2 per gram of protein; QH⫹H2S, combined specific rates of
production of H2 and H2S; ND, not detected; NA, not applicable.
b
Data from reference 50.
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FIG. 1. Venn diagram analysis showing the numbers of genes regulated twofold or more (a) on cellobiose (C) (C and C⫹S0) compared
to maltose (M) (M and M⫹S0), (b) on maltose (M and M⫹S0) compared to cellobiose (C and C⫹S0), (c and d) in the presence of S0, and
(e and f) on tryptone (T) plus S0 (T⫹S0). For example, in panel a, 64
genes (in the absence of S0) and 110 genes (in the presence of S0) were
up-regulated twofold or more on cellobiose compared to maltose; 22
genes were common to both comparisons. See Tables 2 to 4 and the
supplemental material for the complete lists.

152 genes were up-regulated, 64 genes in the absence of S0 and
110 genes in the presence of S0; of this group, 22 genes were
differentially transcribed independent of the presence of S0.
On maltose compared to cellobiose, 141 genes were induced,
67 in the absence of S0 and 84 genes in the maltose-plus-S0
versus cellobiose-plus-S0 contrast. Of these 141 genes, only 9
were differentially transcribed independent of the presence
of S0.
Sulfur effect. The presence of elemental sulfur had a profound effect on the transcriptome of maltose-grown cells; the
effect on these cells was much greater in terms of the number
of open reading frames (ORFs) affected than the effect on
cellobiose-grown cells. All but three of the differentially transcribed ORFs responding to S0 in cellobiose-grown cells (35
ORFs were up-regulated and 3 ORFs were down-regulated)
also responded to S0 in maltose-grown cells. However, 277
genes were differentially transcribed (140 genes were up-regulated and 137 genes were down-regulated) when S0 was added
to maltose. This difference in the magnitude of the transcriptional response for S0-based growth on the two sugars is presumably reflected in the bioenergetic parameters listed in Tables 1 and 2. The dramatic bioenergetic impact of S0 on
maltose-grown cells compared to cellobiose-grown cells in
terms of cell density, protein production, elimination of H2
production with concomitant H2S production, and alanine pro-
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CO2, and H2 (per mole of glucose) were close to the values
reported previously (46). The results shown in Table 2 indicate
that there were significant differences in the ways in which
cellobiose and maltose were metabolized. For example, the
largest amount of H2 was produced by the cellobiose-grown
culture, which had a ratio of the specific rate of production of
H2 (QH2) to the specific rate of consumption of glucose (QS) of
3.8. This is close to the theoretical maximum of 4, suggesting
that most of the carbon flux from the sugar substrate was
directed to acetate formation, which resulted in higher hydrogen levels.
In contrast, maltose-grown cultures produced only 70% as
much H2, with a QH2/QS value of 2.6. With both sugars, the
presence of S0 resulted in comparable ratios of the combined
specific rates of production of H2 plus H2S (QH2⫹H2S) to QS
(3.0 to 3.1) which were intermediate between the values obtained with cellobiose alone and with maltose alone. Consequently, S0 appears to have opposite effects on the metabolism
of the two sugars. Its presence in cellobiose-grown cultures
decreased the amount of carbon that was diverted to acetate
formation (lower QH2⫹H2S/QS value and lower ratio of the
specific rate of production of acetate [QA] to QS with S0), while
more carbon derived from sugar was diverted to acetate formation in maltose-grown cells when S0 was added (higher
QH2⫹H2S/QS and QA/QS values with S0).
Cells grown with only maltose have been reported to dispose
of excess carbon as alanine (41). Here, the specific rate of
accumulation of alanine (QAla) was higher in a maltose-grown
culture than in a cellobiose-grown culture (8.2 versus 5.2
mmol/g/h). QAla/QA was approximately 0.33 in the maltosegrown culture and 0.14 in the cellobiose-grown culture. However, addition of S0 to the maltose-grown culture eliminated
alanine production. The impact of S0 on alanine accumulation
in a cellobiose-grown culture was not significant as the ratio of
QAla to QA did not change (0.15). These results suggest that
maltose-grown cells diverted some carbon flux into alanine and
consequently reduced the amount of pyruvate processed via
POR; the alanine production in a cellobiose-grown culture, on
the other hand, was not affected significantly by addition of S0.
Some ethanol was produced in cellobiose-grown cells (with
and without S0) (Table 1), presumably from acetaldehyde by
using alcohol dehydrogenases and NADPH (31). However, the
amounts represent less that 5% of the H2 and H2S produced
(in terms of reductant equivalents), ruling out the possibility
that ethanol is a major electron sink. Ethanol formation presumably provides a means for removing potentially toxic acetaldehyde generated as a by-product by POR in a highly reducing environment (33), although why this should be necessary in
cellobiose-grown cells rather than maltose-grown cells is not
clear. Extracellular pyruvate was not detected in any of the
culture supernatants.
Global effect of glycoside linkage and S0 on the P. furiosus
transcriptome. A whole-genome cDNA microarray was used
to assess the transcriptional response of P. furiosus during
growth on the two sugars both with and without S0. Sets of
regulated genes that were common to or unique to the five
growth conditions were separated into glycoside, sulfur, and
peptide effects, and the results are summarized in Fig. 1.
Glycoside effect. The glycoside effect is shown in Fig. 1a. In
cells grown on cellobiose compared to cells grown on maltose,
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ose transporter (PF1739 to PF1741) and a TrmB homolog
(PF1743) known to regulate maltose uptake (30), was minimally affected by the presence of maltose. This may have been
due in part to small amounts of trehalose present in yeast
extract, which caused this operon to be transcribed under all
growth conditions tested. It was interesting that the Mal II
operon (PF1933 to PF1939) did not respond to glucoside linkage when S0 was present. A similar trend was observed for
PF1109 and PF1110, which encode a single extracellular protein that binds to starch (C.J. Chou and R. M. Kelly, unpublished data) and is predicted to contain CBD9 domains (29).
The difference in transcription patterns between the different operons that encode maltose-processing enzymes may be
related to other aspects of maltose assimilation (29). Maltose
can be converted to glucose and maltotriose by ␣-glucanotransferase (PF0272), and the glucose is subsequently phosphorylated to glucose-1-phosphate by ␣-glucanophosphorylase
(PF1535). Glucose-1-phosphate can then be converted into
glucose-6-phosphate by phosphoglucomutase (PF0588) (3) or
directed into polysaccharide biosynthesis (40). PF0272 was significantly up-regulated by maltose in all comparisons, especially in the presence of S0. On the other hand, the ␣-glucanophosphorylase operon (PF1535 to PF1537) was up-regulated
most in the presence of S0, implying that S0 has an impact on
the mechanisms by which maltose is taken into the cell. Alternatively, maltose can be hydrolyzed into glucose by a novel
isomaltase (PF0132) (12) (Comfort and Kelly, unpublished
data) and converted to glucose-6-phosphate by an ADP-dependent glucokinase (PF0312) (26). The transcription level of
PF0132 was constitutively high under all conditions but was
extraordinarily high in the culture containing only maltose.
However, PF0312 and PF0588, which control the influx to the
glycolytic pathway, responded indifferently to maltose and cellobiose but were down-regulated on tryptone (peptides); similar profiles were observed for other intermediate glycolytic
genes (see below). Genes encoding several stress proteins were
up-regulated on maltose compared with cellobiose (with and
without S0), including PF0126, encoding a Rad25 DNA repair
protein (61); PF0347, encoding an unknown hypothetical protein proximate to the detoxification enzyme aldehyde oxidoreductase (27); PF0456, encoding a Zn-dependent carboxypeptidase reportedly responsive to heat shock (51); and
PF0505, encoding a hypothetical protein next to a DNA helicase, implicated in DNA repair. PF0090 encodes an S-adenosylmethionine-dependent tungsten cofactor biosynthesis protein, and the elevated expression level may indicate that there
is an increased demand of tungsten-containing aldehyde oxidoreductases essential for cellular detoxification (5).
Peptide transcriptome. Table 5 lists selected genes that responded to tryptone as a carbon and energy source. Only those
genes associated with glycolytic and gluconeogenesis pathways
are included; amino acid anabolism genes are listed in tables in
the supplemental material. The peptide transcriptome analysis
was consistent with previous transcriptional response analyses
comparing maltose- and peptide-grown P. furiosus in batch
culture (48). In contrast to sugars, tryptone (peptides) induced
transcription of genes involved in gluconeogenesis (PF0613,
PF0289, and PF1874), oligopeptide transport (PF0191 to
PF0195), energy conservation via acyl-CoA (PF0233, PF0532,
and PF1838), fatty acid metabolism (PF0972 to PF0974), and
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duction indicates that there is a fundamental difference in how
the two sugars are metabolized.
Peptide effect. The tryptone-plus-S0 versus sugar-plus-S0
transcriptional contrast was independent of glucoside linkage
(see the supplemental material). For the comparison of cells
grown with tryptone plus S0 and cells grown with cellobiose
plus S0, 282 genes were differentially transcribed (153 genes
were up-regulated and 129 genes were down-regulated), while
for the comparison of cells grown with tryptone plus S0 and
cells grown with maltose and S0, 228 genes were affected (112
genes were up-regulated and 116 genes were down-regulated).
When tryptone was compared to the sugars, there were 145
differentially transcribed genes in common (73 genes were
up-regulated and 72 genes were down-regulated.
Cellobiose transcriptome. Table 3 lists genes (Fig. 1) that
were up-regulated in P. furiosus grown on cellobiose with and
without S0 but whose expression was not significantly changed
in maltose- or peptide-grown cells (with or without S0). Genes
located in the corresponding genome neighborhoods are also
listed. The cellobiose-affected genes included PF0496, encoding a transcriptional regulator related to the maltose/maltodextrin-regulated TrmB (30); ␤-glucan processing loci (PF0073
to PF0076), which encode two glycoside hydrolases (PF0073
[59] and PF0076 [56]); and genes encoding two alcohol dehydrogenases (PF0074 [31] and PF0075 [54]), which are assumed
to be involved in acetaldehyde conversion to ethanol. Two
putative ABC transporter binding proteins (PF0360 and
PF0361) previously shown to be up-regulated during growth on
chitin (19) but perhaps more likely involved in cellobiose transport responded, as did PF1696 and PF1697, encoding components of a putative ABC transporter, indicating a possible role
in cellobiose uptake. Several genes related to capsular polysaccharide synthesis (PF0765 to PF0768, PF0776, and PF0777)
were up-regulated, which may be related to the higher turbidity
of cellobiose-grown cultures than of cultures grown on maltose
(data not shown). It was interesting that PF1206-PF1207, a
VapBC toxin-antitoxin locus was up-regulated, apparently in
concert with up-regulation of PF1208, encoding a ␤-mannosidase/␤-glucosidase (4). While VapBC toxin-antitoxin loci respond to heat shock in the hyperthermophile Sulfolobus solfataricus (53), this is the first indication that this system may be
involved in metabolic regulation under nonstress conditions.
Maltose transcriptome. Table 4 lists selected genes (Fig. 1)
that were up-regulated in P. furiosus grown on maltose (with
and without S0) compared to all other conditions. The transcriptional profiles of genes affected by maltose, including
those belonging to the Mal II operon (D. A. Comfort and
R. M. Kelly, unpublished data), are also listed for comparison.
In addition, the presence of S0 affected the regulation of ␣-glucan-related genes differently for the two sugars. For example,
PF0477 encodes an extracellular ␣-amylase involved in starch
hydrolysis (29). Its expression was up-regulated ninefold when
cells grown with maltose were compared with cells grown with
cellobiose but was down-regulated fivefold when cells grown
with maltose plus S0 were compared with cells grown with
cellobiose plus S0 and threefold when cells grown with maltose
plus S0 were compared with cells grown with tryptone plus S0.
This type of response was noted previously for growth on
tryptone (29, 48). The Mal I operon (PF1739 to PF1749)
(62), which includes genes encoding an ABC trehalose/malt-
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TABLE 3. Transcriptional responses of selected ORFs to ␤-glycoside linkage (cellobiose) independent of S0 in P. furiosus
Transcriptional response (fold change)a
Function

Cellobiose hydrolysis

GeneID no.

Cellobiose vs
maltose

Cellobiose ⫹ S0 vs
maltose ⫹ S0

Annotation

Cellobiose ⫹ S0 vs
tryptone ⫹ S0

␤-Glucosidase
Alcohol dehydrogenase, short
chain
Alcohol dehydrogenase, class IV
␤-1,3-Endoglucanase

35.5
7.9

22.7
8.4

8.0
4.8

PF0075
PF0076

14.5
2.6

12.5
2.2

6.3
2.2

PF0355
PF0355.1
PF0356
PF0357
PF0358
PF0359
PF0360

NC
NA
NC
NC
NC
NC
7.7

NC
NA
NC
NC
NC
NC
11.3

NC
NA
NC
NC
NC
NC
6.2

PF0361

4.6

7.9

4.9

PF0362

NC

NC

NC

PF0363

NC

NC

NC

VapC1
VapB1
GH1, ␤-glycosidase
ABC transporter, binding protein
ABC transporter, permease
ABC transporter, permease
ABC transporter, ATP-binding
protein
ABC transporter, ATP-binding
protein
Glucosamine–fructose-6-phosphate
aminotransferase
Exo-␤-D-glucosaminidase

Transport

PF0429

2.9

3.9

6.1

NA⫹/proline symporter

Carbohydrate utilization

PF0496

3.2

2.2

2.8

Transcriptional regulator, TrmB
homolog

Gluconeogenesis

PF0613

2.9

2.4

3.12

Archaeal fructose 1,6bisphosphatase

Polysaccharide synthesis

PF0765

5.9

18.4

6.0

PF0766
PF0767
PF0768

3.3
4.8
4.6

8.1
13.5
11.9

4.4
5.3
4.5

UDP-N-acetyl-Dmannosaminuronate
dehydrogenase
Dehydrogenase
Aspartate aminotransferase
Acetyltransferase

PF0776

2.2

3.8

4.6

PF0777

4.3

8.8

7.9

␤-Glucan uptake

PF1206
PF1207
PF1208
PF1209
PF1210
PF1211
PF1212
PF1213

2.4
5.2
12.5
NC
NC
2.4
NC
NC

1.6
5.0
8.5
NC
NC
3.12
NC
NC

1.6
3.9
5.5
NC
NC
3.0
NC
NC

VapC12 toxin
VapB12 antitoxin
␤-Mannosidase
ABC transporter, binding protein
ABC transporter, permease
ABC transporter, permease
ABC transporter, uptake protein
ABC transporter, binding protein

Cofactor biosynthesis

PF1674
PF1675
PF1676

7.4
NC
9.6

12.0
NC
19.4

5.3
2.02
8.3

Protein-tyrosine phosphatase
Aspartate racemase
Biotin-(acetyl-CoA carboxylase)
ligase

Sugar transport

PF1695
PF1696
PF1697
PF1698

NC
15.2
9.4
NC

NC
34.1
45.3
NC

Chitin transport and
utilization

Regulation/polysaccharide
anabolism

a

NC
10.7
7.7
NC

Nucleic acid-binding protein, PIN
domain
Capsular polysaccharide
biosynthesis

ABC
ABC
ABC
ABC

transporter,
transporter,
transporter,
transporter,

binding protein
ATPase
permease
permease

NC, no change (ⱕ1.5-fold change); NA, not available; 2, down-regulated.

keto acid catabolism (PF0533 to PF0534 and PF1767 to 1773).
On the other hand, genes involved in glycolysis (PF0215,
PF0312, PF1784, PF1956, and PF1959), amino acid anabolism,
and de novo purine synthesis (see the supplemental material)

were down-regulated by tryptone. The tungsten-containing aldehyde oxidoreductase, WOR5 (PF1480), was also down-regulated by tryptone. The concerted down-regulation of amino
acid catabolic genes and up-regulation of amino acid anabo-
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TABLE 4. Transcriptional responses of selected ORFs to ␣-glycoside linkage (maltose) independent of S0 in P. furiosus
Transcriptional response (fold change)a
Function

Maltose vs
cellobiose

Maltose ⫹ S0 vs
cellobiose ⫹ S0

Maltose ⫹ S0 vs
tryptone ⫹ S0

Glucan hydrolysis

PF0477
PF0478
PF1109
PF1110

8.9
NC
3.5
3.3

4.92
1.7
NC
NC

3.22
2.5
5.8
5.1

Extracellular ␣-amylase
Cycloglucantransferase
Extracellular protein, putative amylase
Extracellular protein

Glucokinase pathway

PF0132
PF0133
PF0312

3.0
1.6
1.62

NC
1.7
NC

1.7
2.0
2.4

Isomaltase
Hypothetical protein
ADP-dependent glucokinase

Phosphorylation pathway

PF0272
PF0588
PF1535
PF1536
PF1537

12.1
NC
1.6
NC
1.7

21.4
1.9
3.9
3.7
3.3

4-␣-Glucanotransferase
Phosphoglucose mutase
Glucanophosphorylase
ADP-ribose binding module
Membrane protein, DUF835

Mal I operon

PF1739
PF1740
PF1741
PF1742
PF1743
PF1744
PF1745
PF1746
PF1747
PF1748
PF1749

1.6
NC
NC
1.7
1.8
1.6
NC
NC
NC
1.9
NC

2.1
NC
1.8
1.9
2.0
2.0
1.6
1.6
NC
1.7
1.6

1.52
2.02
1.92
NC
NC
1.62
NC
1.82
2.02
NC
NC

Trehalose/maltose binding protein
Trehalose/maltose transport, permease
Trehalose/maltose transport, permease
Putative trehalose synthase
TrmB
Trehalose/maltose transport, ATPase
L-Fructose isomerase
Glycogen debranching enzyme
Hypothetical protein, DUF377
Putative sulfate transport, permease
Putative sulfate transport, permease

Mal II operon

PF1933
PF1934
PF1935
PF1936
PF1937
PF1938
PF1939

3.9
8.3
8.4
8.1
NC
9.1
NC

NC
NC
NC
NC
2.1
NC
NC

NC
1.9
2.2
1.9
2.8
2.9
NC

Maltodextrin transport, ATPase
Amylopullulanase, C-terminal
Amylopullulanase, N-terminal
Maltodextrin transport, permease
Maltodextrin transport, permease
Maltodextrin binding protein (MalE-like)
Intracellular cyclodextrinase, neopullulanase

Stress response

PF0090
PF0126
PF0347
PF0456
PF0505

2.0
6.2
3.6
2.4
2.1

4.5
6.5
2.1
2.2
3.6

2.2
NC
1.62
2.12
NC

Tungsten cofactor biosynthesis protein
DNA repair protein Rad25
Next to aldehyde oxidoreductase
Carboxypeptidase, heat shock response
Helix-turn-helix domain, next to DNA
helicase

Unknown

PF0560
PF0561
PF0962
PF1344

3.3
2.8
3.0
3.0

2.2
NC
2.1
2.7

NC
NC
1.7
4.9

Hypothetical protein
Hypothetical protein
Contains signal peptide
Putative maleate cis-trans isomerase

a

18.1
1.6
2.8
2.5
2.5

Annotation

NC, no change (ⱕ1.5-fold change); NA, not available; 2, down-regulated.

lism genes on both maltose plus S0 and cellobiose plus S0
indicated that the surge of biomass production on maltose plus
S0 may not be a direct result of utilizing peptide as a fermentation substrate, as previously suggested (2).
Sulfur transcriptome. Table 6 lists genes showing significant
up-regulation in both maltose- and cellobiose-grown cells in
the presence of S0. Almost all genes regulated by S0 in cellobiose-grown cultures were also present in the data set for cells
grown with maltose plus S0. These genes included several purine biosynthesis genes, most members of the membranebound oxidoreductase operon, genes encoding MBX (PF1441
to PF1454), and three members of the MBH operon (PF1433
to PF1435). The up-regulation of purine biosynthesis genes
was likely the direct result of higher protein production stim-

ulated by S0. Two so-called sulfur-induced proteins, SipA
(PF2025) and SipB (PF2026), were up-regulated by S0, consistent with previous reports (49). The fact that SipA and SipB
were up-regulated to a much greater extent by S0 on maltose
(101- and 22.9-fold, respectively) than on cellobiose (12.5- and
5.7-fold, respectively) suggests that there is a prominent bioenergetic role for these proteins in P. furiosus growing on the
maltose.
Figure 2 summarizes the expression levels (based on leastsquares mean estimates from analysis of variance mixed model
analysis) of genes related to energy conservation. The two
cytoplasmic hydrogenases in the P. furiosus genome, SH1 and
SH2, are encoded by PF0891 to PF0894 and PF1329 to
PF1332, respectively. In all cases, the transcription levels of
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TABLE 5. Transcriptional responses of selected ORFs significantly regulated by tryptone independent of glycoside type in P. furiosus
Transcriptional response (fold change)a
Tryptose ⫹ S0 vs
cellobiose ⫹ S0

Tryptone ⫹ S0 vs
maltose ⫹ S0

Annotationb

Gluconeogenesis

PF0613
PF0289
PF1874

3.1
2.6
4.4

7.3
3.1
5.7

Fructose-1,6-bisphosphatase
Phosphoenolpyruvate carboxykinase
Glyceraldehyde-3-phosphate dehydrogenase

Transcriptional regulation

PF0054
PF0055
PF0056

2.6
3.5
2.1

2.2
2.2
2.2

Regulator, Lrp/AsnC family
Putative HTH transcription regulator
Putative carbohydrate binding protein

Aminotransferase

PF0121
PF1497

3.1
3.4

2.6
2.2

Aromatic amino acid aminotransferase
Alanine aminotransferase

Oligopeptide ABC
transporter

PF0191
PF0192
PF0193
PF0194
PF0195

5.4
4.7
4.5
3.6
5.6

11.2
9.6
10.6
8.1
8.6

Acyl-CoA synthetase II

PF0233
PF1838
PF0532

2.8
3.0
2.2

2.3
2.4
2.4

Acyl-CoA synthetase II homolog
Acyl-CoA synthetase II homolog
Acyl-CoA synthetase II

Acetyl-CoA synthase

PF0972
PF0973
PF0974

3.5
3.2
3.3

7.5
6.3
7.8

Acyl carrier protein synthase
Acetyl-CoA synthase
Hypothetical protein

2-Keto acid ferredoxin
oxidoreductase

PF0533
PF0534
PF1767
PF1768
PF1769
PF1770
PF1771
PF1772
PF1773

2.0
2.1
15.0
14.2
15.2
12.7
12.9
9.1
9.3

1.6
2.0
10.8
10.5
11.0
9.6
8.9
7.6
7.9

Glycolysis

PF0215
PF0312
PF1784
PF1956
PF1959

2.12
2.32
2.32
2.12
2.22

3.02
2.42
2.72
2.62
3.32

Glutamate metabolism

PF0201
PF0202
PF0203
PF0204
PF0205
PF0206
PF0207
PF0450
PF1602
PF1852

3.42
3.72
5.82
2.82
4.12
2.92
2.12
35.92
4.2
1.92

2.42
2.12
4.02
3.62
5.82
3.22
2.32
25.22
NC
6.62

WOR5

PF1480

5.22

4.72

Aldehyde:ferredoxin oxidoreductase

Cofactor biosynthesis

PF1528
PF1529

2.12
3.52

3.32
5.92

Predicted glutamine amidotransferase
Pyridoxine biosynthesis enzyme

Oligopeptide transporter,
Oligopeptide transporter,
Oligopeptide transporter,
Oligopeptide transporter,
Hypothetical protein

permease
permease
ATPase
ATPase

IOR, alpha subunit
IOR, beta subunit
KGOR, delta subunit
KGOR, gamma subunit
KGOR, beta subunit
KGOR, alpha subunit
KOR, alpha subunit
KOR, beta subunit
KOR, gamma subunit
Enolase
ADP-dependent glucokinase
ADP-dependent phosphofructokinase
Fructose-1,6-bisphosphate aldolase
Phosphoglycerate mutase,
Aconitase
Isocitrate dehydrogenase
Citrate synthase
Glutamate synthase domain 1
Glutamate synthase domain 2
Glutamate synthase domain 3
Argininosuccinate synthase
Glutamine synthetase
Glutamate dehydrogenase
Glutamate synthase small subunit

a

NC, no change (ⱕ1.5-fold change); NA, not available; 2, down-regulated.
HTH, helix-turn-helix; IOR, indolepyruvate ferredoxin oxidoreductase; KGOR, 2-ketoglutarate ferredoxin oxidoreductase; KOR, 2-ketoacid ferredoxin oxidoreductase.
b

SH2 (PF1329 to PF1332) were similar, while transcription of
SH1 (PF0891 to PF0894) was significantly down-regulated on
maltose plus S0 and tryptone plus S0. These results support
previous reports indicating that the presence of S0 represses

expression of SH1 in maltose-grown cultures, although expression of SH2 was also down-regulated under the same conditions (49). However, expression of SH1 was not down-regulated by S0 in cellobiose-grown cultures. Silva et al. (52) and
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TABLE 6. Transcriptional responses of selected ORFs to S0 independent of glycoside type in P. furiosus
Transcriptional response
(fold change)a
Function

Purine metabolism

GeneID no.

Cellobiose ⫹ S0 vs
cellobiose

Annotationb

Maltose ⫹ S0 vs
maltose

4.1
2.5

2.1
2.3

PF0426
PF1516
PF1517

4.3
2.3
4.8

4.0
2.4
3.1

SAICAR synthase
Glutamine phosphoribosylpyrophosphate
amidotransferase
NCAIR synthetase
GMP synthase, PP-ATPase domain/subunit
Hypothetical protein

Transposon

PF1366

4.1

2.0

Transposase and inactivated derivatives

MBH membrane-bound
hydrogenase

PF1433
PF1434
PF1435

12.2
11.0
11.6

7.1
6.7
7.2

MbhK (NADH dehydrogenase subunit NuoC)
MbhL (Ni-Fe hydrogenase, NuoD)
MbhM (NADH dehydrogenase subunit NuoH)

MBX membrane-bound
oxidoreductase

PF1441
PF1442
PF1443
PF1444
PF1445
PF1446
PF1448

9.7
8.0
8.7
9.0
9.9
5.5
7.3

7.7
6.1
6.1
6.2
7.9
5.0
4.7

PF1450

3.3

2.5

PF1451

7.6

5.4

PF1452

6.0

4.1

MbxN (four-cysteine proximal Fe-S binding protein)
MbxL (Ni-Fe hydrogenase, NuoD homolog)
MbxK (NADH dehydrogenase subunit NuoC)
MbxJ (four-cysteine proximal Fe-S binding protein)
MbxM (NADH dehydrogenase subunit NuoH)
MbxH⬘ (NADH dehydrogenase subunit NuoL)
MbxG (membrane-bound hydrogenase, anchoring
structure subunit)
MbxD (membrane-bound hydrogenase, anchoring
structure subunit)
MbxC (membrane-bound hydrogenase, anchoring
structure subunit)
MbxB (membrane-bound hydrogenase, anchoring
structure subunit)

PF2025
PF2026

12.5
5.7

101
22.9

Sulfur-induced protein
a
b

SipA
SipB

NC, no change (ⱕ1.5-fold change); NA, not available.
SAICAR, phosphoribosylaminoimidazole-succinocarboxamide synthase; NCAIR, phosphoribosylaminoimidazole carboxylase, ATPase subunit.

van Haaster et al. (55) suggested that SH1 and SH2 in P.
furiosus serve as safety valves and recycling pathways for the H2
that is produced (by MBH), such that SH1 may be responsive
to cellular redox status, while SH2 provides a constitutive basal
capacity for these functions. The membrane-bound hydrogenase MBH (PF1423 to PF1436) and the membrane-bound
oxidoreductase MBX (PF1441 to PF1453) appeared to be
reciprocally regulated. While many components of MBX were
positively S0 responsive, genes encoding MBH were downregulated by S0 (Fig. 2), as previously reported for maltosegrown cells (49). This is consistent with the reciprocal regulation of MBH and MBX that occurs within minutes of addition
of S0 to P. furiosus cells growing on maltose (Schut and Adams,
unpublished). Similarly, contrasting transcriptional responses
of MBH and MBX were also noted in response to exposure of
P. furiosus to gamma irradiation (61). However, the impact of
S0 on MBH expression during growth on cellobiose was much
less than that during growth on maltose. This correlates with
the gas profiles; H2 production, which occurs via MBH, was
measured in cells grown on cellobiose plus S0 but not in cells
grown on maltose plus S0 (Tables 1 and 2). These data indicate
that there is a close association of MBH with H2 production
and a close association of MBX with H2S production on both
sugars, not just in maltose-grown cells (49). Furthermore, the
pattern of regulation of SipA (PF2025) and SipB (PF2026) was

similar to that of many MBX components. This is consistent
with the proposal (49) that these proteins are intimately involved in the H2S production process rather than in the disposal of excess reducing equivalents through H2 generation.
DISCUSSION
To achieve the goal of optimizing hyperthermophilic H2
production and designing metabolic engineering strategies, it is
crucial to understand the physiology and regulation of hydrogenesis at high temperatures, especially as this relates to processing carbon and energy sources. Here, an anaerobic chemostat was used to obtain bioenergetics parameters and profiles
of key metabolites related to the transcriptome of P. furiosus.
This information is summarized in Fig. 3.
It was interesting that in the absence of S0, growth on maltose generated much less H2 than growth on cellobiose, despite
comparable specific sugar consumption rates on the two sugars. In P. furiosus, maltose can enter the glycolytic pathway via
both ADP-glucokinase (PF0312) and glucanophosphorylase
(PF1535). The maltose-only transcriptome showed that relevant hydrolases and transporters were induced by this sugar
substrate, although genes involved in downstream hydrogenesis pathway were not. This suggests that maltose-only cultures
may have a bottleneck, leading to lower protein production
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FIG. 2. Heat plot based on the least-squares means (mixed model
analysis) of selected genes involved in energy conservation in P. furiosus grown on cellobiose (C), maltose (M), cellobiose plus S0 (C⫹S0),
maltose plus S0 (M⫹S0), and tryptone plus S0 (T⫹S0). Open boxes
indicate the highest expression levels, while dark gray boxes indicate
the lowest expression levels. FNOR, ferredoxin NADPH oxidoreductase; ADH, alcohol dehydrogenase; AOR, aldehyde oxidoreductase.

and H2/CO2 ratios and greater production of alanine instead of
acetate, reduced ferredoxin, and subsequently H2 (40). Thus, it
appears that growth on maltose is somewhat limited because
reducing power generated from substrate degradation was not
involved in an H2-producing, energy-conserving process (45).
In contrast, growth on cellobiose triggered transcription of two
alcohol dehydrogenases implicated in ethanol production from
acetaldehyde, generated from pyruvate by POR (32). It has
been proposed that this reaction removes the bottleneck in
energy metabolism and detoxifies the cytoplasm by removing
accumulating acetaldehyde, thereby facilitating pyruvate decarboxylation (33). Transcriptional analysis also suggested that
capsular polysaccharide formation is increased in cellobiosegrown cultures, indicating another possible outlet for reducing
equivalents during growth on this substrate. Alteration of metabolite profiles depending on carbon and energy sources has
been noted in mesophilic fermentative bacteria (14). For example, inhibition of Clostridium cellulolyticum growth was relieved when cellobiose and yeast extract were replaced by cellulose and defined nitrogen sources (15). This effect was
attributed to an imbalance in NADH/NAD ratios arising from
higher carbon fluxes in addition to reduced demand on biosynthesis in the presence of complex substrates (22). Whether
a similar situation exists for P. furiosus remains to be seen.
The addition of S0 boosted biomass yields for both maltoseand cellobiose-grown cultures, albeit to a much greater extent
for the maltose-grown cultures. This was reflected in the considerably higher number of differentially transcribed genes involved in anabolism and cellular redox management when S0
was added to maltose. The close correlation between H2S
generation, biomass (protein) yield, and transcriptional levels
of MBX and SipA/SipB suggests that S0 reduction is an energyconserving process in P. furiosus and not just a mechanism for
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FIG. 3. Proposed metabolic pathways for P. furiosus grown on maltose and cellobiose in the presence and absence of S0. The thickness of
lines outlining boxes and of arrows reflects the significance of the
product in the metabolic scheme. A dashed line indicates that the
metabolite was not detected. G1P, glucose-1-phosphate; G6P, glucose6-phosphate.
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tools (transcriptional response analysis), insights can be obtained and ultimately provide the basis for metabolic engineering strategies. The information provided here for P. furiosus
should prove to be useful in efforts to exploit H2 production in
this archaeon and other archaea for the production of biofuels.
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alleviating H2 inhibition. While all H2 production ceased in
cultures grown on maltose plus S0, with corresponding downregulation of MBH and SH1, only about one-third of the H2
production was replaced by H2S generation in cultures grown
on cellobiose plus S0. This very surprising result shows that in
cellobiose-grown cultures regulation of the expression of MBH
and MBX is not the on/off mechanism that appears to be
present in maltose-grown cells, where the addition of S0 causes
hydrogen production and expression of the genes encoding the
three hydrogenases to cease within minutes (Schut et al., unpublished data). At this point, it is not clear why P. furiosus
metabolizes the two sugars so differently.
Both processes appear to use the same pathway from phosphorylated hexoses to the end products acetate, CO2, and H2
(plus H2S) since the relative amounts of these compounds (per
unit of sugar utilized) are the same (Table 2). However, not
only do the H2/H2S ratios differ, but there is also a dramatic
difference in carbon flow. For example, on cellobiose alone,
about 75% of the sugar is converted to acetate and the gaseous
products (sugar/acetate/H2 ratio, ⬃1:1.5:3.8), whereas only
50% of the maltose is converted (sugar/acetate/H2 ratio, 1:1:
2.6). How the “extra” carbon from maltose is used is not
known, but in bioenergy terms, if H2 is the required product,
then cellobiose should be the carbon source rather than maltose. Conversely, in the presence of S0, the bioenergetics and
end product yields and ratios are very similar (Table 2), indicating that the same pathways are utilized independent of the
glycoside type. The one caveat is the production of H2 by
cellobiose-grown cells. In the presence of S0, the metabolism of
cellobiose in terms of end products (per unit of sugar) appears
to be comparable to the metabolism of maltose (Table 2).
Consequently, S0 dramatically impacts the carbon flux from
sugar into acetate in cellobiose-grown cells but has less impact
in maltose-grown cells. Thus, S0 affects carbon flux, in addition
to its role as a reductant sink. At present, the transcriptional
analyses do not provide insight into how S0 achieves this in
cellobiose-grown cells.
It is possible that the profound effect of the glycoside type on
the S0-dependent bioenergetics of P. furiosus extends to other
hyperthermophiles, including bacteria. A homologous MBX
operon can be identified in the genome of the facultative
S0-reducing hyperthermophilic bacterium Thermotoga maritima, probably as a result of lateral gene transfer (7). However,
the transcriptional levels of this operon were relatively low on
maltose and cellobiose and were not affected by S0 (S. R. Gray
and R. M. Kelly, unpublished data). A similar response was
observed for two Sip homologs in T. maritima. It has been
reported that S0 stimulates T. maritima growth by removing
inhibitory H2 but does not impact energy conservation pathways (47).
An important outcome of this study is the realization that
microbial processes aimed at high levels of H2 production must
take into account the impact that substrates and other environmental influences have on cellular bioenergetics. Given the
anticipated heterogeneity of biomass feedstocks that will be
used for bioenergy conversion processes, a comprehensive understanding of how transcriptional regulation and metabolite
production relate to the substrate pool is highly desirable. By
combining traditional approaches (chemostat culture for determining bioenergetic parameters) with functional genomics
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