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Sulfate-reducing bacteria, like Desulfovibrio vulgaris Hildenborough, use the reduction of sulfate as a sink for
electrons liberated in oxidation reactions of organic substrates. The rate of the latter exceeds that of sulfate
reduction at the onset of growth, causing a temporary accumulation of hydrogen and other fermentation
products (the hydrogen or fermentation burst). In addition to hydrogen, D. vulgaris was found to produce
significant amounts of carbon monoxide during the fermentation burst. With excess sulfate, the hyd mutant
(lacking periplasmic Fe-only hydrogenase) and hmc mutant (lacking the membrane-bound, electron-trans-
porting Hmc complex) strains produced increased amounts of hydrogen from lactate and formate compared
to wild-type D. vulgaris during the fermentation burst. Both hydrogen and CO were produced from pyruvate,
with the hyd mutant producing the largest transient amounts of CO. When grown with lactate and excess
sulfate, the hyd mutant also exhibited a temporary pause in sulfate reduction at the start of stationary phase,
resulting in production of 600 ppm of headspace hydrogen and 6,000 ppm of CO, which disappeared when
sulfate reduction resumed. Cultures with an excess of the organic electron donor showed production of large
amounts of hydrogen, but no CO, from lactate. Pyruvate fermentation was diverse, with the hmc mutant
producing 75,000 ppm of hydrogen, the hyd mutant producing 4,000 ppm of CO, and the wild-type strain
producing no significant amount of either as a fermentation end product. The wild type was most active in
transient production of an organic acid intermediate, tentatively identified as fumarate, indicating increased
formation of organic fermentation end products in the wild-type strain. These results suggest that alternative
routes for pyruvate fermentation resulting in production of hydrogen or CO exist in D. vulgaris. The CO
produced can be reoxidized through a CO dehydrogenase, the presence of which is indicated in the genome
sequence.

Desulfovibrio spp. derive energy for growth from redox re-
actions in which organic acids, alcohols, or hydrogen (the elec-
tron donors) are oxidized by sulfate, thiosulfate, or sulfite (the
electron acceptors). A diagram indicating a possible mecha-
nism for ATP synthesis in Desulfovibrio spp. growing on lac-
tate, pyruvate, formate, or hydrogen and sulfate is shown in
Fig. 1 (2, 14, 24). Growth on lactate- and sulfate-containing
medium requires proton motive force-driven ATP synthesis
(Fig. 1, reaction 6) because ATP formed by substrate level
phosphorylation (Fig. 1, reactions 10) equals that required for
activation of sulfate (Fig. 1, reaction 5). The hydrogen cycling
hypothesis proposed by Odom and Peck (14) suggested that
protons and electrons generated in reactions 7 and 8-i (Fig. 1)
are converted to H2 by a cytoplasmic hydrogenase and that this
H2 diffuses to the periplasm, where it is reoxidized. Cycling of
4 H2 molecules then yields eight periplasmic protons for every
sulfate reduced, allowing a net synthesis of 2.7 ATP molecules
per molecule of sulfate. When hydrogen is the exclusive elec-
tron donor, Fig. 1 indicates a net synthesis of 0.7 mol of ATP
when 4 mol of hydrogen is used to reduce 1 mol of sulfate (1,
26). This is in reasonable agreement with the net production of
1 mol of ATP per mol of sulfate determined by growth yield
studies (1).

One problem in acceptance of the hydrogen cycling hypoth-
esis has been that a soluble cytoplasmic hydrogenase was never

isolated from Desulfovibrio vulgaris. However, as discussed re-
cently (16), the presence of a membrane-bound, nickel-con-
taining hydrogenase with the active site facing the cytoplasm
that could participate in hydrogen cycling (Fig. 1, reaction 11)
is indicated by its genome sequence (http://www.tigr.org). A
second problem is that hydrogen formation from lactate (Fig.
1, reactions 7 and 11) is energetically unfavorable (21). Also,
although growth yield studies have shown a higher cell yield
per mole of sulfate with lactate as the electron donor than with
hydrogen, the difference is not compatible with a three- to
fourfold increase in net ATP production. Thus, only a fraction
of the protons and electrons generated in reactions 7 and 8-i of
Fig. 1 may be used for generation of a proton motive force
while the remainder is used directly for sulfate reduction.

Proton and electron movement leading to chemiosmotic
ATP production during growth on lactate or pyruvate and
sulfate is likely to be much more complex than indicated in Fig.
1. The genome sequence indicates that in excess of 100 gene
products, including several membrane-associated redox pro-
tein complexes, could be involved. In the case of lactate dehy-
drogenase, experimental studies (19) have shown it to be an
oxygen-labile, membrane-bound enzyme in Desulfovibrio that
could directly contribute to chemiosmotic energy conservation.
This topology is not indicated in Fig. 1. The hyd genes for
Fe-only hydrogenase (Fig. 1, reaction 1) and the hmc genes for
the high-molecular-mass cytochrome (Hmc) complex (Fig. 1,
reaction 4), a large transmembrane electron transport com-
plex, have been deleted (5, 16). These deletion mutations af-
fected growth with hydrogen as the electron donor more
strongly than growth with lactate and hydrogen. In the case of
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the hyd mutation, residual growth is caused by the presence of
at least two other nickel-containing hydrogenases (the NiFe
and NiFeSe hydrogenases) in the periplasm of D. vulgaris
Hildenborough. In the case of the hmc mutation, the genome
sequence indicates the presence of several other transmem-
brane electron transport complexes that may enable continued
growth on hydrogen.

Organisms are frequently overdesigned and can compensate
for the missing gene when a property such as growth rate is
monitored (4). However, metabolite concentrations can often
vary over orders of magnitude, even in mutations that are silent
with respect to growth rate. A detailed analysis of metabolite
concentrations in the hmc and hyd mutant and wild-type strains
of D. vulgaris is therefore presented to gain more insight into
the mechanisms that D. vulgaris employs for energy conserva-
tion.

MATERIALS AND METHODS

Growth of bacteria. D. vulgaris subsp. vulgaris Hildenborough (NCIMB 8303;
isolated from clay soil near Hildenborough, United Kingdom) (17), D. vulgaris
H801 (�hmc Cmr) (5), and D. vulgaris Hyd100 (�hydAB Cmr) (16) were stored
in Postgate’s medium B (17) and grown in defined Widdel-Pfennig (WP) me-
dium formulated as described by Widdel and Bak (25). Concentrations of elec-
tron donors (lactate, pyruvate, and formate) or the electron acceptor sulfate are
described in Results. Data are reported for growth in 500-ml flat glass culture
flasks containing 250 ml of WP medium and 250 ml of headspace flushed with
90% (vol/vol) N2 and 10% (vol/vol) CO2. These were closed with a soft rubber
stopper, allowing repeated sampling of both the medium and the headspace. For
growth, the flasks were placed flat on an orbital shaker and shaken at 60 rpm at

an average temperature of 28°C. Cell densities were measured with a Shimadzu
spectrophotometer as the optical density at 600 nm (OD600). An OD600 of 1 was
determined to correspond to a cell dry-weight concentration of 0.309 g/liter. This
value was higher than one used before (5, 16) that was based on data in the
literature. In a typical experiment, single cultures of the wild-type strain and the
two mutant strains (i.e., a total of three cultures) were compared. The experi-
ment was repeated at least once to validate the significance of observed differ-
ences.

Analytical procedures. For analysis of H2 and CO concentrations in the head-
space of WP medium-containing flasks, 1-ml samples were withdrawn and ap-
propriately diluted by injection in air-filled serum bottles. Aliquots (2.5 ml) of the
diluted samples were then injected into the sample coil of a Shimadzu GC-8A gas
chromatograph fitted with a Molecular Sieve 5A column and an RGD2 Reduc-
tion Gas Detector (Trace Analytical) as described previously (16). For analysis of
samples that did not require dilution, 2.5 ml was withdrawn from the headspace
and injected directly into the sample coil. H2 and CO concentrations were
calculated by comparing the peak area of the diluted sample with that of an H2

or CO standard (20 ppm in helium). Headspace pressures were close to ambient
(1 atm). Gas concentrations in parts per million can be converted to millimolar
concentrations by multiplying by 4 � 10�5.

Duplicate 1-ml samples of the growing culture were taken and placed in
microcentrifuge tubes every time a headspace analysis was done. One of these
was used immediately for OD600 determination and then discarded. The others
were stored frozen at �20°C. For sulfate concentration determinations, 150 �l of
a thawed and homogenized sample was mixed with 350 �l of H2O and 500 �l of
20 mM Na2CO3 in a microcentrifuge tube. Following storage at 4°C for 1 h, the
samples were centrifuged at 13,000 rpm for 4 min and filtered through a 0.45-
�m-pore-size filter. Samples (�0.5 ml) were then injected in a Sykam high-
pressure liquid chromatograph equipped with an LCA A14 (3 by 250 mm)
anion-separating column equilibrated with 10 mM Na2CO3, a suppression unit,
and a conductivity detector (3). Concentrations were calculated from the peak
areas of standard samples (150 �l of 28 mM sulfate in WP medium salts, or

FIG. 1. Model for ATP synthesis in Desulfovibrio spp. growing on medium containing lactate and sulfate, pyruvate and sulfate, hydrogen and
sulfate, or formate and sulfate. The reactions indicated are catalyzed by the following: 1, periplasmic (e.g., Fe-only) hydrogenase; 2, periplasmic
formate dehydrogenase; 3, the cytochrome c3 network; 4, transmembrane electron transport (e.g., Hmc) complex; 5, enzymes that reduce sulfate
to sulfide (ATP sulfurylase, adenosine phosphosulfate reductase, dissimilatory sulfite reductase, adenylate kinase, and pyrophosphatase); 6, ATP
synthase; 7, lactate dehydrogenase; 8-i, pyruvate-ferredoxin oxidoreductase, 8-ii, CO formation from pyruvate (enzyme unknown), 8-iii, pyruvate-
formate lyase; 9, phosphotransacetylase; 10, acetate kinase, 11, cytoplasmic, membrane-bound hydrogenase (e.g., Ech [16]); 12, CODH; 13,
CO-dependent hydrogenase. CoA, coenzyme A.
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dilutions thereof, mixed with 350 �l of H2O and 500 �l of Na2CO3). The column
was regenerated by elution with 0.2 M H2SO4 after every three samples.

To determine the concentrations of organic acids, 500 �l of thawed and
homogenized sample was mixed with 500 �l of H2O in a microcentrifuge tube.
Following centrifugation and filtration, samples were placed in 1-ml autosampler
vials. The autosampler injected the samples (0.5 ml) into a Sykam high-pressure
liquid chromatograph equipped with an ICSep WA-1 column (TransGenomic)
equilibrated with 5 mM H2SO4 and a Linear TM UVIS204 UV-VIS detector set
at 215 nm and/or a refractive-index detector. Concentrations were calculated
from the peak areas of a mixture of standards (10 mM [each] succinate, lactate,
formate, acetate, propionate, and isobutyrate) diluted similarly to the samples
and run after every 10 samples. Pyruvate and fumarate standards were run
separately at lower concentrations in view of their high UV absorbance. Pyruvate
was also determined enzymatically by recording the increase in absorbance at 340
nm (�A340) in the presence of excess NAD� and lactate dehydrogenase from
rabbit muscle. Formate was similarly determined enzymatically by using NAD�-
dependent formate dehydrogenase from Candida boidinii. Both enzymes were
obtained from Roche Diagnostics.

RESULTS

Lactate as electron donor. The wild-type and hmc mutant
strains showed similar kinetics of growth (0 to 50 h) in cultures
containing 38 mM lactate and 28 mM sulfate (Fig. 2A). The
kinetics of utilization of lactate and sulfate and production of
acetate (Fig. 2B, D, and E, respectively) are consistent with the

use of two lactate molecules per sulfate molecule reduced and
the formation of one acetate molecule per lactate molecule. A
cell yield (Ysulfate) of 10.3 g/mol of sulfate can be calculated
from the data in Fig. 2. H2 production by Desulfovibrio prior to
growth on lactate- and sulfate-containing medium (the hydro-
gen burst) was seen as the small peak in hydrogen concentra-
tion to 100 ppm at 25 h in cultures of all three strains (Fig. 2C).
No CO was produced during this burst period. The hmc strain
maintained a lower cell density than the wild type in the sta-
tionary growth phase (Fig. 2A, 100 to 250 h). The hyd mutant
grew slower and to a lower cell density under these conditions,
as observed before (16). Peculiarly, no sulfate was reduced
from 100 to 175 h. However, lactate continued to be metabo-
lized during this period, leading to significant amounts of H2

(Fig. 2C, 600 ppm, 0.024 mM) and, surprisingly, even larger
amounts of CO (Fig. 2F, 6,000 ppm, 0.24 mM). The H2 and CO
formed, as well as the remaining lactate, were all oxidized
when sulfate reduction resumed from 175 to 200 h. Although
the production and subsequent consumption of trace amounts
of CO has been reported before (10), the production of large
amounts of CO as a result of the deletion of the genes for
Fe-only hydrogenase was totally unexpected. In a duplicate
experiment, the hyd mutant produced a similarly high concen-

FIG. 2. Growth physiology of the wild-type (WT) and hyd and hmc mutant strains in WP medium containing lactate (38 mM), sulfate (28 mM),
and a headspace of 10% (vol/vol) CO2 and 90% N2. Plotted as a function of time are cell density (A), lactate concentration (B), H2 concentration
in the headspace (C), sulfate concentration (D), acetate concentration (E), and CO concentration in the headspace (F). The symbol definitions
in panel D apply to the entire figure.
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tration of CO (6,230 ppm at 115 h, relative to the wild-type
(171 ppm) and hmc mutant (49 ppm) strains.

To determine if the wild-type and hmc mutant strains form
H2 (and possibly CO) when the electron donor lactate is in
excess, the sulfate concentration was decreased to 7 mM (Fig.
3). No growth was observed with lactate when no sulfate was
added (data not shown). Complete reduction of the limiting
amount of sulfate at 50 h (Fig. 3D) gave rise to cell mass
(OD600 � 0.2 to 0.3), which processed some lactate fermenta-
tively, forming high H2 headspace concentrations in cultures of
all three strains (Fig. 3C). This inhibited further fermentation
of lactate, which remained constant at 20 mM from 100 to
400 h. No significant amounts of CO were formed during
lactate fermentation. Of the initial lactate concentration (38
mM), 14 mM was used for sulfate reduction and 20 mM re-
mained. Hence, approximately 4 mM was used for the forma-
tion of biomass and fermentative processing. An OD600 of 0.25
corresponds to a cell dry weight of 0.08 g/liter. With an estab-
lished average formula for biomass dry weight (CH1.8O0.5N0.2)
of 24.6 g/mol of carbon, the biomass concentration is found to
correspond to 3 mM C. Hence, approximately 1 mM lactate
was assimilated into biomass and 3 mM was processed fermen-

tatively, yielding hydrogen and pyruvate. Subsequent fermen-
tation of pyruvate did not yield CO under these conditions.
Headspace H2 concentrations produced by the hmc mutant,
the wild type, and the hyd mutant were 20,000, 10,000, and
5,000 ppm (0.8, 0.4, and 0.2 mM, respectively). These were
almost constant from 100 to 400 h, except for a transient hump
at 200 h. This corresponded to an increase in the OD600,
indicating a metabolic adjustment, not an experimental error.
These differences in H2 concentration resulting from lactate
fermentation were reproducible (�5%) in a duplicate experi-
ment. Although these concentrations are significant, 10-fold
higher concentrations (6 mM H2) would result if the fermen-
tation could be described solely by the sum of reactions 1 and
2 in Table 1, suggesting that reduced organic fermentation
products were also formed. The observed formation of only 16
mM acetate from 18 mM lactate (Fig. 3B) is in agreement with
this suggestion. Hence, cytoplasmic reduction of organic acids
may provide a sink for some of the hydrogen formed in lactate
fermentation, when sulfate is absent. The higher headspace
hydrogen concentration in cultures of the hmc mutant indi-
cates that transport of electrons derived from periplasmic hy-
drogen oxidation to cytoplasmic organic fermentation path-

FIG. 3. Growth physiology of the wild-type (WT) and hyd and hmc mutant strains in WP medium containing lactate (38 mM), sulfate (7 mM),
and a headspace of 10% (vol/vol) CO2 and 90% N2. Plotted as a function of time are cell density (A), lactate (open symbols) and acetate (filled
symbols) concentrations (B), H2 concentration in the headspace (C), and sulfate concentration (D). The symbol definitions in panel D apply to
the entire figure.
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ways is, in part, Hmc mediated. The lower headspace hydrogen
concentrations of the hyd mutant indicate that Fe-only hydro-
genase may function in hydrogen production, not consump-
tion, under these conditions.

Pyruvate as electron donor. With pyruvate (30 mM) as the
electron donor for sulfate reduction (28 mM), all three strains
grew identically (Fig. 4A) and had similar kinetics of pyruvate
consumption and acetate production (Fig. 4B). The strains also
consumed similar amounts of sulfate with identical kinetics
(data not shown), consistent with a 4:1 stoichiometry of reac-

tion between pyruvate and sulfate and with formation of one
acetate molecule for each pyruvate molecule oxidized. The
data indicated a Ysulfate of 23.8 g/mol of sulfate under these
conditions. At the start of growth, a small burst of H2 and CO
was observed (Fig. 4C and D). The H2 burst was more pro-
nounced in the hyd and hmc mutants (Fig. 4C), whereas the
CO burst was only more prominent in the hyd mutant strain.
(Fig. 4D). In contrast to the use of lactate, no temporary halt
in the reduction of sulfate by the hyd mutant strain with asso-
ciated production of H2 and/or CO was observed later in the
growth curve.

D. vulgaris can grow fermentatively on pyruvate. However,
the doubling time was 100 to 130 h and cultures reached a
maximal OD600 of 0.15 (Fig. 5). Hydrogen inhibited fermen-
tative growth of wild-type D. vulgaris on pyruvate. Fermenta-
tive metabolism of pyruvate was therefore investigated with
cultures containing 30 mM pyruvate and a limiting amount of
sulfate (3 mM). As in Fig. 3D, all of the sulfate was fully
reduced at 50 to 75 h (data not shown), giving similar amounts
of biomass for all three strains (OD600 � 0.4 to 0.6). The cell
density then declined to an OD600 of 0.2 at 250 h in all three
strains (data not shown). Pyruvate was completely metabolized

FIG. 4. Growth physiology of the wild-type (WT) and hyd and hmc mutant strains in WP medium containing pyruvate (30 mM), sulfate (28
mM), and a headspace of 10% (vol/vol) CO2 and 90% N2. Plotted as a function of time are cell density (A), pyruvate concentration determined
enzymatically (open symbols) and acetate concentration (filled symbols) (B), H2 concentration in the headspace (C), and CO concentration in the
headspace (D). The symbol definitions in panel A apply to the entire figure.

TABLE 1. Standard free-energy changes of relevant reactions

Reaction �G0	
(kJ/mol)a

1. Lactate 3 pyruvate � H2 ......................................................... �43.2
2. Pyruvate � 2 H2O 3 acetate � HCO3

� � H2 � H� ......... �47.1
3. Pyruvate 3 acetate � CO ........................................................ �32.0
4. CO � 2 H2O 3 HCO3

� � H2 � H� .................................... �15.1
5. Pyruvate � H2O 3 acetate � formate � H� ....................... �48.5
6. H2O � formate 3 HCO3

� � H2............................................ �1.4

a Gibbs free energies of formation from elements were used for the com-
pounds indicated (20). These were then combined to calculate �G0	.
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fermentatively (Fig. 6A), giving rise to ca. 27 mM acetate (Fig.
6A). As in Fig. 2, use of the organic acid and corresponding
production of acetate by the hyd mutant were slower than by
the other two strains. In terms of reducing gas production, the
three strains were all different. The hmc mutant produced up
to 75,000 ppm (7.5% [vol/vol] of the gas phase; 3 mM) of H2.
In contrast, the hyd mutant produced less H2 than the wild-
type strain (Fig. 6B). However, it produced 4,000 ppm (0.16
mM) of CO, which remained as a stable fermentation product
(Fig. 6D). Although these concentrations are significant, they
are small relative to the concentration of acetate, indicating
formation of other nongaseous fermentation products, i.e., fu-
marate, succinate, and isobutyrate, as indicated below.

Formate as electron donor. Like hydrogen, formate is me-
tabolized by a periplasmic dehydrogenase, yielding periplasmic
protons when oxidizing formate (Fig. 1, reaction 2). Inocula-
tion of medium containing 35 mM formate and 28 mM sulfate
gave a rapid production of H2 that proceeded linearly with
time (Fig. 7B). This hydrogen resulted from formate fermen-
tation (Table 1, reaction 6). The observed hydrogen burst is
again caused by an imbalance of formate oxidation and sulfate
reduction reactions prior to growth. H2 consumption, leading
to a decrease in the headspace hydrogen concentration, coin-
cided with the onset of sulfate reduction and started first in the
wild type and then in the two mutant strains. The use of 35 mM
formate (Fig. 7D) by all three strains gave rise to a reduction
of ca. 8 mM sulfate (Fig. 7C), in agreement with the expected
4:1 stoichiometry. Little cell mass was formed. The data in Fig.
7A indicated a Ysulfate of 3.8 g/mol of sulfate for all three
strains. No CO was produced under these culture conditions.
Acetate, included at a concentration of 3 mM for use as a

possible carbon source, was not detectably metabolized. A
hydrogen uptake role in formate oxidation is indicated for both
Fe-only hydrogenase and the Hmc complex under these con-
ditions, because absence of either leads to higher headspace
hydrogen concentrations.

Detection of an organic acid intermediate. Analysis of or-
ganic acid concentrations by high-pressure liquid chromatog-
raphy (HPLC) indicated the following retention times for the
standards (10 mM) that were routinely used: succinate, 12.2
min; lactate, 13.3 min; formate, 14.3 min; acetate, 15.4 min;
propionate, 17.6 min; butyrate, 20.7 min. A metabolic inter-
mediate with a maximal concentration at 75 to 100 h was
observed at 14.2 min whenever lactate or pyruvate was used as
the electron donor. Despite its similar retention time, the in-
termediate was not formate. It was easily seen with UV but not
with refractive-index detection, indicating that it has a much
higher molar absorption coefficient at 210 nm than formate.
Samples with a high concentration of the intermediate did not
have significant formate concentrations when formate was an-
alyzed enzymatically. Determination of the retention times of
a variety of organic acids indicated that the intermediate was
likely fumarate, which has a high UV absorbance and a reten-
tion time similar to that of formate. Transient fumarate con-
centrations were especially high during pyruvate fermentation
by the wild-type strain (Fig. 6C). Approximately 10-fold lower
maximal concentrations were observed in the cultures de-
scribed in Fig. 2 to 4. Formation of succinate (up to 1.5 mM)
and isobutyrate (putative, up to 3 mM) as possible end prod-
ucts of pyruvate fermentation was observed by HPLC (results
not shown). In view of these results, it was determined if
fumarate addition to D. vulgaris, growing by pyruvate fermen-
tation, can increase cell yield. Although cell densities were
slightly higher (Fig. 5), the difference was too small to allow the
conclusion that D. vulgaris can use fumarate effectively as an
acceptor of electrons originating from pyruvate, as shown also
by others (7, 12).

DISCUSSION

The hydrogen burst of D. vulgaris was first described in detail
by Tsuji and Yagi (22) as the production of H2 prior to the
production of H2S and growth. Use of a sensitive reducing gas
detector in the present study allowed the demonstration that
D. vulgaris can also produce CO under these conditions. The
hydrogen burst is therefore more appropriately referred to as
the fermentation burst. Nongaseous fermentation products are
also likely formed during the burst period. However, these
would be difficult to detect with standard HPLC methods in
view of the sensitivity required. When grown with excess sul-
fate, D. vulgaris exhibited a fermentation burst with all three of
the organic acids tested (Fig. 2C, 4C and D, and 7B). The burst
was particularly long, up to 50 h, yielding in excess of 8,000
ppm (0.32 mM) of headspace hydrogen, when formate was the
electron acceptor (Fig. 7). The fermentation burst likely results
in the generation of a sufficiently low redox potential and of
sufficient ATP to start sulfate reduction.

The results presented in this paper suggest that, in addition
to the cycling of hydrogen (Fig. 1, production through reac-
tions 7, 8-i, and 11 and consumption through reactions 1, 3, 4,
and 5), D. vulgaris Hildenborough can produce and consume

FIG. 5. Effect of fumarate and/or hydrogen on fermentative growth
of wild-type D. vulgaris on pyruvate. Growth was in WP medium
containing pyruvate (30 mM) and no sulfate. Fumarate (34 mM) was
added where indicated. Addition of hydrogen was done by changing
the headspace gas from 90% (vol/vol) N2–10% CO2 to 80% (vol/vol)
H2–20% CO2. Cell density is plotted as a function of time.
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CO during sulfate reduction. The suggested pathway for for-
mation of CO from pyruvate and its subsequent conversion to
CO2 and H2 through the action of cytoplasmic CO dehydro-
genase (CODH) and CO-dependent hydrogenase are indi-
cated in Fig. 1 (reactions 8-ii, 12, and 13, respectively). The
genome sequence of D. vulgaris indicates the presence of a
CODH very similar to that of Rhodospirillum rubrum (9). As in
R. rubrum, the CODH-encoding gene is preceded by a gene for
a CO-responsive transcriptional activator, CooA. In R. rubrum,
CooA ensures transcription of the CODH-encoding gene only
when the CO concentration reaches an appropriate thresh-
old (8, 18). Together with a CO-dependent hydrogenase,
CODH catalyzes CO oxidation to bicarbonate and hydrogen
(Table 1, reaction 4). D. vulgaris also has the genes for a
membrane-bound, CO-dependent hydrogenase. Unlike those
of R. rubrum, these genes are not adjacent to those for CODH.
Nevertheless, the presence of a CooA-regulated CODH-en-
coding gene in D. vulgaris makes it likely that this enzyme,
together with the CO-dependent hydrogenase, functions in CO
oxidation because it is synthesized only when the CO concen-
tration reaches an appropriate threshold, as in R. rubrum.

With respect to the suggested synthesis of CO from pyruvate
(Fig. 1, reaction 8-ii), it should be noted that microorganisms
like Clostridium thermaceticum can transfer CO2 formed in
reaction 2 of Table 1 directly to CODH, which converts the
bound CO2 to CO with electrons derived from hydrogen (24).
Production of CO from CO2 by this enzyme is energetically
unfavorable (10), as indicated in Table 1 (reaction 4 in reverse:
�15.1 kJ/mol), but this can be driven by the larger negative
free-energy change of reaction 2 of Table 1. Thus, formation of
CO from reactions 2 and 4 (in reverse) is, in principle, possible.
However, because Desulfovibrio does not have the acetyl co-
enzyme A pathway for the synthesis of acetate and because its
CODH is likely to catalyze CO uptake, as already discussed, it
should be stated that the nature of the enzyme system that
synthesizes CO from pyruvate in D. vulgaris is unknown.

D. vulgaris’ need for metabolic cycling to obtain net ATP
synthesis from sulfate reduction by lactate has been explained
in the introduction. Three possible mechanisms of metabolic
cycling have been indicated in Fig. 1: cycling of hydrogen, as
proposed previously (14); cycling of CO, for which evidence
has been presented here; and cycling of formate. The latter

FIG. 6. Growth physiology of the wild-type (WT) and hyd and hmc mutant strains in WP medium containing pyruvate (30 mM), sulfate (3 mM),
and a headspace of 10% (vol/vol) CO2 and 90% N2. Plotted as a function of time are concentrations of pyruvate (open symbols) and acetate (filled
symbols) (A), H2 concentration in the headspace (B), concentration of a putative fumarate intermediate (C), and CO concentration in the
headspace (D). The symbol definitions in panel D apply to the entire figure.
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requires the presence of a pyruvate-formate lyase (Fig. 1, re-
action 8-iii). Evidence for formate cycling could not be ob-
tained in the present study because a highly UV-absorbing
organic acid tentatively identified as fumarate coeluted with
formate in the HPLC system used. However, the D. vulgaris
genome sequence indicates multiple pyruvate or oxo-organic
acid oxidoreductases in addition to the pyruvate:ferredoxin
oxidoreductase (Fig. 1, enzyme 8-i). One of these has strong
homology to pyruvate-formate lyase from Escherichia coli and
could represent enzyme 8-iii (Fig. 1). The fact that four differ-
ent periplasmic formate dehydrogenases (Fig. 1, reaction 2),
identical to the number of periplasmic hydrogenases (Fig. 1,
reaction 1), are indicated by the genome sequence also pro-
vides evidence for possible formate cycling. With respect to H2

and CO, it should be stated that their steady-state concentra-
tions are extremely low (�4 �M in the gas phase) when wild-
type D. vulgaris grows with lactate as the electron donor for
sulfate reduction. However, these low steady-state values could
result as the balance between significant production and con-
sumption fluxes. The magnitude of these fluxes cannot be de-
rived from the steady-state concentrations. Another way to
approach the problem of estimating the flux involved in met-
abolic cycling of hydrogen and/or CO is to consider that the

cells do not achieve net ATP synthesis without it. Assuming, as
for hydrogen (1), a net synthesis of one ATP molecule per mol
of sulfate reduced, three periplasmic protons must be formed
for every two lactate molecules oxidized. Hence, the cycling
flux needs to be at least 40% of the metabolic flux that converts
lactate into acetate and CO2.

It is not possible to estimate how much of this cycling flux
follows suggested path 8-i, 8-ii, or 8-iii (Fig. 1) from the data
presented here. To make an estimate, one would have to tem-
porarily halt sulfate reduction and very rapidly (i.e., on the
second, rather than the hour, time scale) measure the accu-
mulation of potentially cycling metabolites. A temporary pause
in sulfate reduction, the reasons for which are not clear, was
observed in cultures of the hyd mutant with lactate and excess
sulfate at the start of stationary phase (Fig. 2D, 100 h). This
pause led to accumulation of hydrogen and CO (Fig. 2C and
F), suggesting that these are potential cycling intermediates, a
conclusion that can also be drawn from the observation of
hydrogen and CO accumulation during the fermentation burst.
It is not known why, when lactate was the substrate, little CO
was seen during the fermentation burst (despite the fact that
pyruvate is formed from lactate, which may subsequently yield
CO), compared to later in the growth curve. Apparently, the

FIG. 7. Growth physiology of the wild-type (WT) and hyd and hmc mutant strains in WP medium containing formate (35 mM), sulfate (28 mM),
and a headspace of 10% (vol/vol) CO2 and 90% N2. Plotted as a function of time are cell density (A), H2 concentration in the headspace (B), sulfate
concentration (C), and formate concentration (D). The symbol definitions in panel C apply to the entire figure.
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physiological state (log phase or stationary phase) influences
the use of the three paths suggested in Fig. 1. Likewise, one
cannot draw firm conclusions with respect to the importance of
path 8-i or 8-ii (Fig. 1) from the final concentrations of H2 or
CO in the fermentations represented in Fig. 3 and 6. As ex-
plained already, these were often small in comparison to the
amount of acetate formed.

Although the Fe-only hydrogenase mutant does not produce
large amounts of CO under all of the metabolic conditions
tested, it does produce much more CO than either the wild
type or the hmc mutant. This increased production should help
in identifying the metabolic pathway or mechanism involved. It
is known that Fe-only hydrogenase is inhibited by 0.1 �M CO
in aqueous solution (6). Ironically, the concentrations of CO
formed by the hyd mutant (up to 0.2 mM in the gas phase and
5 �M in the aqueous phase) would be more than sufficient to
inhibit Fe-only hydrogenase, had it been present. Fe-only hy-
drogenase may thus be required for the fermentative produc-
tion of H2 from pyruvate (Table 1, reaction 2 or 4), making CO
accumulate in its absence. A role for Fe-only hydrogenase in
hydrogen production under fermentative conditions is also
suggested by the lower hydrogen headspace concentrations in
cultures of the hyd mutant strain during lactate fermentation
(Fig. 3C). This role is in addition to its function in hydrogen
uptake in cultures grown on medium containing only hydrogen
or lactate and hydrogen as electron donor for sulfate reduction
(16). In contrast, the role of the Hmc complex appears to be
always hydrogen uptake (Fig. 1, reaction 4) because its absence
leads to hydrogen headspace concentrations greater than or
equal to those observed for the wild-type strain under all of the
culture conditions tested. In the absence of sulfate, the Hmc
complex may channel electrons to cytoplasmic organic acid
electron acceptors (Fig. 1, reaction data not shown), because
hydrogen concentrations higher than that obtained with the
wild type accumulate in the absence of the Hmc complex (Fig.
3C and 6B).

CO production may also be important for D. vulgaris during
growth on lactate or pyruvate because most hydrogenases have
CO as a ligand in their active site (13, 23), requiring continuous
availability of CO for the synthesis of active enzyme. Also, the
production of small, gaseous, rapidly diffusing fermentation
products, like H2 and CO, may allow methanogens or other
anaerobes to grow syntrophically with D. vulgaris (11, 15).
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