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Half-saturation constants (K,,), maximum uptake rates (V,,

), and threshold concentrations for sulfate and

ax.

hydrogen were determined for two thermophilic sulfate-reducing bacteria (SRB) in an incubation system
without headspace. K,,, values determined for the thermophilic SRB were similar to the constants described for
mesophilic SRB isolated from environments with low sulfate concentrations.

Dissimilatory sulfate reduction and methanogenesis are the
main terminal processes in the anaerobic food chain. Both the
sulfate-reducing bacteria (SRB) and the methane-producing
archaea (MPA) use acetate and hydrogen as substrates and,
therefore, compete for common electron donors in sulfate-
containing natural environments (22, 24). Due to a higher
affinity for the electron donors acetate and hydrogen, SRB
outcompete MPA for these compounds whenever sulfate is
present in sufficient concentrations (1, 12, 13, 17).

The solubility of H, is generally considered to decrease with
increasing temperature. Thermophilic H,-utilizing microor-
ganisms could circumvent this challenge by an increased affin-
ity and a lower threshold concentration for H,. The solubility
of H, calculated from Bunsen absorption coefficients (this
study), however, varies less than 5% from 35 to 80°C (Fig. 1).
The necessity for affinity compensation should therefore be
minimal. Since no previous determination of kinetic constants
or threshold concentrations for thermophilic SRB are available
in the literature, we wanted to test how the higher growth
temperature of two recently isolated thermophilic SRB affects
these constants.

The SRB studied were isolated from microbial mat samples
collected downstream of a slightly alkaline (pH 8.7) hot spring
in Hveragerdi, Iceland (19). Strain JSP was isolated from a
microbial mat sample collected at approximately 75°C. Strain
R1Ha3 was isolated from a microbial mat collected from a
55°C hot-spring-simulating reactor, which originally was inoc-
ulated with microbial mat samples collected at 55°C from the
same hot spring in Hveragerdi. Analysis of the 16S rRNA
sequences of strain JSP showed that this bacterium belongs to
the genus Thermodesulfobacterium, while strain R1Ha3 be-
longs to the genus Thermodesulfovibrio (unpublished results).
(The EMBL accession numbers for these strains are X96725
[strain JSP] and X96726 [strain R1Ha3]).

A modification of Postgate 3 medium (14) was used for
cultivation of the bacteria and for the kinetic experiments. The
medium contained the following: KH,PO,, 0.50 g liter ';
NH,CI, 1.0 g liter%; yeast extract, 1.0 g liter'; ascorbic acid,
0.10 g liter™!; sodium thioglycolate, 0.114 g liter—'; NaCl,
0.10 g liter '; sodium resazurin (Sigma), 0.00050 g liter '; and
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a trace element solution, 1.0 ml liter ' (3). The medium was
adjusted to pH 7.0 with NaOH, autoclaved, and supplemented
with sterile anaerobic solutions of sodium sulfate and sodium
lactate to final concentrations of 20 and 25 mM, respectively,
and with CaCl, and MgCl, to final concentrations of 0.68 and
0.6 mM, respectively. All experiments were performed at the
optimal temperatures for growth, which are 65 and 70°C for
strains R1Ha3 and JSP, respectively.

Prior to sulfate uptake kinetic experiments, late-exponen-
tial-phase cells (confirmed at an optical density of 578
[ODs,4]) were harvested by centrifugation (4,068 X g for 30
min) and washed twice in medium without sulfate under asep-
tic and anaerobic conditions. The sulfate uptake kinetics were
measured as [**S]sulfate uptake as described previously (8)
with the exception that the experiments were done in 30 ml of
the modified Postgate medium. The experiments were re-
peated twice, each time with five replicates. Vials with auto-
claved inoculum were used as controls. Cultures for hydrogen
kinetic experiments were grown in medium with 2 mM sodium
acetate and 101.3 kPa of hydrogen as the only energy source.

Hydrogen kinetics were measured in a headspace-free ther-
mostated syringe system (Fig. 2). Preheated medium and the
appropriate amounts of an exponentially growing culture were
transferred to the syringe, which was left on the magnetic
stirrer for 1 h to allow temperature equilibration and to release
any surplus of dissolved gases. One milliliter of sterile H, was
then injected and allowed to equilibrate within the medium.
The gas bubble was ejected, and the experiment was started.
The depletion of H, was measured by sampling 1 ml of culture
from the syringe with a 1-ml N,-flushed pressure lock syringe
(Dynatech, Boca Raton, Fla.) at appropriate intervals. Each
time, the first 0.5 ml was discharged to avoid interference from
the dead volume in the stopcock. The 1-ml sample was injected
into an 8- or 1.8-ml precooled vial closed with a butyl rubber
stopper and filled with H,-free argon. After vigorous shaking
to release dissolved H,, 1 ml of the headspace gas was injected
into a mercury vapor reduction gas analyzer (Trace Analytical,
Menlo Park, Calif.). The dry weight of the cells was determined
by use of a membrane filter (7). The kinetic constants V;,,, and
K, were determined from the depletion curves by the inte-
grated solution of the Michaelis-Menten equation (2) or by
velocity-substrate concentration curves (18).

Strain JSP and R1Ha3 were able to grow with hydrogen as
an electron donor when small amounts of acetate were added
as a carbon source, but growth on hydrogen was poor com-
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FIG. 1. Solubility of H, in water at different temperatures and at a partial
pressure of 1 atm. The solubility Bunsen coefficients were calculated as described
by Crozier and Yamamoto (5). The coefficients were transformed to millimoles
per liter by division by RT, where R is the gas constant and T is the temperature
in degrees kelvin.

pared to growth on lactate. After 5 days of growth on hydro-
gen, the ODs-4 increased from 0.037 to 0.044 for strain JSP
and from 0.046 to 0.184 for strain R1Ha3. Use of Widdel’s
bicarbonate-buffered medium (23) did not improve the growth
yield (data not shown). Before the hydrogen kinetic experi-
ments were performed, the cultures were transferred several
times in medium with hydrogen as an energy source. A typical
hydrogen progress curve of the kinetic experiments is shown in
Fig. 3, while the results of the calculations are presented in
Table 1. Due to a low cell production by strain JSP when grown
on hydrogen, it was impossible to obtain reliable measure-
ments of the dry weight. Instead, a standard curve (number of
cells versus ODs,5) was made from a dilution series of cells
which had grown on lactate, and the number of cells in the
hydrogen experiments was estimated from that standard curve.

[ ]/C\\ \
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FIG. 2. The headspace-free thermostated syringe system used for hydrogen
uptake kinetic measurements.
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FIG. 3. A representative time course of hydrogen consumption for a diluted
culture of Thermodesulfobacterium sp. strain JSP. The experiment was performed
at pH 7.0 and 70°C, K,,, and V,,, were found to be 1.08 uM and 1.5 nmol of
dissolved hydrogen - 10° cells™' - h™!, respectively, in this experiment.

Therefore, the maximum velocity, V.., is reported as nano-
moles of dissolved hydrogen - 10° cells—' + h™! for strain JSP.
The threshold values for hydrogen uptake were calculated as
an average of the lower plateau of the progress curves and
were found to be very low for both strains. The threshold
values converted to micromoles liter ! were 0.18 and 0.42,
respectively, for strain JSP and R1Ha3. These values corre-
spond to AG values of —22.65 kJ/reaction for strain JSP and
—35.49 kJ/reaction for strain R1Ha3 when calculated as de-
scribed by Westermann (21). Similar results were obtained
when the experiments were run with different culture batches
and with different initial hydrogen concentrations. No deple-
tion of hydrogen was detected in experiments without cells
added to the syringe system. The hydrogen concentrations in
sample vials were found to be constant over time, showing that
the use of an ice bath was sufficient to stop any further meta-
bolic reactions. Sulfate uptake kinetics were measured with
lactate as a substrate. A typical sulfate consumption curve is
shown in Fig. 4, and the results of the experiments are shown
in Table 1. The threshold level for sulfate consumption was
approximately 1.8 uM for each strain. No sulfate consumption
was measured in the autoclaved controls.

The present work is to our knowledge the first kinetic study
of thermophilic SRB. The headspace-free syringe method of
measuring H, uptake kinetics that was used in our study has
several advantages in comparison to two-phase systems. (i)
Due to the low Bunsen solubility coefficient of H,, the head-
space of two-phase systems will constitute a much larger res-
ervoir of H, than the liquid phase. Conrad et al. (4) showed
that the steady-state H, pool size of sediment and sludge sam-
ples changed markedly when incubated with a headspace while
the H, pool size remained constant in a headspace-free incu-
bation system. (ii) Measurements of microbial H, consumption
rates in two-phase systems based on the gas-phase partial pres-
sure presupposes that H, diffuses across the gas-liquid inter-
phase at a rate similar to the microbial consumption rate.
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TABLE 1. Kinetic constants for hydrogen and sulfate uptake of Thermodesulfovibrio sp. strain R1Ha3 and Thermodesulfobacterium sp.

strain JSP
Sulfate kinetics (mean * SD) Hydrogen kinetics (mean *= SD)
Strain
K, (kM) Vi RV n K, (kM) Vs e n
R1Ha3 3011 99 = 63 1.8 0.1 5 24=*19 157 + 43° 1.2 +0.7 3
JSP 31+13 597 1.9 =0.1 4 1.9 0.7 1.9 = 0.4° 0.49 £0.3 3

“ Expressed as micromoles of sulfate per milligram (dry weight) of cells per hour.

b Expressed as micromoles of hydrogen per milligram (dry weight) of cells per hour.

¢ Expressed as nanomoles of hydrogen per 10° cells per hour.
4 n, number of experiments.

According to Robinson and Tiedje (15), the transfer of gases of
low solubility such as H, from the gaseous phase to an H,-
consuming liquid culture phase follows approximately first-
order kinetics regardless of the kinetic nature of substrate
consumption by cells in the liquid phase. Whether phase trans-
fer limitation occurs can be assessed by a combination of math-
ematical and experimental analyses (15). The element of un-
certainty about phase transfer limitation can, however, be
avoided by the use of a headspace-free incubation system. (iii)
One way of circumventing phase transfer limitation is to re-
duce the H, uptake rate by lowering the cell density. A pre-
requisite for carrying out a Michaelis-Menten kinetic study is,
however, that the enzyme concentration is constant during the
experiment. Prolonging the incubation time significantly by
dilution of the cells might lead to growth, cell division, and,
hence, an increase in enzyme concentration, leading to erro-
neous results. The avoidance of mass transfer limitation in the
headspace-free syringe system allows the use of a relatively
large cell mass and hence a short incubation time.

A headspace-free syringe has previously been used by Con-
rad et al. (4) to measure turnover rates of H, in sludge and
sediments but not for kinetic studies of axenic cultures. The
syringe used in their study was incubated in a water bath and
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FIG. 4. Time course of sulfate consumption by Thermodesulfobacterium sp.
strain JSP. The experiment was performed at pH 7.0 and 70°C. K,,, and V.,
values were found to be 2.69 pM and 56.4 wmol of sulfate - mg (dry weight) of
cells™ + h™1, respectively, in this experiment.

had to be removed from the water bath when sampling was
carried out. When experiments are performed at temperatures
far from room temperature, as in our case, a high sampling rate
might lead to temperature fluctuations in the syringe affecting
the metabolism of the bacteria under investigation. This is
avoided in our system by water-jacketing the syringe. Further-
more, our system is completely mixed by a magnetic stirring
bar to ensure that no sedimentation or uneven H, consump-
tion occurs.

The half-saturation constants for hydrogen and sulfate of
strain JSP and R1Ha3 are in agreement with values obtained
for mesophilic SRB isolated from freshwater environments.
This is in accordance with the data shown in Fig. 1 in which the
solubility of H, at 65 and 70°C is almost similar to the solubility
at the optimum temperatures of mesophilic sulfate reducers.
K,,s for sulfate have been reported to be 4.8 and 7.3 pM for
Desulfovibrio vulgaris (Marburg) and Desulfovibrio sapovorans,
respectively (8), while the K,,, for hydrogen of Desulfovibrio
vulgaris (Marburg) has been reported to be 1 pM (11).

Kinetic constants measured in laboratory studies can be dif-
ferent from the situation in natural environments, where cells
often are associated in a biofilm and where different gradients
are present. Fukui and Takii (6) found that the K,,, for sulfate
was much lower for particle-associated cells than for free-living
cells of Desulfovibrio desulfuricans.

Even if the half-saturation constants measured in this study
are higher than those under natural conditions, strains JSP and
R1Has3 are fully capable of functioning in the hot spring envi-
ronment from which they were isolated; this is because the
sulfate concentration has been determined to be approxi-
mately 290 uM and no steep sulfate gradient exists in the
biofilm at the high temperature of this environment since the
mat is very thin (19). Finally, low threshold values for sulfate
were found for our thermophilic SRB. Low threshold concen-
trations for sulfate have also been reported for mesophilic
SRB. Ingvorsen et al. (9) found a threshold concentration for
Desulfobacter postgatei between 2 and 36 pM.

The kinetic constants for strain R1Ha3 were measured at
65°C, the optimum growth temperature for the bacterium (un-
published results). However, the bacterium was isolated at
55°C, a temperature at which a thicker biomat consisting of
Chloroflexus and cyanobacteria is present, especially in the
summertime (10). No reports concerning hydrogen concentra-
tions in hot springs have been published, but in the hot spring,
at 55°C, in which the strain R1Ha3 originates, methane pro-
duction has been measured and hydrogenotrophic MPA have
been shown to be present (19). Therefore, SRB are assumed to
compete with MPA for substrates, including H, in hot spring
microbial mats at 55°C, especially in periods when sulfate be-
comes limiting due to an intensive degradation of organic
material. In contrast, it is unknown whether competition for
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hydrogen occurs at 75°C since no methanogenic activity has
been reported in alkaline hot springs at this temperature (16,
19, 20, 25).
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