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Abstract." Sulfate reduction was measured with the 35SO42 -tracer technique in slurries of sediment from Aarhus Bay, Denmark, 
where seasonal temperatures range from 0 ° to 15°C. The incubations were made at temperatures from 0°C to 80°C in temperature 
increments of 2°C to search for presence of psychrophilic, mesophilic and thermophilic sulfate-reducing bacteria. Detectable 
activity was initially only in the mesophilic range, but after a lag phase sulfate reduction by thermophilic sulfate-reducing bacteria 
were observed. No distinct activity of psychrophilic sulfate-reducing bacteria was detected. Time course experiments showed 
constant sulfate reduction rates at 4°C and 30°C, whereas the activity at 60°C increased exponentially after a lag period of one day. 
Thermophilic, endospore-forming sulfate-reducing bacteria, designated strain P60, were isolated and characterized as Desulfo- 
tomaculum kuznetsovii. The temperature response of growth and respiration of strain P60 agreed well with the measured sulfate 
reduction at 50°-70°C. Bacteria similar to strain P60 could thus be responsible for the measured thermophilic activity. The viable 
population of thermophilic sulfate-reducing bacteria and the density of their spores was determined in most probable number 
(MPN) dilutions. The density was 2.8-104 cells'g-1 fresh sediment, and the enumerations suggested that they were all present as 
spores. This result agrees well with the observed lag period in sulfate reduction above 50°C. No environment with temperatures 
supporting the growth of these thermophiles is known in the region around Aarhus Bay. 
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Introduction 

Bacterial metabolism and growth have been 
observed in environments with temperatures 
ranging from below 0 ° to over 100°C. Single iso- 
lated strains are, however, adapted to much nar- 
rower temperature intervals, and the specific 

* Corresponding author. 
* F. Bak died on December 27, 1992. 

temperature range for the growth of microorgan- 
isms can thus be used to characterize the individ- 
ual bacterial strains. Three groups, important for 
the following discussion, have been proposed: 
Psychrophiles: < 0 ° to < 20°C, optimal growth at 

< 15°C 
Mesophiles: approx. 10°C to approx. 45°C, op- 

timal growth at 30-40°C 
Thermophiles: approx. 40°C to approx. 75°C, op- 

timal growth at 55-70°C 
(the definition of psychrophiles is according to 
Morita [1]). 
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Interestingly, the temperature optimum of 
bacteria in pure culture seldom reflects the tem- 
perature of the environment from which they 
were isolated. Thermophilic bacteria have, for 
example, been isolated from permanently cold 
environments [2-4]. Bartholomew and Paik [2] 
isolated 7 different thermophilic, spore-forming, 
aerobic strains of Bacillus from deep sea sedi- 
ment where the temperature was constantly 
around 4°C. The bacteria were present in num- 
bers yielding up to 900 colonies g-1 sediment. 
Schenk and Aragno [3] isolated a thermophilic, 
aerobic strain of Bacillus schlegelii from sediment 
of Lake Le Loclat in Switzerland. In a later study, 
Bonjour et al. [4] found that Bacillus schlegelii 
probably was air dispersed, originating from 
geothermal and volcanic areas. In this study the 
density of spores was also low. To our knowledge, 
until now only aerobic thermophilic bacteria have 
been isolated from cold environments. 

The aim of the present study was to examine 
the temperature regulation of bacterial sulfate 
reduction in cold marine sediments. The activity 
was measured in the normally mesophilic range 
of 0-40°C. The activity, however, did not stop 
completely at 40°C and we therefore increased 
the temperature  to 80°C and found, to our sur- 
prise, evidence for the presence of thermophilic 
sulfate-reducing bacteria. 

Materials and Methods 

Samples 
Sediment samples were collected from Aarhus 

Bay, Station 6 (56°09'10"N, 1°19'20"E) at 15 m 
depth with a bottom sampler in January 1990. All 
experiments were carried out with sediment taken 
just below the oxidized-reduced interface, and 
began a few hours after sample collection. 

Radio tracer experiments with sediment slurries 
A slurry was made by a 1:1 dilution with 

oxygen-free sea water from the sampling site. A 
constant flow of oxygen-free N 2 prevented con- 
tact with atmospheric 0 2 . The sediment slurry 
was stored at 4°C overnight under a N 2 atmo- 
sphere. The sediment slurry was mixed by mag- 

netic stirring under N2, and 7-10 ml aliquots 
were dispensed into 10-ml test tubes under N 2 
flow. The tubes were stoppered and preincubated 
for equilibration in a 185 cm long insulated tem- 
perature gradient block of aluminum at 2-3°C 
temperature intervals. For the time course exper- 
iments, the tubes were preincubated at 4 °, 3 ° or 
60°C. 

After 1 h preincubation, temperature equili- 
bration was reached, and 1 /zCi 35SO2- (Isotope 
Laboratory, Ris0, Denmark) was injected through 
the stopper into each tube with a syringe. The 
isotope was either diluted in distilled water or in 
a neutralized solution containing the following 
organic compounds: formate, acetate, propionate, 
butyrate, lactate, and ethanol to give final con- 
centrations in the test tubes of approximately 1 
mM of each compound. The tubes were thor- 
oughly mixed and incubated for 4 h, 24 h, or 1 
week. In the time course experiments, the incuba- 
tion time varied from 1 h to 10 days. The incuba- 
tions were terminated by adding 1 ml of a 20% 
Zn-acetate solution to the test tubes and immedi- 
ately cooling to 4°C. Reduced 3SS was analyzed by 
the single-step chromium reduction method [5], 
and the sulfate reduction rates were calculated as 
described by Jcrgensen [6]. 

Cultivation of bacteria 
Anaerobic sulfate-reducing bacteria were culti- 

vated in a bicarbonate-buffered, sulfide-reduced 
mineral medium containing the following com- 
pounds (g/l):  NaC1, 15.0; MgCI 2 • 6H20,  2.0; KC1, 
0.5; NH4C1 , 0.25; KHzPO4, 0.2; CaC12. 2H20,  
0.2; NaHCO 3, 2.60; NazS - 8 H 2 0  , 0.18; trace ele- 
ment solution (SL 10a) [7] 2 ml/1; vitamin solu- 
tion [8], 2 ml / l .  All chemicals were of analytical 
grade. The pH was adjusted to 7.3. The medium 
was prepared under an O2-free N 2 atmosphere as 
described by Widdel and Bak [7]. Substrates 
(electron donors and acceptors) were added be- 
fore inoculation from sterile neutralized stock 
solutions to give the concentration desired. Prior 
to inoculation all cultures received sodium 
dithionite (NazSzO 4) as an additional reducing 
agent to a final concentration of about 5 /xM. 
Sodium dithionite shortened the lag phase in 
batch cultures, but was not required for growth. 
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Pure cultures were obtained by pasteurization 
and dilution of the culture. The highest dilution 
with growth was used for further pasteurization 
and dilution. This procedure was repeated until 
the culture was pure. The culture was checked 
for purity under the microscope and by growth 
tests in complex, anaerobic medium. Stock cul- 
tures were kept at 6°C in the dark and trans- 
ferred to fresh medium at monthly intervals. The 
bacterial strain was characterized by substrate 
tests and morphology. 

Determination of  growth rates 
Strain P60 was grown at 60°C and growth tests 

were done with bacteria harvested in the late 
exponential growth phase. All experiments were 

carried out in duplicate in 10 ml tubes incubated 
in a temperature gradient block with sulfate (20 
mM) and propionate (20 raM) as substrates. 
Growth was monitored by measuring the turbidity 
at 500 nm in a spectrophotometer. The growth 
rate, r, was calculated from Eqn. (1) by linear 
regression in a plot of ln(OD) as a function of 
time, t: 

OD = OD 0 exp(rt) (1) 

where OD 0 is the optical density at the start of 
the incubation. 

Radio-tracer experiments with pure culture 
A 8-10 ml aliquot of the bacterial culture in 

the exponential growth phase was dispensed into 
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Fig. 1. Sulfate reduction in sediment  from Aarhus  Bay. (A) Incubation for 4 h without additional electron donors. (B) Incubation 
for 24 h without additional electron donors. (C) Incubation for 24 h with additional electron donors. (D) Incubation for one week 

without additional electron donors. 
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10-ml test tubes with glass pipettes. The tubes 
were flushed with N2/CO 2 (88%/12%)  and stop- 
pered. The further preincubation, incubation, and 
determination of sulfate reduction rates was done 
as described above. 

Chemical determination of sulfate 
The concentration of sulfate in sediment slur- 

ries and pure cultures was determined after cen- 
trifugation by non-suppressed anion chromatog- 
raphy (Waters). 

Enumeration procedures 
Numbers of viable cells and endospores of 

thermophilic sulfate-reducing bacteria were esti- 
mated in most probable number (MPN) dilutions 
in liquid medium [9]. The dilution series were 
prepared as described by Bak and Pfennig [10]. 
The counting tubes were incubated at 60°C with 
sulfate (20 raM) and propionate (20 mM) as the 
only substrates in the dark for a maximum of one 
month and checked daily for growth. Grown cul- 
tures were tested for H2S-production [11] and 
the bacteria were checked in the microscope. 
Two different sets of enumerations were made: 
(i) enumeration of viable cells, and (ii) enumera- 
tion of endospores of sulfate-reducing bacteria. 
The sediment was pasteurized for 20 min at 85°C 
before the enumeration (ii) was made. 

Results 

Sulfate reduction temperature profiles in sediment 
After 4 h of incubation, sulfate reduction was 

found in Aarhus Bay sediment in the tempera- 
ture range from below 0°C to about 45°C with an 
optimum at 30-35°C. No activity was observed in 
the thermophilic temperature range. In the ex- 
periments without additional electron donor, sul- 
fate reduction at the mesophilic optimum (30- 
35°C) was constantly 200-300 nmol cm -3 d -1 
(Fig. 1A,B,D), which indicates that the mesophilic 
population did not grow. At higher temperatures, 
however, the rate of sulfate reduction increased 
strongly with the length of the incubation. After 
24 h incubation, a second, sharp maximum of 
sulfate reduction at around 60°C unexpectedly 
appeared (Fig. 1B). Substrate addition broadened 
this thermophilic temperature optimum (Fig. 1C). 
The addition of electron donor stimulated the 
sulfate reduction two-fold (Fig. 1C), but the rela- 
tive temperature profile after 24 h incubation was 
similar to the temperature response when no 
electron donor was added (Fig. 1B). After one 
week of incubation, two optima, at 45 ° and 60°C 
respectively, were detected (Fig. 1D) and the 
rates of sulfate reduction had increased by a 
factor of 10 compared with the rates after one 
day of incubation (Fig. 1B). 
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Fig. 2. Sulfate reduction with time. (A) Incubated without additional electron donors. (B) Incubated with additional electron 
donors. 
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Time course o f  sulfate reduction in sediment 
Figure 2A shows the course of sulfate reduc- 

tion with time at 4 °, 3 ° and 60°C without substrate 
added. The rate of sulfate reduction at 4 ° and 
30°C was constant over time, indicating a con- 
stant population of bacteria. At 60°C, however, 
there was a lag period of about 24 h after which 
the rate increased exponentially. This strong in- 
duction of thermophilic sulfate reduction was due 
to either growth or spore activation (or both) of 
thermophilic bacteria. In a parallel experiment 
with addition of organic substrate, the initial rates 
at 4 ° and 30°C were about twice those without 
substrate (Fig. 2B). This is consistent with the 
observed increase in sulfate reduction when sub- 
strate was added (Fig. 1B,C). However, the rate 
at 30°C also increased exponentially, indicating a 
growing population of sulfate-reducing bacteria 
in the presence of excess substrate. At 60°C the 
rate increased exponentially over the first 3 days, 
again after an apparent lag phase, whereafter it 
was constant. 

Isolated strain, P60 
A strain of sulfate-reducing bacteria, desig- 

nated P60, was isolated from Aarhus Bay at 60°C 
with propionate and sulfate as substrates. The 
cells were rod-shaped, 2 .8-4 .2 /xm long and 1.0- 
1.1 ~m  wide, and formed endospores in the sta- 
tionary growth phase (Fig. 3). The strain grew 

Fig. 3. Photomicrograph of D. kuznetsovii strain P60. 

heterotrophically with hydrogen (plus acetate, 1 
raM), formate, acetate, propionate, butyrate, 
caprylate, methanol, ethanol, lactate, pyruvate, 
and fumarate with sulfate as electron acceptor. 
No growth was observed with malate, succinate, 
benzoate, or methylmercaptan. Pyruvate and fu- 
marate could be fermented. Sulfate, sulfite, and 
thiosulfate served as electron acceptors. S ° and 
nitrate were not used. Growth was observed from 
52°C to 69°C, with the growth optimum at 63°C. 
At 63°C the doubling time was 51.5 h (Fig. 4A). 
On the basis of these data, strain P60 was as- 
signed to Desulfotomaculum kuznetsovii [12]. 

The temperature range for sulfate reduction of 
strain P60 was broader than the temperature 
range for growth (Fig. 4B). Strain P60 respired 
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Fig. 4. (A) Growth rates of D. kuznetsouii strain P60 at temperatures from 45 ° to 75°C. (B) Sulfate reduction rates of D. kuznetsouii 
strain P60 at temperatures from 45 ° to 80°C. The culture was pregrown at 60°C and incubated for 24 h. 
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from below 45°C to 70°C with an optimum at 
62°C, similar to the optimum for growth. 

Enumeration of thermophilic sulfate reducers 
All thermophilic bacteria in the highest MPN 

dilutions were sulfate reducers able to make en- 
dospores and with a morphology similar to strain 
P60. The estimated population density was 2.8. 
10 4 cells cm -3 with 95% confidence limits of 
1 . 0 - 1 5 . 0 - 1 0  4 cells cm -3. MPN enumerations 
gave identical values with pasteurized and non- 
pasteurized sediment• This suggests that most or 
all of the thermophilic sulfate reducers occurred 
as endospores in the sediment. 

D i s c u s s i o n  

Growth of bacteria or activation of spores 
The amount of sulfate reduced at 60°C in- 

creased exponentially after a lag period (Fig. 
2A,B), but after 3 days the reduction rate ap- 
proached a constant value. This increase could 
either be due to growth of the initial population 
up to a certain density or to germination of 
spores already present. Both the fact that spore- 
forming bacteria similar to strain P60 were found 
in the sediment as spores in relatively high num- 
bers and that the exponential increase in sulfate 
consumption was replaced by a constant increase 
suggest that the observed strong activity at higher 
temperatures was primarily due to germination of 
endospores. 

The number of cells in the sediment similar to 
strain P60 was 2 .8 .10  4 cells cm -3. We found the 
specific respiration rate of a mesophilic, acetate- 
oxidizing sulfate-reducing bacterium at the opti- 
mal temperature to be 1.05.10 -3 nmol cells-I 
d-~ (unpublished data). Assuming that the cells 
of strain P60-1ike bacteria after germination 
respired at the same rate as the mesophilic sul- 
fate reducer, the population of strain P60-1ike 
bacteria counted could reduce sulfate at a rate of 
about 30 nmol cm -3 d -1 ( =  2.8 • 104 cm -3 × 1.05 
• 10 -3 nmol d-~). As the reduction rates mea- 
sured at 60°C after 24 h incubation were 400 
nmol cm -3 d -1, the in situ population of strain 
P60-1ike bacteria could contribute with about 

7.5% of the total rate (with 95% confidence lim- 
its: from 2.8% to 39% of the total rate). MPN 
counts on only one substrate, propionate, proba- 
bly underestimate the actual size of the popula- 
tion in situ [13,14], and the population may have 
grown in the incubation period• We therefore 
find it likely that spore-forming, thermophilic, 
sulfate-reducing bacteria are responsible for the 
sulfate reduction in the thermophilic temperature 
range observed in the sediment. 

Thermophilic fermentative bacteria in cold marine 
sediment 

The most important substrates for sulfate-re- 
ducing bacteria in the sediment are hydrogen and 
volatile fatty acids [15] which are produced by 
fermentative bacteria. These compounds are nor- 
really found at low concentrations due to con- 
sumption by sulfate-reducing bacteria. The con- 
centration of sulfate in sediments is normally 
high, and sulfate reduction is therefore limited 
and regulated by the availability of the fermenta- 
tion products. Consequently, the temperature re- 
sponse of sulfate reduction could rather reflect 
the temperature response of the fermentative 
bacteria in combination with the activity of sul- 
fate-reducing bacteria. As was seen in the 24 h 
incubation (Fig. 1C), the addition of organic sub- 
strates stimulated the sulfate reduction at all 
temperatures, indicating that both the mesophilic 
and the thermophilic population of sulfate-reduc- 
ing bacteria were substrate limited. 

Sulfate reduction proceeded at high rates at 
60°C without addition of organic substrates (Figs. 
1B,D, 2A). The highest rate after 7 days of incu- 
bation was 1860 nmol cm -3 .  d -1, which corre- 
sponds to 13 mM sulfate reduced. The concentra- 
tion of acetate, the most important e-donor for 
sulfate-reducing bacteria in marine sediment [15- 
17] was approx. 40 /xM in Aarhus Bay [18]. An 
oxidation of acetate and other available e-donors 
to CO 2 by sulfate-reducing bacteria would result 
in the reduction of maximal 200 /zM sulfate to 
sulfide. Consequently, there must have been ther- 
mospheric fermentative bacteria in the cold ma- 
rine sediment from Aarhus Bay producing or- 
ganic substrates for sulfate reduction during incu- 
bation. 
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The source of  thermophilic sulfate-reducing bacte- 
ria in cold marine sediment 

Thermophilic endospore-forming Bacilli have 
been isolated from a lake in Switzerland [3] and 
from deep sea sediment (< 2000 m depth) [2]. 
Bonjour et al. [4] isolated strains of the ther- 
mophilic Bacillus schlegelii from both geothermal 
environments, low temperature environments, 
and from air. Based on the presence of B. 
schlegelii in air samples the authors concluded 
that these bacteria originated from geothermal or 
volcanic environments and had been spread to 
cold environments by wind action. 

Desulfotomaculum kuznetsovii strain P60, does 
not grow at temperatures below 50°C, so it could 
not multiply in the sediment of Aarhus Bay, 
where the temperature never exceeds 15°C. The 
strain was obligately anaerobic and it is therefore 
unlikely that it lived at localities from where it 
could be wind dispersed. High densities of en- 
dospore-forming bacteria can normally be found 
in soil [19-21], where the temperature can be 
high, and this could be a source from which strain 
P60 entered the sediment. However, we were not 
able to detect thermophilic sulfate reducers in 
soil samples taken near the Bay (unpublished 
data). The cooling water in a nearby coal-fired 
power plant, approx. 10 km from the sampling 
station, never exceeds a temperature of 27°C and 
the maximal temperatures of the walls of the 
cooling tubes never exceeds 50°C. A possible 
source is the waste water of Aarhus. The outlet 
from the waste water treatment plants are placed 
about 5 km from the sampling station. A slow 
accumulation of spores in the sediment, dis- 
charged from an unknown source, could be an 
explanation. 

least the thermophilic aerobic and the ther- 
mophilic sulfate-reducing bacteria occur as 
spores. Thermophilic aerobic, anaerobic and fer- 
mentative bacteria forming endospores are well 
known [19-21]. Endospores are very resistant to 
acid, high temperature, radiation, and drying [19], 
and they can persist for a long time. Dombrowski 
[22] found endospore-forming bacilli from Paleo- 
zoic salt deposits with an age of over 18 million 
years and Bartholomew and Paik [2] found Bacil- 
lus endospores in cores of marine sediment de- 
posited nearly 6000 years ago. This indicates that 
viable endospores can accumulate and persist for 
thousands of years under appropriate conditions. 

Conclusion 

Thermophilic sulfate-reducing bacteria were 
found in high numbers in the cold marine sedi- 
ment from Aarhus Bay, a normal temperate envi- 
ronment. There were also indications of ther- 
mophilic fermentative and aerobic bacteria in the 
same environment. We do not know the source of 
the sediment of the (endo-)spores or vegetative 
cells of the thermophiles, and anticipate that such 
thermophilic bacteria may occur commonly in 
cold and temperate marine environments. 
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Thermophilic bacteria in cold marine sediment 
Interestingly, the activity of thermophilic, aer- 

obic bacteria has also been observed in sediments 
from the same locality, and also here respiration 
started after a lag phase (J.W. Hansen, personal 
communication). There thus seems to exist popu- 
lations of thermophilic aerobic, sulfate-reducing, 
and fermentative bacteria in the sediment of 
Aarhus Bay. The lag phase in aerobic respiration 
and sulfate reduction further suggests that at 
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