FEMS

MICROBIOLOGY
Ecology

ELSEVIER

FEMS Microbiology Ecology 42 (2002) 409-417

www.fems-microbiology.org

Physiological response to temperature changes of the marine,
sulfate-reducing bacterium Desulfobacterium autotrophicum

Ralf Rabus *, Volker Briichert, Judith Amann, Martin Koénneke
Max-Planck-Institut fiir Marine Mikrobiologie, Celsiusstrasse 1, D-28359 Bremen, Germany
Received 17 June 2002; received in revised form 29 July 2002; accepted 30 July 2002

First published online 11 September 2002

Abstract

The physiological response of bacteria to temperature is critical for the regulation of biogeochemical processes on daily, seasonal, and
inter-annual time scales. We investigated the temperature response of the marine sulfate-reducing bacterium Desulfobacterium
autotrophicum strain HRM2. Growth experiments in a temperature gradient block demonstrated that D. autotrophicum is psychrotolerant
and grows between 0 and 31°C. The normal range of temperature for growth is between 4 and 29°C. The physiological response to
temperature changes was studied with three sets of cells that were acclimated at 4, 10, and 28°C, respectively. Sulfate reduction rates were
determined in the temperature gradient block with short-term incubations to minimize growth. The rates were similar at the 4 and 10°C
acclimation temperature, and exhibited an enhanced response at 28°C. At every acclimation temperature, sulfate reduction rates increased
20-fold from —1.7 to 41°C. The relative proportion of cellular unsaturated fatty acids (e.g. cis16:1) and short-chain fatty acids increased
when cells were grown at 4°C compared to 28°C. The proteome of D. autotrophicum strain HRM2 was studied by two-dimensional gel
electrophoresis with soluble extracts of cells grown at the three respective acclimation temperatures. Protein patterns were similar with
the exception of two proteins showing 5-10-fold lower abundance in the 4°C culture compared to the 28°C culture. In general,
D. autotrophicum strain HRM2 responded to low temperatures by reduced metabolic activity rather than by pronounced de novo
synthesis of specifically adapted enzymes. Such a strategy agrees well with in situ activities measured in field studies and may reflect a

common physiological principle of psychrotolerant marine sulfate-reducing bacteria.
© 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Temperature is an important variable for rates of bac-
terial growth and substrate conversion [1]. In temperate
climates, in situ temperatures of shallow water sediments,
in particular in the intertidal zones, can vary considerably
during daily and annual cycles. For example, the annual
temperature range in the Weser estuary in North Germany
varies from 0 to 35°C ([2]; M. Béttcher, personal commu-
nication). Only psychrotolerant microorganisms are active
over this temperature range. They have an optimal growth
temperature above 20°C, but are also able to grow below
5°C [3]. Psychrophilic microorganisms can even grow be-
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low 0°C, but they cannot grow above 20°C, and have an
optimal growth temperature below 15°C. Psychrotolerance
may therefore be regarded as an important survival strat-
egy for microorganisms in temperate marine sediments
characterized by periodic changes from low to intermedi-
ate temperatures.

Coastal ranges are characterized by high organic inputs
from river outlets and by high primary production [4].
Sulfate reduction may account for more than 50% of the
total remineralization of organic matter in coastal marine
sediments [5,6], which emphasizes the important role of
sulfate-reducing bacteria in the carbon cycle for such ma-
rine systems. While the sulfate-reducing bacteria described
from marine systems often differ considerably with respect
to their nutritional properties, most of them have an opti-
mal growth temperature around 25°C [7,8]. To date only
few examples of cold-active marine sulfate-reducing bac-
teria are known [9-12].
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In this study, we investigated the temperature response
of Desulfobacterium autotrophicum strain HRM2. The or-
ganism was isolated from marine sediment in Venice la-
goon, Italy [13] and is physiologically versatile. D. auto-
trophicum strain HRM2 can grow autotrophically with H,
as sole source of electrons or heterotrophically with a va-
riety of low molecular mass organic substrates such as
lactate, ethanol and succinate [13]. Currently, the whole
genome sequence of D. autotrophicum strain HRM?2 is
determined by the REGX consortium (www.regx.de).
The presented data demonstrate that D. autotrophicum
strain HRM2 can grow at temperatures as low as 0°C
and may therefore be regarded as a model organism for
psychrotolerant marine sulfate-reducing bacteria in tem-
perate climate zones.

Psychrotolerant microorganisms implement several
strategies at different molecular levels in order to adapt
to transitions between low and intermediate temperatures.
Low temperatures exert thermodynamic constraints on the
biochemical machinery of the cell affecting the kinetic
properties of enzymes by structural destabilization [14].
These may be overcome by either generally synthesizing
proteins that are functional over a wider range of temper-
atures or by de novo synthesis of specifically cold-adapted
enzymes [15]. A well-studied molecular mechanism of cold
adaptation is the change in lipid composition to maintain
membrane fluidity. For example, the chain length of fatty
acyl residues can be shortened, or the ratio of unsaturated
fatty acyl residues increased (for overview: [16]). Thus
adaptation to low temperature is a complex process that
manifests itself in gene expression, enzymatic activity, and
the structural components of the cell. All these different
responses to low temperature as a whole influence growth
rates.

With the exception of measurements of growth rates
and alterations in cellular fatty acid composition [10,17,
18], physiological responses of psychrotolerant sulfate-
reducing bacteria to changes between low and intermedi-
ate temperatures have not been investigated. We have
addressed the complexity of responses to temperature
changes by profiling protein patterns by two-dimensional
gel electrophoresis (2DE) and by measuring activities of
complex pathways (sulfate reduction and biosynthesis of
fatty acids) with cultures of D. autotrophicum strain
HRM?2. Experiments were performed in a temperature
gradient block at temperatures ranging from —1.7 to
43°C, and with cultures acclimated to three different tem-
peratures (4, 10 and 28°C).

2. Materials and methods

2.1. Organism and cultivation

D. autotrophicum strain HRM2 (DSMZ 3382) was ob-
tained from the Deutsche Sammlung von Mikroorganis-

men und Zellkulturen, Braunschweig, Germany. Cultiva-
tion was performed as originally described by Brysch et al.
[13]. The bacterium was grown with lactate (10 mM) as
sole source of organic carbon and sulfate as electron ac-
ceptor. The mineral medium was sulfide-reduced (1 mM),
bicarbonate-buffered, and had essentially the same salt
composition as seawater. Methods for anaerobic culti-
vation were performed as described by Widdel and Bak
[19].

2.2. Growth experiments

The temperature range of growth was determined in a
temperature gradient block. The system consisted of a
thermally insulated aluminum block, cooled from one
side with a refrigerated circulation thermostat (F34, Jula-
bo, Seelbach, Germany) and heated electrically from the
other side [20]. Thermostat and cooling unit were adjusted
to achieve a linear temperature gradient from —1.7 to
43°C. The block contained 28 evenly spaced wells in three
parallel rows to hold culture tubes. Cultivation was carried
out in glass tubes (15 ml) sealed with butyl rubber septa
and screw caps under N,/CO, (90:10, v/v). Prior to inoc-
ulation media were incubated for 24 h in the temperature
gradient block. Cultures were inoculated (5%, v/v) with
cells grown at 28°C. For each of the 28 temperature steps
three parallels were conducted. Growth was determined by
measuring optical density at 660 nm. Culture tubes were
directly placed in a spectrophotometer equipped with a
tube holder (UV-1202, Shimadzu, Kyoto, Japan).

Mass cultivation was carried out at 28, 10 and 4°C.
Glass bottles (volume of 5 1) containing 4 1 of medium
under N,/CO, (90:10, v/v) were used for cultivation. Prior
to inoculation media were adjusted over 3 days to the
respective incubation temperatures. Cultures were inocu-
lated (5%, v/v) with fresh cells grown to the exponential
phase and acclimated to the respective growth temperature
over several passages. Cultures were harvested during the
exponential growth phase at an optical density of 0.15-
0.18. During harvesting, the cultures were continuously
mixed with a magnetic stirrer to ensure equal cell densities
in all samples retrieved and placed in a water bath that
was adjusted to the same temperature as that used for
cultivation. To ensure that anoxic conditions were main-
tained during harvesting, the culture bottle was connected
to a N»/CO; (90:10, v/v) source applying constant pres-
sure of approx. 120 mbar to the surface of the culture. The
culture broth was dispensed from the bottle via tubing
controlled by a tap. Samples for the determination of sul-
fate reduction rates (SRR), analysis of fatty acid methyl
esters (FAME) and protein patterns were retrieved from
the same culture. For measurement of SRR, the culture
broth was dispensed in 10-ml portions into glass tubes (15
ml volume) under a steady stream of N,/CO,. The tubes
were sealed under N,/CO; (90:10, v/v) with rubber septa
and screw caps.
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2.3. Determination of SRR

SRR were determined in short-term incubations in tem-
perature gradient block experiments. Cultures acclimated
to 28, 10 and 4°C, respectively, were incubated in the
gradient block [20] at temperatures ranging from —1.7 to
43°C. The technical details of the gradient block were the
same as those used for the determination of the temper-
ature range of growth. For each temperature, duplicate
incubations were conducted to determine SRR. A third
parallel was used for protein determination. To adjust cells
to the individual temperatures, cells were incubated for 1 h
in the temperature gradient block prior to injection of
33807 tracer (50 kBq total radioactivity in 100 pl 2.5%
NaCl). After 4 h of additional incubation, sulfate reduc-
tion was stopped by adding 1 ml zinc acetate (20%, w/v) to
each tube to precipitate all dissolved sulfide as zinc sulfide.
The culture tubes were then vortexed for 10 s and 100-ul
subsamples of the homogenized culture and precipitate
were withdrawn for determination of total S (sulfate
plus sulfide) activity. The remaining contents of the culture
tube were transferred to a Np-purged distillation appara-
tus for separation of ¥sulfide and ¥Fsulfate. 3Sulfide was
acid-distilled with cold 6 N HCI and trapped in 5% (w/v)
zinc acetate. The total trap contents and the 100-ul sub-
samples were counted on a Packard 2500 TR liquid scin-
tillation counter. >SRR were calculated as the fraction of
radioactive sulfide (*HS™) formed relative to total added
radioactive S (**HS™+3°SO3") over the incubation time
(h) using the following formula [21]:

3SRR (nmol ml™! day™!) =

35Hsf . 24
(sis= s 1503 (5 2t

where (SO37) is the sulfate concentration and the factor
1.021 represents the isotopic discrimination factor against
the heavy isotope 3°S relative to 32S [22]. In order to relate
SRR to the amount of protein as a measure of biomass,
volumetric SRR were divided by the concentration of pro-
tein in the culture. Average SRR were calculated from the
two duplicate incubations. To reduce the analytical scatter
of SRR for adjacent temperatures, a moving average over
five consecutive values was calculated. We repeated a com-
plete experiment for cultures acclimated to 28°C, compris-
ing mass cultivation, dispensing of culture broth, and de-
termination of SRR including the determination of protein
concentrations. Data from the two experiments were used
to calculate the standard deviation in SRR measurements.
The average variation in SRR was 13% or 134 nmol cm™3
day™!.

2.4. Chemical analysis

Concentration of protein was determined after Bradford
[23] with bovine serum albumin as standard. Samples

(1 ml) of culture broth were centrifuged (10000Xx g, 10
min, 10°C) and cell pellets were stored at —20°C until
analysis. Cells were ruptured by repetitive freezing and
thawing combined with sonication as described previously
[27].

Sulfide was measured in microassays by the methylene
blue formation reaction as described previously [24]; so-
dium sulfide was used as standard. To determine concen-
trations of sulfate, 1-ml samples were taken with sterile,
N,-flushed syringes from the cultures, directly injected into
0.2 ml zinc acetate (0.5%, w/v) and stored at —20°C until
further analysis. Concentration of sulfate was quantified
by ion conductivity after separation by non-suppressed
anion chromatography as described previously [22].

Cellular fatty acids were derivatized to FAME as de-
scribed by Sasser [25]. Analysis of FAME was carried out
by capillary GC-FID and GC-MS measurements as de-
scribed previously [18]. Cellular fatty acids of sulfate-
reducing bacteria determined by FAME were recently
shown to be representative of phospholipid fatty acids
[26].

2.5. Two-dimensional gel electrophoresis (2DE)

Approximately 2.5 1 of culture broth were harvested by
centrifugation (10000Xg, 20 min, 10°C) and washing
in 100 mM Tris-HCl (pH 7.5, containing 5 mM
MgCl,-2H,0). Cell pellets (approx. 200 mg wet weight)
were rapidly frozen in liquid nitrogen and stored at
—80°C until further analysis.

Sample preparation, isoelectric focusing (IEF) and
equilibration of IEF gels were carried out essentially as
described recently [27]. Cell breakage was performed by
sonication using a urea/CHAPS-containing lysis buffer de-
scribed by Gorg et al. [28]. IEF was carried out with
commercial 24-cm-long IPG strips (pH gradient of 4-7
or non-linear 3-10) using the IPGphor system (Amersham
Biosciences, Freiburg, Germany). Protein load for IEF
depended on the method applied for staining of gels: 50
ug for silver and 200 ug for Sypro® Ruby. Prior to SDS—
PAGE, IPG strips were equilibrated with DTT- and iodo-
acetamide-containing buffers [28].

For separation of proteins according to molecular mass
the Ettan Dalt II system (Amersham Biosciences) was
used. Gels for SDS-PAGE were made of 375 mM Tris—
Base/Tris—HCI, 0.1% SDS and 12.5% of the high tensile
strength acrylamide, Duracryl® [29]. Twelve parallel gels
were run at 20°C with a running buffer composed of 25
mM Tris—Base, 192 mM glycine and 0.1% SDS. Electro-
phoresis was conducted at 65 W overnight and stopped
when the bromophenol blue marker reached the end of the
gel.

Prior to silver staining gels were fixed in an aqueous
solution of 40% (v/v) ethanol and 10% (v/v) glacial acetic
acid for 30 min. The fixed gels were sensitized in an aque-
ous solution of 30% (v/v) ethanol, 0.125% (w/v) glutaral-
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dehyde, 0.2% (w/v) sodium thiosulfate and 10% (w/v) so-
dium acetate pentahydrate for 30 min. Gels were then
washed three times for 10 min in water, followed by in-
cubation in an aqueous mixture of 0.25% (w/v) silver ni-
trate and 1.5% formaldehyde for 20 min. After the silver
reaction, gels were washed in water twice for 1 min. Gels
were developed in an aqueous solution of 2.5% (w/v) so-
dium carbonate and 0.75% formaldehyde. The developing
process was stopped after approx. 2-5 min by incubation
in an aqueous solution of 1.5% sodium EDTA for 10 min.
Finally gels were washed three times for 5 min each in
water.

To analyze the temperature-regulated abundance of
proteins on a more quantitative basis, gels were stained
with the fluorescent dye Sypro® Ruby, which is known
to possess a wider linear range than silver [37]. Staining
with the fluorescent dye Sypro® Ruby was carried out as
described recently [27]. For digital analysis, the silver-
stained gels were scanned with the Image Scanner (Amer-
sham Biosciences). Sypro® Ruby-stained gels were
scanned with the fluorescence scanner Typhoon (Amer-
sham Biosciences). Spot identification and quantification
were performed using the Image Master 2D software
(Amersham Biosciences).

2.6. Arrhenius plots

The relation between temperature, growth, and SRR
has previously been described by application of the Arrhe-
nius equation [10,30]:

—Ea 1
Inv=InA4+ —
nv n < )

where v is the growth or sulfate reduction rate, 4 is the
Arrhenius constant, R is the gas constant and 7 is the
absolute temperature. For chemical reactions, the value
of E, is termed activation energy and is considered con-
stant for a particular reaction. With respect to bacterial
growth, the value E, (u) was termed the temperature co-
efficient [30] and previously shown to be affected by the
temperature acclimation of the inoculum [31]. This devia-
tion from the chemical reaction probably reflects the com-
plexity of living cells, where overall rates are not con-
trolled by a single factor.

3. Results
3.1. Growth at different temperatures

After an incubation of 2 months in the temperature
gradient block, minimum and maximum growth temper-
atures of D. autotrophicum strain HRM2 were 1.7 and
31°C. After an additional 2 months, growth (ODgg of
at least 0.2) was also observed at 0°C. The Arrhenius
plot of growth rates calculated for the exponential growth

Inp @™
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Fig. 1. Arrhenius plot for growth of D. autotrophicum strain HRM2
with lactate as carbon source and sulfate as electron acceptor. Incuba-
tion of cultures was carried out in a temperature gradient block.

phase shows that the normal temperature for growth
ranges from 29 to 4°C (Fig. 1). Above 29°C cells grew
only slowly and lysed rapidly. Below 4°C growth rates
decreased more rapidly than within the linear range. The
latter is in contrast to psychrophilic sulfate-reducing bac-
teria that have a linear range extending to temperatures
below 0°C [10]. D. autotrophicum strain HRM2 can clearly
be regarded as psychrotolerant, since it grows between 0
(Tmin) and 31°C (Tax). The optimum growth temperature
was between 25 and 28°C, agreeing with earlier results by
Brysch et al. [13].

On the basis of the normal temperature range for
growth, the temperatures 28, 10, and 4°C were selected
for the acclimation studies. The temperatures 28 and 4°C
represent the upper and lower limit of the normal temper-
ature range of growth (Fig. 1). The temperature 10°C is
typical for coastal environments with high productivity,
such as the upwelling region off the coast of Northern
America [33]. Hereafter, we refer to such cultures as the
28°C culture, the 10°C culture, and the 4°C culture.

3.2. Temperature dependence of SRR

SRR increased by a factor of 20 from —1.7 to 41°C
(Fig. 2). Overall, SRR of cells acclimated to 4 and 10°C
were very similar; an exception were lower SRR in the
interval between 32 and 40°C for the 10°C culture. Be-
tween —1.7 and 10°C, all three temperature-acclimated
cultures showed a very similar temperature-dependent
trend of SRR. However, at the lowest incubation temper-
ature, SRR were slightly higher in the 4°C culture than in
the 10°C or 28°C culture. Conversely, at incubation tem-
peratures higher than 10°C, SRR were higher in the 28°C
culture than in the 4°C or 10°C culture.
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Fig. 2. SRR of D. autotrophicum strain HRM2 precultured at different
temperatures as determined by short-term incubations in a temperature
gradient block. Samples were retrieved from the same cultures used for
proteomic (see Figs. 3 and 4, and Table 2) and FAME analysis (Table
1). Cells were grown with lactate at 28°C (O), 10°C (0) and 4°C (a).
The plot displays 3*SRR against 7.

In all cultures SRR were highest between 36 and 40°C.
These temperatures are about 10°C higher than the opti-
mum temperature for growth. Similar observations have
been reported for other sulfate-reducing bacteria [10,34]
and indicate that the temperature-dependent regulation
of SRR is not strictly coupled to that of growth as the
most complex cellular process.

Independent of the temperature used for acclimating
cells, an increase in the incubation temperature by 10°C
in the gradient block experiment corresponded to a 2-3-
fold increase in *>SRR. This finding is consistent with the

Table 1
Relative amounts of cellular fatty acids (FAME; %) of D. autotrophi-
cum strain HRM2, incubated at different temperatures

FAME Temperature

28°C 10°C 4°C
14:12 0.3 1.1 1.8
14:0 5.0 9.3 8.5
15:1 cis9 2.0 2.8 3.8
15:0 1.8 2.4 3.2
16:1 cis7 0.5 1.3 1.5
16:1 cis9 52.0 57.2 53.0
16:1 cisll 1.7 1.6 1.6
16:0 12.3 7.0 6.9
16:0 10Me 5.2 0.1 0.9
17:1 cisll 3.2 4.6 6.9
17:0 anteiso 0.6 0.8 1.2
17:0 0.6 0.2 0.3
18:1 cis9 0.6 0.3 0.3
18:1 cisll 44 2.2 2.3
Sum
Unidentified® 5.7 48 3.9
Unsaturated® 64.6 71.1 71.1
Short chain (<16 C-atoms) 9.1 15.6 17.3
Branched® 5.8 1.4 2.7

FAME:s present at all temperatures at less than 1% are not listed.
#Position of double bond was not determined.

In Vainshtein et al. [42] described as 15:0 dimethyl acetal.
¢Calculated for all identified FAMEs.

Table 2
Temperature-dependent protein synthesis in D. autotrophicum strain
HRM2 as determined by Sypro®Ruby-stained 2DE gels

Protein spot? Amount of protein (ug) per spot® Ratio®

28°C¢ 4o
1 1.07 0.95 1.13
2 1.66 0.15 11.07
3 1.69 2.46 0.69
4 2.33 3.89 0.60
5 0.53 0.11 4.82
6 1.07 1.56 0.66

aNumbering of protein spots corresponds to the one used in Fig. 4.
bCalculation of the amount of protein per spot was based on the sum
of spot volumes per gel determined by analysis of gels with the Image
Master 2D software and the total protein load per gel of 200 pg. Each
value represents the average from 2-3 corresponding spots identified in
parallel gels.

‘Ratio of protein amounts related to growth temperatures of 28 and
4°C.

dProtein mixtures analyzed by 2DE were obtained from cultures of
D. autotrophicum strain HRM2 grown at 28 or 4°C. The same cultures
were used for measurement of SRR (Fig. 2) and FAME (Table 1).

temperature adaptation of metabolic activities known
from Pseudomonas species, Escherichia coli, Salmonella,
and other psychrotolerant sulfate-reducing bacteria [10,
32,35].

3.3. Temperature dependence of fatty acid composition

The cellular fatty acid compositions of D. autotrophicum
grown at 28, 10, and 4°C are summarized in Table 1.
Hexadecenoic acid (cis9 16:1), hexadecanoic acid
(16:0) and the branched 10-methylhexadecanoic acid
(10Mel6:0) were predominant in the 28°C culture. 16:0
and 10Mel6:0 were lower in the 10°C and 4°C cultures,
whereas the sum of unsaturated fatty acids (> 70%) in-
creased relative to the 28°C culture. In addition, the rela-
tive amount of short-chain fatty acids (<16 C-atoms)
increased when cells were grown at 4 and 10°C.

3.4. Influence of temperature on protein patterns

Irrespective of the growth temperature, the overall pro-
tein patterns were very similar, when non-linear pH gra-
dients of 3-10 (data not shown) or 4-7 (Fig. 3) were used.
We focused our investigation on the pH range of 4-7,
since the majority of proteins separable in the wide pH
gradient of 3-10 were in fact localized in the pH range of
4-7, where a superior resolution is possible. This observa-
tion has also been reported for well-studied E. coli, with
more than 90% of the abundant proteins being resolved in
this pH window [36]. The silver-stained gels shown in Fig.
3 resolved about 250 protein spots, which appeared to be
present at similar levels at all three temperatures. How-
ever, two proteins of low molecular mass appeared to be
less abundant, when cells were grown at 10 or 4°C as
compared to 28°C. These two proteins are centered in
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Fig. 3. Partial views of the proteome of D. autotrophicum strain HRM2
reflecting growth at different temperatures, as revealed by 2DE. Gels
were stained with silver and the protein load was 50 pg. Samples were
retrieved from the same cultures used for SRR (see Fig. 2) and FAME
analysis (Table 1). Cells were grown with lactate at 28°C, 10°C and
4°C. Boxed areas (I and II) contain proteins that are less abundant at
low temperatures. Selected proteins that were further analysed (see Fig.
4 and Table 2) are marked by arrows and numbers.

the boxed areas of Fig. 3. Partial views of the Sypro®
Ruby-stained gels are shown in Fig. 4 and correspond to
the boxed areas of the silver-stained gels in Fig. 3. Protein
spots 2 and 5 clearly contained lower amounts of proteins
in the gels from the 4°C culture than in the gels from the

28°C culture, when staining was carried out with the quan-
titatively more accurate Sypro® Ruby stain. The amounts
of protein in spots 2 and 5 decreased by a factor of 11 and
5, respectively, while the protein amounts in neighbouring
spots 1, 3, 4 and 6 varied by less than a factor of 1.6
(Table 2).

4. Discussion

Temperature is an important physicochemical parame-
ter relevant for all biological systems [38]. Two opposing
strategies are conceivable for living cells to adapt to
changes in temperature. To maintain metabolic activities
at constant levels, multiple adaptive changes would be
required at all molecular levels. A less energy-demanding
mode of adaptation would be the ability to survive at
overall reduced metabolic rates with the minimum neces-
sary number of changes in protein synthesis and molecular
composition of the cell.

Comprehensive biochemical/metabolic changes are gen-
erally based on fundamental alterations in gene expres-
sion. We studied global gene expression in D. autotrophi-
cum strain HRM2 at the level of synthesized proteins by
2DE. Protein patterns indicated that with the exception of
two proteins, which were less abundant at 10 and 4°C
relative to 28°C (Figs. 3 and 4), the overall protein pattern
did not change in response to temperature changes. For
these two proteins, a clear distinction between either de-
crease or increase of abundance in response to low (4°C)
or intermediate (28°C) temperatures is not possible. Com-
pletion of the D. autotrophicum genome sequence will en-
able us to identify the genes coding for the two temper-
ature-controlled proteins and to relate the number of
2DE-separable proteins to the number of predicted genes.

In marine sediments of temperate climates, transitions
between cold and intermediate temperatures are gradual
and may permit the microbial community to gradually
adapt as environmental temperature changes. Possibly,
D. autotrophicum possesses proteins with a wide temper-
ature range of activity that allow growth at low temper-
ature without an energy-demanding alteration of the set of
functional proteins. Proteins that are active at both inter-
mediate and low temperatures are usually more thermola-
bile than their truly mesophilic counterparts. This could
explain the abrupt loss of viability, the short stationary
phase, and the high rates of cellular death close to Tinax
(31°C). This contrasts strongly with the growth behavior
at the lower end of the temperature range.

D. autotrophicum strain HRM?2 generates energy by
coupling the oxidation of organic substrate to the dissim-
ilatory reduction of sulfate to sulfide. The 20-fold reduc-
tion in SRR from the highest to the lowest temperature
could result from reduced substrate turnover of catabolic
enzymes or of enzymes involved in the dissimilatory re-
duction of sulfate. Reduced substrate affinities and/or cat-
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Fig. 4. Detailed view of the proteome of D. autotrophicum strain HRM2 revealing the lower abundance of proteins at low temperatures. Cells were
grown with lactate at 28°C and 4°C. Shown sections of 2DE gels correspond to the boxed areas in Fig. 3. The protein load per gel was 200 ug and
gels were stained with the fluorescent dye Sypro®Ruby. Protein amounts of spots marked with arrows and numbers are given in Table 2.

alytic activities would be in agreement with the absence of
de novo protein synthesis as discussed above. Another ex-
planation would be less efficient coupling of electron trans-
fer between substrate oxidation and sulfate reduction at
low temperature. The latter assumption is in agreement
with the observation that mesophilic marine bacteria
have lower growth efficiencies at low temperature [39].
With respect to SRR, the 28°C culture was better adapted
to intermediate temperatures (10-25°C) than the 4°C and
10°C cultures. It appears that acclimation to low temper-
ature does not fully compensate for the thermodynamic
restrictions imposed on complex biochemical processes
such as respiratory energy generation.

Maintenance of membrane fluidity is required for the
structural integrity of the cell and for the functionality
of membrane-associated processes such as respiratory en-
ergy generation. The cellular fatty acid composition of D.
autotrophicum at optimal temperature is comparable to the
composition described for other sulfate-reducing bacteria
[40]. The characteristic fatty acid 10Mel6:0, often de-
scribed as an SRB-specific biomarker [41], was only found
in significant amounts at mesophilic conditions. Cold in-
hibition of 10Mel6:0 formation has also been found in
species of the genus Desulfobacter [18]. A change in the
ratio of saturated to unsaturated fatty acids is the most
frequently described regulation of membrane fluidity in
bacteria [42]. At low temperature, the increase in unsatu-
rated fatty acids in the membrane fraction leads to an
increase in fluidity, which is essential for a number of
membrane-coupled functions. The relative amounts of un-
saturated fatty acids and the temperature-dependent
changes in D. autotrophicum were comparable to those
reported for psychrotolerant Pseudomonas species [43].
Although the total amount of unsaturated fatty acids in
D. autotrophicum grown at low temperature was more
than 70%, this amount is still less than that found in
psychrophilic sulfate-reducing bacteria (more than 80%;

see [12,18]). A similar effect has been described for the
incorporation of fatty acids with shorter acyl chains [16].

5. Conclusions

D. autotrophicum strain HRM2 modulated the levels of
overall cellular activities in response to temperature with-
out pronounced alterations in protein composition. The
most significant change in cellular activities was observed
in the temperature gradient block experiment when SRR
decreased in the normal range of temperature for growth
(29-4°C) by a factor of about 20. Apparently, this bacte-
rium possesses enzymes with activity ranges that permit
metabolism in the moderately warm to cold temperature
range. The temperature range investigated in this study
corresponds well to seasonal temperature variations ob-
served in near-shore temperate marine environments
such as intertidal flats and lagoons. Interestingly, the
range of SRR measured with D. autotrophicum strain
HRM?2 in the temperature gradient block is similar to
that determined by in situ measurements over seasonal
cycles in sediments of estuaries, salt marshes, and lagoons
from temperate environments [44-46]. The physiological
response of D. autotrophicum strain HRM?2 to temperature
changes may therefore be regarded as representative of
many other psychrotolerant bacteria isolated from these
environments. Furthermore, since psychrotolerance of
this bacterium was only recognized after prolonged incu-
bation, one may speculate that other isolates of sulfate-
reducing bacteria from temperate marine sediments so far
considered mesophilic may in fact also be psychrotolerant.
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