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Introduction

Tidal flats are characterized by nutrient inputs from the

Abstract

A novel approach was developed to follow the successive utilization of organic
carbon under anoxic conditions by microcalorimetry, chemical analyses of
fermentation products and stable-isotope probing (SIP). The fermentation
of ’C-labeled glucose was monitored over 4 weeks by microcalorimetry in a
stimulation experiment with tidal-flat sediments. Based on characteristic heat
production phases, time points were selected for quantifying fermentation
products and identifying substrate-assimilating bacteria by the isolation of
intact ribosomes prior to rRNA-SIP. The preisolation of ribosomes resulted in
rRNA with an excellent quality. Glucose was completely consumed within
2 days and was mainly fermented to acetate. Ethanol, formate, and hydrogen
were detected intermittently. The amount of propionate that was built within
the first 3 days stayed constant. Ribosome-based SIP of fully labeled and unla-
beled rRNA was used for fingerprinting the glucose-degrading species and the
inactive background community. The most abundant actively degrading bacte-
rium was related to Psychromonas macrocephali (similarity 99%) as identified
by DGGE and sequencing. The disappearance of Desulfovibrio-related bands in
labeled rRNA after 3 days indicated that this group was active during the first
degradation phase only. In summary, ribosome-based SIP in combination with
microcalorimetry allows dissecting distinct phases in substrate turnover in a
very sensitive manner.

(Kopke et al., 2005; Wilms et al., 2006a, b), as typically
found also in other anoxic sediments (Schink, 2002). The
terminal steps of organic matter degradation are

open sea and the hinterland resulting in a high microbial
turnover and mineralization of organic matter (Wilms
et al., 2006a, b). In sediments, oxygen is depleted within
the first few millimeters and anoxic conditions are pre-
dominant below. The microbial diversity of surface sedi-
ment layers has been intensively studied in a German
North Sea tidal flat over the last few years by cultivation
(Brinkhoff et al., 1998; Llobet-Brossa et al., 1998; Muss-
mann et al., 2003) and molecular methods (Bottcher
et al., 2000; Riitters et al., 2002). Studies on the anoxic
sediments revealed that bacterial communities in the sedi-
ment column are dominated by fermentative bacteria
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performed by sulfate-reducing bacteria and methanogenic
archaea, which are dependent on metabolites produced in
fermentation processes (Laanbroek et al, 1985). The
distribution of sulfate reducers and methanogens was
investigated via key genes for dissimilatory sulfate reduc-
tion and methanogenesis and reflected the vertical profiles
of sulfate and methane (Wilms et al., 2007). However,
because of the high diversity of fermenting microorgan-
isms and fermentative pathways, no such key genes are
available for this group. Thus, unraveling the ecology of
initial carbon degradation and the microorganisms
involved requires a different strategy.
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One approach to study metabolic activities is the stim-
ulation of microbial communities in enriched cultures by
adding different substrates and to follow organic matter
degradation (Teeling & Cypionka, 1997). As metabolic
activity is always coupled to the production of heat, sub-
strate utilization can be monitored by microcalorimetry.
The technique allows real-time detection of heat flows in
the range of micro-watts (Larsson et al., 1991) and is sui-
ted to follow the temporal dynamics of fermentation pro-
cesses, where primary and secondary substrate consumers
are often consecutively active. Degradation experiments in
a microcalorimeter enable the noninvasive determination
of optimal time points for sampling of successive activi-
ties in carbon degradation. Furthermore, the heat evolved
during the processes can be quantified via the integration
of the calorimetric heat production—time curves.

While microcalorimetry helps to distinguish the differ-
ent degradation processes, the active degraders can be
identified by the incorporation of heavy stable isotopes
into microbial biomass followed by stable-isotope probing
(SIP). In this technique, labeled biomarkers are extracted
after incubation under labeled substrate addition and sub-
sequently separated according to their mass or density
(Radajewski et al., 2000). In pioneering SIP experiments,
’C-labeled phospholipid fatty acids (PLFA) were ana-
lyzed (Boschker et al., 1998), while SIP was later applied
to labeled DNA (Radajewski et al, 2000), RNA
(Manefield et al., 2002; Lueders et al., 2004), and proteins
(Jehmlich et al., 2008). Gihring ef al. (2009) used
DNA-based SIP to identify phytodetritus-degrading and
denitrifying bacteria in oxic coastal surface sediment.
Also, rRNA-based SIP has already been applied to identify
dechlorinating microorganisms in tidal-flat communities
from the North Sea (Kittelmann & Friedrich, 2008).

In our study, we introduce a novel combination of
microcalorimetry in tandem with SIP of rRNA obtained
via a pre-extraction of intact ribosomes from tidal-flat
sediments. The extraction of ribosomes from the environ-
ment was successfully applied to soil samples before by
Felske et al. (1996) to investigate active members of
microbial communities (Felske et al., 1997, 1998a, b).
Separating ribosomes from other cell structures results in
a concentration and purification of ribosomal RNA. Fur-
thermore, because of the intact structure of the ribo-
somes, highly labile RNA is protected against degradation
by nucleases.

Materials and methods

Sample collection

Sediment samples were collected during low tide from
the back barrier tidal-flat area of Spiekeroog Island,
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Germany (53°44.178'N and 07°41.974'E), in June 2010.
At the time of sampling, the air temperature was 19 °C
and the water temperature 17.5 °C. Sediment from 1- to
5-cm depth was transferred into a sterile 500-mL glass
bottle. Subsamples for ribosome isolation were stored at
—80 °C until processing. Prior to the stimulation experi-
ment, sulfate was added to the sediment and further
incubated at 20 °C to decrease the content of degradable
organic carbon within the sediment. The sulfate concen-
tration decreased twice below 5 mM and was replenished
to 20 mM. During this incubation, the sediment was
stored in gas-tight bottles, under nitrogen atmosphere in
the dark. Every second day, the atmosphere was flushed
with N, to remove gaseous sulfide to keep the sulfide
concentration low.

For evaluating the ribosome extraction method, pure
cultures of microorganism with different cell wall con-
structions were prepared: Phaeobacter  gallaeciensis
(DSMZ 17395) as representative for Gram-negative bacte-
ria and Micrococcus luteus (DSMZ 20030) as representa-
tive for Gram-positive bacteria were incubated at 20 °C
in HEPES-buffered peptone glucose media and complex
lactate media, respectively. Cultures of the archaeon Met-
hanosarcina barkeri (DSMZ 800) were grown at 38 °C in
mineral media (Widdel & Bak, 1992). Cells of the pure
cultures were harvested during the exponential growth
phase and counted in a Thoma chamber to calculate total
cell numbers. Yields of ribosomes per cell were estimated
by the measured rRNA amount assuming an average
RNA content of 2.5 x 107'* pg rRNA per ribosome
(Felske et al., 1998a).

Cultivation and microcalorimetry

All sample handling prior to stimulation experiment was
performed within an anaerobic chamber containing an
nitrogen atmosphere with traces of hydrogen (< 0.1%).
To eliminate spatial heterogeneity, surface sediment (1—
5 cm) was mixed thoroughly. Sulfate concentrations were
adjusted to 28 mM. Individual subsamples were prepared
as slurries from 18 g of sediment and 3 mL of artificial
seawater (containing per liter of distilled water, 20 g
NaCl, 3 g MgCl, x 6H,0, 0.15 g CaCl, x 2H,0, 03 g
KCl, 0.25 g NH,CI, 0.2 g KH,PO,). The resulting sulfate
concentration was 14.3 mM. This material was transferred
to 23-mL glass vials and mixed with 57 pmol p-Glu-
cose-1*Cq (Isotec, Germany) resulting in a final concen-
tration of 9 mM (6.3 mL pore water volume). The vials
were sealed with rubber stoppers and flushed with N, to
remove residues of H,. The pH was 7.3 at the beginning
of the experiment. Glucose-free slurries served as controls.
Four cultures were incubated (three glucose-amended and
one glucose-free) in a heat-conduction microcalorimeter
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(2277 Thermal Activity Monitor; ThermoMetric, Jérvalla,
Sweden) at 20 °C for 27 days. In previous experiments,
this temperature was determined in MPN enrichments
from tidal-flat sediments as the optimum growth temper-
ature (Sass et al, 2003). Additional samples were incu-
bated at 20 °C outside the microcalorimeter. The heat
production was recorded at intervals of 300 s using the
program piGiTaM 3.0 (SciTech Software; ThermoMetric).
The cultures were sacrificed for sampling at specific
points when characteristic heat production resulting from
the degradation of glucose was observed. Triplicates of
BC-labeled glucose-amended samples were analyzed. To
demonstrate that '*C-labeling of the substrate had no
influence on the experiment, a control experiment with
unlabeled glucose was performed under the same condi-
tions with single measurements. No significant difference
for all measured metabolites could be detected between
3C-glucose and '*C-glucose degradation (data not shown).

Chemical analyses

Concentrations of fermentation products in the pore
water were analyzed by high-performance liquid chroma-
tography (Sykam, Firstenfeldbruck, Germany) using an
Aminex HPX-87H column (Biorad, Miinchen, Germany)
at 60 °C. The eluent was 5 mM H,SO, at 0.5 mL min .
Organic acids were detected by an UV-VIS detector
(UVIS 204; Linear Instruments, Reno) at 210 nm. Alco-
hols were detected by a refractive index detector (Smart-
line 2300; Knauer, Berlin, Germany). Prior to injection,
the pore water was filtered through a 0.2-pm filter.

Sulfate concentrations were measured by an ion chro-
matograph (Sykam) with an anion separation column
(LCA A24; Sykam) at 60 °C followed by conductivity
detection (S3115; Sykam). The eluent consisted of 0.64 g
sodium carbonate, 0.2 g sodium hydroxide, 150 mL etha-
nol, and 2 mL modifier (0.1 g 4-hydroxybenzonitrile per
10 mL methanol) filled up to 1 L with distilled water.
The flow rate was set to 1.2 mL min . Prior to analysis,
the samples were 1 to 100 diluted in eluent without mod-
ifier.

The concentrations of gaseous compounds were deter-
mined by a gas chromatograph (8610C; Schambeck SFD
GmbH, Honnef, Germany). Analysis was carried out with
argon (1 mL min~") as carrier gas and at a column oven
temperature of 40 °C. For analysis of molecular hydrogen
and methane, a molecular sieve 13x packed column was
used, whereas carbon dioxide was separated by a Haye-
Sep D packed column. A thermal conductivity detector
(256 °C) and a flame ionization detector (380 °C) were
connected in series for detection of the gases. Sulfide
concentrations were determined photometrically as
described by Cord-Ruwisch (Cord-Ruwisch, 1985).
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Extraction of nucleic acids

Ribosomes were extracted according to Felske et al.
(1996). Briefly, the cells were mechanically disrupted, fol-
lowed by three steps of differential centrifugation: The
first two steps (15 000 g for 15 min and 30 000 g for
30 min) serve the purpose to remove the cell debris and
the third step with a higher acceleration (100 000 g for
2 h) to pelletize the ribosomes. As a final step, the ribo-
some pellet was dissolved in 295 pL. TN150-buffer
(10 mM Tris—HCl, 150 mM NaCl, pH8) and 5 pL VRC
solution (vanadyl ribonucleoside complexes, 200 mM;
Fluka, Munich, Germany). Thereafter, the RNA of the
resulting ribosome solution was extracted with the All-
Prep DNA/RNA Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. RNA
extracts were controlled for DNA contaminations using
the universal 16S rRNA gene primers 357f/907r (Muyzer
et al., 1995) for PCR. Nucleic acid concentrations were
quantified fluorometrically in a microtiter plate reader
(FLUOstar Optima; BMG Labtechnologies, Offenburg,
Germany) using a 1 : 200 diluted PicoGreen reagent for
DNA quantification and a 1:200 diluted RiboGreen
reagent for RNA quantification according to modified
manufacturer’s protocols (Molecular Probes, Eugene).
One-tenth of each volume and 1 pL of the extracted
DNA and Lambda-DNA in different concentrations from
100 to 1 ng uL~" were used.

Transmission electron microscopy (TEM)

A 400-mesh Formvar copper grid (Plano) was carefully
placed on a 50-pL drop of the ribosome extract. The
ribosomes that were adsorbed on the grid were stained
with 50 pL of aqueous uranyl acetate (2%) for 2 min and
examined with an EM 902A Transmission electron micro-
scope (Zeiss, Jena, Germany). A high-speed SSCCD cam-
era system (Proscan elektronische Systeme GmbH,
Lagerlechfeld, Germany) with ITEMFrivE software was used
for images acquisition.

Isopycnic centrifugation and gradient
fractionation

Density gradient centrifugation was performed with
cesium tri-fluoroacetate (CsTFA) as described by Lue-
ders et al. (2004). Centrifugation conditions were 20 °C
> 60 h at 125 000 g. Centrifuged gradients were frac-
tionated from top to bottom into 14 equal fractions
(~500 pL). The density of a small aliquot (35 pL)
of each collected fraction was determined at 20 °C
using a digital refractometer (DRBO-45ND, Miiller
Optronic).
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From CsTFA gradient fractions, nucleic acids were pre-
cipitated with 500 pL of isopropanol. Precipitates from
gradient fractions were washed once with 150 pL of 70%
ethanol and were re-eluted in 25 pL elution buffer for
subsequent determination of RNA using the RiboGreen
assay. Bacterial rRNA from gradient fractions was quanti-
fied by real-time PCR (iCycler iQ real-time PCR system;
Bio-Rad) using the primers Ba519f/Ba907r (Stubner,
2002). The one-step real-time reverse transcription (RT)-
PCR system was based on the ‘Access one-step RT-PCR
system’ (Promega, Germany), as described earlier (Lue-
ders et al., 2004).

Denaturing gradient gel electrophoresis
(DGGE) analysis

Partial 16S rRNA gene transcripts were reverse tran-
scribed, and the resulting cDNA was amplified using the
OneStep RT-PCR Kit (Qiagen) with bacterial primers
GC-357f and 907r as described by Muyzer et al. (1995).
Thermal cycling included a reverse transcription step for
30 min at 50 °C, followed by an initial denaturation step
for 15 min at 95 °C, 30 cycles of bacterial RNA amplifi-
cation and 35 cycles of archaeal RNA amplification (30 s
at 94 °C, 45 s at 57 °C, and 60 s at 72 °C), and a termi-
nal step (10 min at 72 °C).

The PCR amplicons and loading buffer [40% (w/v)
glycerol, 60% (w/v) 1x Tris-acetate-EDTA (TAE), and
bromphenol blue] were mixed in a ratio of 1 : 2. DGGE
was carried out as described by Sufl et al. (2004) using an
INGENYphorU-2 system (Ingeny, Leiden, The Nether-
lands) and a 6% (w/v) polyacrylamide gel containing
denaturant gradients of 50-70% for separation of bacte-
rial PCR products. DGGE gels were run at 60 °C for
20 h. After electrophoresis, gels were stained for 2 h with
1x SybrGold (Molecular Probes, Leiden, The Nether-
lands) in 1x Tris-acetate-EDTA buffer and washed for
20 min in distilled water prior to UV transillumination.

Sequence analysis of DGGE bands

DGGE bands were excised, subjected to 50 puL of PCR-
water, and incubated overnight at 4 °C to elute the DNA.
Two microliters of the DNA eluate was taken for reampli-
fication with the same primer pairs as described above
without containing the GC-clamp. The reamplification
comprised 26 PCR cycles (annealing temperature 55 °C).
For subsequent sequence analysis, PCR products of
DGGE bands were purified using the QIAquick PCR
purification kit (Qiagen) and were commercially
sequenced by GATC Biotech. The partial 16S rRNA gene
sequences of the DGGE bands were compared to those in
GenBank using the BLasT function (Altschul et al., 1998).
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All partial 16S rRNA gene sequences obtained in this
study have been deposited in the EMBL database under
accession numbers HE616750-HE616776.

Results

Pre-experiments to assess the quality of
ribosomes as source for nucleic acids

Pre-experiments with pure cultures and sediment samples
were conducted to evaluate the performance of the rRNA
extraction method. Electron micrographs from direct
ribosome extracts of pure cultures and tidal-flat sediment
samples illustrate the high quality of the ribosome
extracts (Fig. 1). A homogeneous pellet of intact ribo-
some-like particles, with a diameter of app. 20 nm was
obtained by the extraction from a pure culture of P. gall-
aeciensis (Fig. la). Ribosome-like particles were also pres-
ent in the pellet extracted from sediments but varied
slightly in diameters, as it would be expected for different
species. In this environmental sample, some other struc-
tures like viruses and vesicles of unknown origin were
also visible (Fig. 1b). However, the high amount of ribo-
somes within both extracts demonstrates the potential of
this technique in yielding a high enrichment of phyloge-
netically relevant rRNAs (up to 30 ng cm ). To establish
the influence of different cell structures on the ribosome
extraction efficiency, the ribosome numbers per cell of
three pure cultures were determined. The ribosome yield
(in ribosomes per cell) was roughly in the same order of
magnitude: P. gallaeciensis (Gram-negative): 533; M. lu-
teus (Gram-positive): 1214; and M. barkeri (Archaeon):
467.

Time course of glucose fermentation

The addition of glucose to fresh anoxic surface sediments
from tidal flats induced a rapid heat production, which
was followed via microcalorimetry (Fig. 2). In the course
of the stimulation experiment, at least three different
phases were detected: the maximum heat output
(225 pW) was already reached after 1 day, followed by a
broader peak with its maximum at day two and a phase
of decreasing heat production indicating the exhaustion
of glucose. The calculated heat output was —22 J in each
stimulation experiment. In control experiments without
glucose, little heat production was measured, indicating
that the observed metabolic activity was caused by the
substrate added.

In coincidence with the heat production curves of the
calorimetric experiments, glucose was completely con-
sumed within the first 2 days in the amended samples
(Fig. 3a). The substrate degradation resulted in the
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Fig. 1. Transmission electron micrograph of ribosome preparations. (a) Pure culture of Phaeobacter gallaeciensis, (b) surface sediment of a

German tidal flat. Diameters of ribosome-like particles are indicated.
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Fig. 2. Heat production measured by microcalorimetry during the
stimulation experiment. Heat production values remained constant
between day 5 and 23 in the glucose-amended sediment (closed
symbol) and the glucose-free control (open symbol).

production of typical fermentation products like acetate,
ethanol, formate, propionate, H,, and CO, (Fig. 3a—). A
small amount of butyrate (2 pmol) was only detected at
day 27 (data not shown). The most important fermenta-
tion product was acetate, which reached values up to
90 umol. Ethanol, formate, and H, accumulated rapidly,
but were completely consumed at the end of the experi-
ment (Fig. 3b and c). Propionate was produced more
slowly and reached a plateau after 3 days. According to
the formation of acidic fermentation products, the pH
was decreasing (Table 1). Sulfate was rapidly depleted
and converted to sulfide (Table 1) in the glucose-
amended samples as well as in the glucose-free control.
This indicates that the sediment itself still contained
some electron donors prior to glucose addition even
though the samples were preincubated for a depletion of
indigenous substrates. Additionally, CO, was produced
in the glucose-free controls, and a transient heat
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production was observed during the first days. This was
probably due to mobilizing indigenous electron donors
by mixing during the preparation of sediment slurries.
Methanogenesis started as soon as sulfate was depleted
(Fig. 3d). The chemical analyses showed no differences
between '’C-glucose and '*C-glucose degradation. Based
on the end products and the sulfate consumed, the fol-
lowing equation was established for the overall reaction
at the end of the experiment:

58.75 glucose + 89 SO; + 17H' — 63 acetate
+ 7 propionate + 2 butyrate + 89 HS™ + 7 CH,
+ 180 CO, + 183.5H,0

CO,, protons, and water were used to balance the over-
all equation. Under standard conditions, this equation
has a AGy' of approximately —26 J, which fits nicely to
the measured heat amount of —22 J (AH).

Identification of active fermenters via SIP

Separation of '’C-labeled and unlabeled rRNA by density
gradient centrifugation showed surprisingly large amounts
of highly "*C-labeled rRNA already after 1 day (Fig. 4),
which indicates fast substrate assimilation. This efficient
separation allowed an analysis of the labeled and unla-
beled fractions with only minor disturbances owing to
overlaying signals.

The most abundant glucose degrader was a relative of
Psychromonas macrocephali (similarity 99%), which was
already highly stimulated after half a day (Fig. 5). The
increasing band intensity in the DGGE community pat-
tern indicates an enhanced metabolic activity. Two sul-
fate-reducing bacteria affiliated to the genus Desulfovibrio
showed a transiently increased abundance in ‘heavy’
rRNA at days two and three.
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Fig. 3. Chemical analyses over the course of the experiment
(referring to 21 g sediment slurry). (a) Glucose consumption and
acetate production. (b) Distribution of dissolved fermentation
products: ethanol, formate, and propionate. (c) Distribution of
gaseous fermentation products: H, and CO,. (d) CH4 production and
sulfate consumption, filled symbols: glucose-amended samples, open
symbols glucose-free control.

Table 1. Dissolved sulfide concentrations and pH values of glucose-
amended samples and glucose-free controls. Mean values of
triplicates are given for the glucose-amended samples; other values
are single measurements

pH Sulfide (nM)
Time (d) +Glucose —Glucose +Glucose —Glucose
0 7.3 7.3 2.1 2.1
0.5 7.7 7.8 3.8 2.3
1 7.2 7.8 5.6 33
2 7.0 7.8 6.5 5.5
3 7.1 7.9 9.9 6.1
13 7.1 7.9 12.4 12.2
27 7.1 7.9 12.5 12.4
1.04 u g i
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Fig. 4. Quantitative distribution of bacterial rRNA in SIP centri-
fugation gradients after 1 day of glucose fermentation (one
representative sample of three replicates). Domain-specific template
distribution within gradient fractions was quantified by RT-qPCR and
normalized for each gradient (Lueders et al., 2004). Each square
represents one gradient fraction. Gray squares: fractions of the '2C-
glucose-amended samples, black squares: fractions of the '3C-
glucose-amended samples, CsTFA: Caesiumtrifluoracetate.

The unlabeled fractions represented the background
community, which did not incorporate the '*C-labeled
carbon. The unlabeled community had a higher diversity
than the active community. Most of the unlabeled organ-
isms were affiliated to sulfate-reducing bacteria such as
Desulfovibrio spp., Desulfobacter postgatei, Desulfosarcina
variabilis, and Desulfobulbus mediterranus. As in the *C-
labeled fractions, Desulfovibrio-related organisms showed
their highest abundance in ‘light’ rRNA also during the
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6 Desulfobacter postgatei 98%

7 Psychromonas macrocephali 97%
8 Thioprofundum lithotrophica 95%
9 Desulfosarcina variabilis 95%

10 Desulfosarcina sp. 96%

11 Thiotrix fructosivorans 94%

12 Desulfovibrio sp. 95%

13 Desulfovibrio ferrireducens 99%

14 Desulfovibrio sp. 96%

—— 15 Pelobacter venetianus 97%

) )T

Fig. 5. DGGE community profiles of reversely transcribed partial 165 rRNA gene transcripts. Lanes represent unlabeled (gray) and '3C-labeled
bacteria (black) over the time course of the experiment (one representative sample of three replicates, respectively). The ‘light’ and ‘heavy’ RNA
fractions originate from the same RNA extract for each time point. The time is given in days (numbers above lanes). Closest cultivated relatives

and sequence similarities (%) are given.

first days of incubation. This indicates that most of these
organisms degraded organic matter, which was already
present in the sediment prior to glucose addition. Rela-
tives of organisms that are known to oxidize sulfur com-
pounds were also abundant in the unlabeled fractions.
They were affiliated to ‘Candidatus Arcobacter sulfidicus’,
Sulfurimonas autotrophica, Thioprofundum lithotrophica,
and Thiotrix fructosivorans.

A control DGGE was conducted with fractions of
?C-amended samples in comparison with '*C-amended
samples to show that the community structure of '*C- and
3C-amended samples were developing equally. Exemplari-
ly, the communities of the '*C-glucose degradation experi-
ment and the '>C-glucose control at day 13 were compared.
No significant differences were observed (Fig. 6).

Discussion

In the present study, glucose-degrading bacteria within
tidal-flat sediments have been identified by a novel com-
bination of microcalorimetry, chemical analyses of fer-
mentation products and ribosome-based SIP. The
ribosome isolation method for sediments turned out to
be well suited for SIP. Microbial glucose degradation
could be monitored in real time by microcalorimetry to
identify sampling points for successive metabolic pro-
cesses. The most active glucose-degrading bacterium in
our experiments, a relative of P. macrocephali, was identi-
fied by DGGE analysis of density-resolved rRNA and sub-
sequent sequencing of DGGE bands.
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Fig. 6. DGGE community profiles of reversely transcribed partial 16S
rRNA gene transcripts. Lanes represent light fractions (fractions 4,
respectively) of '2C and "C glucose-amended samples on day 13,
M = marker.
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The course of fermentation

The key organism involved in primary fermentation was
closely related to P. macrocephali. The type strain was
originally isolated from an organic-rich marine sediments
(Miyazaki et al.,, 2008). In the study of Miyazaki et al.
(Miyazaki et al., 2008), P. macrocephali was found to be
facultatively anaerobic and capable to form acids from
glucose. Fermentative pathways were not described in
detail for the type strain of P. macrocephali. A close rela-
tive, Psychromonas antarcticus (with 98% sequence simi-
larity of the complete 16S rRNA gene), forms the
following fermentation products from 100 mol of hexose:
acetate (60 mol), formate (130 mol), ethanol (56 mol),
lactate (73 mol), CO, (15 mol), and 2 mol of butyrate
(Mountfort et al., 1998). The same products except lac-
tate were identified in our study (compare to the equa-
tion for the overall reaction).

Although half of the electrons derived from the added
glucose were transferred to sulfate, only three bands
(Fig. 5, band 12-14) of active sulfate-reducing bacteria
were identified. These bacteria were all related to the
genus Desulfovibrio. As Desulfovibrio ssp. are known to
utilize lactate (Postgate & Campbell, 1966), it is not sur-
prising that lactate was not detected in our experiment.
The detection of only three bands of sulfate-reducing bac-
teria is in accordance with the study of Beck et al. (2011),
who found that these bacteria only account for a minor
proportion of the total bacterial community in tidal-flat
sediments (~5%). Desulfovibrio-related organisms showed
the highest rRNA DGGE band intensity during the phase
of rapid sulfate depletion. These bacteria have probably
used hydrogen as electron donor, because the sulfate con-
sumption is correlated with the phase of hydrogen excess.
Desulfovibrio is capable of utilizing hydrogen for incom-
plete oxidation of organic substrates to acetate (Voor-
douw, 1995). Sulfate-reducing bacteria known to oxidize
their substrates completely to CO, did not emerge. They
commonly grow more slowly than ‘incomplete oxidizers’
and had no chance to develop prior to sulfate depletion.

Secondary fermenting bacteria were not identified, as
secondary fermentation gains only little energy (Schink,
1997), and therefore, low cell numbers are sustained.
DGGE analyses, however, only detect the most abundant
bacteria within communities (Muyzer & Smalla, 1998).
Primary fermentation products (ethanol, formate, and
H,) were mainly consumed in the presence of sulfate, but
small amounts of ethanol were also consumed when sul-
fate was already depleted — indicating the presence of sec-
ondary fermenters. Only the acetate values slightly
decreased in the absence of sulfate (from 90 to 63 pmol),
indicating acetotrophic methanogenesis. Correspondingly,
methane was produced (7 pumol). However, only a small
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amount of the carbon atoms that derived from the ace-
tate were found in methane.

The ‘light’ '*C-fraction representing the inactive back-
ground community showed a higher diversity than the
active degraders. For example, chemolithoautotrophic
bacteria such as S. autotrophica were detected in the unla-
beled fractions, indicating that they did not degrade the
substrate. In the sediment, these bacteria occur at oxic/
anoxic interfaces where reduced sulfur compounds are
available as electron donors and oxygen serves at electron
acceptor. In our experiment however, these gradients
were broken down owing to the homogenization of the
material. Thus, the organisms were still present but could
not metabolize the substrate as there is no suitable elec-
tron acceptor available for them. Even if chemolithoauto-
trophs were active, they would not be detected by our
approach using '’C-labeled organic substrates as they
assimilate CO, for carbon fixation.

Desulfovibrio-related bacteria seemed to be also stimu-
lated by unlabeled organic matter originating from the
sediment, as their bands in the ‘light’ fractions showed
the highest intensity at day two. This is in accordance
with the finding that sulfate was consumed and CO, was
produced in glucose-free controls, which already demon-
strated that the sediment contained degradable organic
matter prior to glucose addition.

Do stimulation experiments reflect processes
within tidal-flat sediments?

At the end of the experiment, most of the rRNA was
fully labeled with 'C, which points toward a high
microbial activity in the investigated samples already at
the onset of the experiment. This is supported by previ-
ous investigations that have demonstrated a high micro-
bial turnover in surface sediments of the tidal flat
analyzed here (Gittel et al, 2008). The indigenous
microbial communities were probably adapted to a high
load of organic matter. DOC values at the same study
site were determined to range from 0.5 mM at the sur-
face to 3 mM within 1-m depth (Beck et al., 2009). This
fresh marine organic material is easily degradable (Freese
et al., 2008) and constantly replenished by advective pro-
cesses (Billerbeck et al., 2006). Therefore, the relatively
high concentration of 9 mM glucose used in our study
may not have caused a substrate shock (Straskrabova,
1983). The application of similarly high '’C-substrate
concentrations might be more problematic in deeper
sediment layers with lower microbial activity. However,
it should be considered that indigenous microorganisms
of tidal flats have to cope with substrates that are
harder to degrade than glucose. This affects the complex-
ity of relations between active species as well as the
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bioavailability and the energy gained from the substrates
utilized. A successive approximation to natural condi-
tions will be achieved when more complex substrates are
used for similar SIP experiments.

Advantages of combining microcalorimetry
and rRNA-SIP

The main advantage of conducting SIP experiments in a
microcalorimeter is the possibility to monitor successive
metabolic processes in real time to find optimal time
points for sampling. Microcalorimetry and chemical anal-
yses of fermentation and terminal oxidizing processes
afford a detailed description of kinetics and processes.
The measured AG' and the calculated AG,’' were in the
same range. The overall equation nicely fits to the mea-
sured amounts of each component. Only the CO, in the
equation is lower than the measured amount. However,
the measured CO, might have partly derived from dis-
solving carbonates. This is supported by the finding that
CO, was also produced in glucose-free controls.

In general, microorganisms do not necessarily react with
cell division after a pulse of substrate but with boosting
their cell machinery, which in turn results in a higher ribo-
some content. This response is specifically targeted when
extracting ribosomes prior to RNA-based community
analyses. When successive processes and trophic interac-
tions in anoxic microbial food webs are studied, different
microorganisms are successively labeled. This is reflected,
for example, by the transient appearance of labeled rRNA
of Desulfovibrio-related bacteria, which were prominent
during initial glucose fermentation, but disappeared upon
consumption of sulfate. One could assume that after sul-
fate depletion, a DNA-based SIP approach would still
show the presence of respective labeled genomes. Our
RNA-based SIP approach with pre-extraction of ribosomes
was capable to record decreasing ribosome labeling and
thus activity in a very sensitive manner.
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