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Abstract
Integrated Ocean Drilling Program (IODP) Expedition 347 to the
Baltic Sea in 2013 was in line with the IODP Science Plan main re-
search theme “Deep biosphere responses to glacial–interglacial cy-
cles,” addressing questions such as deep biosphere evolution, its
biogeochemical processes, and how the postglacial diffusive pene-
tration of conservative seawater ions may alter the chemical com-
position and microbial physiology in the subseafloor biosphere.
Consequently, we tried to enrich indigenous microorganisms at
in situ conditions using a broad range of electron acceptors (for
fermenters; Fe, Mn, and sulfate reducers; and methanogens), sim-
ple and complex carbon substrates (in mixtures or as single com-
pounds), and a wide range of culture conditions (temperature and
salinity) to cover varying environmental conditions and meta-
bolic requirements. The most successful were enrichment cultures
with a mix of polymeric substrates, which proved to be successful
for all samples investigated. Also, iron- and manganese-reducing
organisms could be enriched from all sites, whereas nitrate as an
electron acceptor did not work well. Methanogenic enrichments
were only successful for a few of the samples investigated. In
these cases, different monomeric as well as complex substrates
were converted to methane, indicating a metabolically versatile
indigenous microbial community in the sediments.

Introduction
Cultivation is the only way to obtain microorganisms and study
their physiology in order to estimate their impact on bio-
geochemical cycles in deep sediments. For this reason, we en-
riched at in situ temperature and salinity various types of hetero-
trophic microorganisms, in particular fermenters; Fe(III), Mn(IV),
and nitrate reducers; and methanogens, using different media
that cover a wide range of environmental conditions and meta-
bolic requirements.

Since methanogens only convert small compounds into methane,
the initially more complex compounds have to be broken down
by networks of sometimes syntrophic microbial consortia. Conse-
quently, methanogens were cultivated with a broad range of com-
plex substrates, especially hydrocarbons, fatty acids, polymers, or
algal cell fragments.
doi:10.2204/iodp.proc.347.201.2017
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Materials and methods
Sediment cores from four sites (M0059, M0060,
M0063, and M0065) collected during Integrated
Ocean Drilling Program Expedition 347 were sam-
pled for microbiology. To avoid contamination, sam-
ples for were only taken from the center of each sed-
iment core using sterilized cut 5 mL syringes. Depth
intervals for sampling were selected based on the
quality of the cores with a higher depth resolution
near the surface and a lower one at greater depth.
The samples were put in anaerobic bags and sent to
the Federal Institute for Geosciences and Natural Re-
sources (BGR; Germany) at 2°–8°C and stored at 8°C
until use for enrichments.

The media for enrichment of anaerobic, marine deep
biosphere organisms were based on artificial sea-
water as described by Batzke et al. (2007). The salin-
ity of the medium was adjusted by dilution with wa-
ter to 1‰, 5‰, 10‰, 12‰, 20‰, 25‰, and 30‰
NaCl. For heterotrophic fermenting organisms, the
media were amended with a polymer or monomer
solution. The polymer solution contained chitin, cel-
lulose, and peptone at 0.5 g/L each, whereas the
monomer solution contained 36 different carbon
sources like amino acids, fatty acids, organic acids,
alcohols, and glucose (total final concentration of
added organic carbon was 0.1 mM). HEPES buffer (4-
[2-hydroxyetheyl]-1-piperazineethanesulfonic acid;
2.38 g/L) was added and the pH was adjusted to 7.2–
7.4 by addition of NaOH before autoclaving. After
autoclaving, the medium was cooled under N2 flow,
and a solution of 10 vitamins (Balch et al., 1979) and
sodium bicarbonate (0.2 g/L) was added from sterile
stock solutions. For the enrichment of nitrate-, iron-,
or manganese-reducing bacteria, KNO3, solid ferrihy-
drite, or manganese oxide, respectively, were added
to reach final concentrations of 2 mM for nitrate and
10 mM for Mn and Fe. To obtain quantitative infor-
mation for particular physiological groups, the most
probable number (MPN) method with three parallel
tubes for each 10-fold dilution was applied (Hun-
gate, 1968). The enrichment cultures were incubated
at 4°C for about 10 months. Growth of all cultures
was checked by visual inspection (turbidity) and
phase contrast microscopy. Tubes with ferrihydrite as
the electron acceptor were counted positive when
Fe(II) was higher than 5 mM, and tubes with manga-
nese oxide as the electron acceptor were counted
positive when decolorization of the black manganese
mineral was clearly visible by eye. Tubes for testing
nitrate-dependent Fe(II)-oxidation conditions were
also set up and counted as positive when a clear pre-
cipitation of Fe(III) was visible.

To selectively enrich methanogens, autoclaved Hun-
gate tubes were filled with 7 mL of sterile anoxic sul-
fate-free minimal medium (Widdel and Bak, 1992).
Sediment slurries from each sample (1:1 mix of sedi-
ment and anaerobic medium) were anaerobically
prepared, and 3 mL was added to the Hungate tubes.
Then the tubes were purged with dinitrogen (100%)
and sealed with sterile butyl rubber stoppers and
screw caps. Anaerobic enrichments were set up un-
der methanogenic conditions without the addition
of electron acceptors in triplicate and incubated ver-
tically in the dark at 8°C with or without additional
carbon sources. As additional carbon sources, combi-
nations of typical sedimentary substrates were added
as monomer or polymer mix (Batzke et al., 2007),
Spirulina extract (all: 50 µL of a 0.005% stock solu-
tion), or single compounds (betaine, palmitate, phy-
tane, or pristane [25 µL of a 2% stock solution]). Sub-
strate concentrations were kept low to resemble
conditions in deep sediments. In addition to these
more complex substrates, simple well-known sub-
strates for methanogens were used (acetate [0.5 mM],
methanol [0.1 mM], trimethylamine [TMA] [0.5
mM], and hydrogen [H2/CO2/N2 5%/5%/90%]). Fur-
thermore, the potential for hydrocarbon degradation
was studied in incubations with hexadecane (10 µL),
ethylbenzene, dotriacontan (C32), or methylnaph-
thalene (20 µL of a 2% stock solution [v/v]), which
were all added directly to the medium. The increase
of methane in the headspace was measured monthly
over a 12 month period as previously described
(Krüger et al., 2002). Positive enrichment cultures
had substantially higher methane concentrations in
the headspace than not inoculated control tubes.

Results
Heterotrophic enrichments were obtained for sam-
ples from all four sites (M0059, M0060, M0063, and
M0065) and up to depths of 120 meters below sea-
floor (mbsf) (Table T1). Heterotrophic enrichments
using a polymer mix obtained the highest positive
dilution steps (10–4), whereas with a monomer mix
the MPN values never exceeded 10–1. Iron- and man-
ganese-reducing organisms could be enriched from
all sites at neutral pH (7.5) and different salt concen-
trations (1‰–30‰). As a general observation, iron
and manganese reduction started earlier in the test
tubes at salinity ≤10‰ than in the test tubes with
higher salinity. This was not observed under nitrate-
reducing or heterotrophic conditions. For nitrate-de-
pendent Fe(II)-oxidation conditions, the MPN value
was never higher than 10–1, and positive enrich-
Proc. IODP | Volume 347 2
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ments were obtained only from cores from Sites
M0060 and M0065.

Generally, no or only very low methane production
was observed in the incubations without the addi-
tion of substrates, indicating that substrate availabil-
ity for the indigenous methanogenic microbial com-
munities was low in all samples (Tables T2 and T3).
The only exceptions were one sample from Site
M0059 (Sample 347-M0059E-13H-2, 125–130 cm)
and two samples from Site M0063 (Samples 347-
M0063E-3H-2, 60–65 cm, and 12H-2, 62–67 cm),
where methane in the headspace continuously in-
creased over the 12 months of incubation time.

These three samples were also most prominently
stimulated by the addition of different substrates,
both with simple, monomeric, or complex com-
pounds. Besides well-known substrates for methano-
gens like acetate, methanol, hydrogen, or TMA (Ta-
ble T2), more complex compounds from the
polymer mix, palmitate, phytane, or hydrocarbons
were also degraded. This indicates the presence of a
metabolically diverse active community in the sedi-
ments, enabling the breakdown of the larger com-
pounds to smaller substrates for the methanogenic
organisms at the end of the food chain.

In other sediment samples, only in a few single cases
was stimulation of methane production observed.
Here, the traditional methanogenic substrates and
monomeric compounds seemed to be more favor-
able, as one would expect. The hydrocarbons tested
in the enrichment cultures were the least successful
substrates tested, with only one positive sediment
sample (347-M0063E-12H-2, 62–67 cm).
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Table T1. Results for most probable number enrichment cultures with different media incubated close to in
situ temperature of 8°C under anaerobic conditions at different salinities, Expedition 347.

Ferrihydrite, manganese oxide, or KNO3 were added as the electron acceptor each for enrichment of heterotrophs. Fe(II) was added for enrich-
ment of nitrate-reducing lithotrophs. Mixtures of organic polymers or monomers served for enrichment of heterotrophic fermenters. Numbers =
positive test tubes with the highest dilution step. — = no successful enrichment.

Core, 
section

Depth 
(mbsf)

Salinity 
(‰) Fe(OH)3 MnOOH KNO3 KNO3 + Fe(II) Polymer Monomer

347-M0059C-
3H-2 8 25 10–2 — 10–2 — 10–4 10–2

5H-2 14 25 10–1 10–1 — — 10–3 10–1

15H-1 45 20 — — 10–1 — 10–1 10–1

21H-1 64 10 — — — — — —
25H-1 78 10 — — — — 10–1 —

347-M0060B-
13H-2 37 30 10–1 — 10–3 — 10–4 10–1

14H-2 41 30 10–1 — 10–3 10–1 10–4 10–1

23H-2 70 30 10–1 — 10–3 10–1 10–3 10–1

27H-2 82 30 — — 10–1 10–1 10–3 10–1

28H-2 85 10 10–1 10–1 10–1 — 10–1 —

347-M0063E-
1H-2 2 1 10–3 10–3 10–3 — 10–4 10–1

6H-2 12 1 10–3 10–3 10–3 — 10–4 10–1

21H-2 41 5 — — — — 10–2 10–1

27H-2 55 1 10–3 10–3 10–3 — 10–4 10–1

33H-2 66 5 — — — — 10–1 —
40H-2 80 5 — — — — 10–1 —
43H-2 90 5 — — — — — —

347-M0065C-
4H-2 11 12 10–3 10–1 10–4 10–1 10–4 10–1

7H-2 20 12 10–3 10–1 10–3 10–1 10–4 10–1

10H-2 30 12 — — 10–1 — 10–1 —
12H-2 37 1 — — 10–1 — 10–1 —
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Table T2. Results of methanogenic enrichment cultures by substrate after 12 months of incubation time, Ex-
pedition 347.

TMA = trimethylamine. (+) = CH4 production only slightly higher than in controls, + = CH4 formation substantially higher than in controls, ++ =
strong and long-lasting CH4 formation activity, — = no CH4 formation.

Core, section, 
interval (cm) No substrate Acetate H2/CO2 Methanol TMA Palmitate Betaine Phytane Pristane

347-M0059C-
3H-2, 40–45 (+) — — — — — — — —
6H-1, 95–100 (+) — — — — — — — —
9H-1, 95–100 (+) — — — + — — — —
12H-2, 65–70 (+) — — — — — — — —
15H-1, 100–105 (+) — (+) — + — — — —
24H-2, 65–70 — — — — — — — — —

347-M0059E-
4H-2, 55–60 — — — — — — — — —
7H-2, 115–120 — — — — — — — — —
10H-2, 140–145 — — — — — — — — —
13H-2, 125–130 + + ++ ++ + + + + +
16H-2, 90–95 — — — — — — — — —
25H-2, 105–110 — — — — + — — — —

347-M0060B-
6H-2, 75–80 — — — — — — — — —
9H-2, 55–60 — — — — — — — — —
12H-2, 50–55 — — — — — — — — —
15H-2, 45–50 — — — — — — — — —
23H-2, 20–25 — — — — — — — — —
24H-2, 50–55 — — — — — — — — —
28H-2, 110–115 — — — — — — — — —

347-M0063E-
3H-2, 60–65 + + ++ (+) ++ — + — —
6H-2, 50–55 (+) — — + — — — — —
9H-2, 45–50 — — — — — — — — —
12H-2, 62–67 + + ++ ++ + + + + +
15H-2, 45–50 — — — — — — — — —
18H-2, 25–30 — — — — — — — — —
21H-2, 25–30 (+) — — + — (+) (+) (+) —
32H-2, 90–95 — — — — — — — — —
42H-2, 120–125 — — — — — — — — —

347-M0065C-
4H-2, 60–65 — — — — — — — — —
7H-2, 65–70 — — — — — — — — —
10H-2, 60–65 — — — — — — — — —
12H-2, 110–115 — — — — — — — — —
Proc. IODP | Volume 347 5
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Table T3. Results of methanogenic enrichment cultures with complex or hydrocarbon substrates after 12
months incubation, Expedition 347.

(+) = CH4 production only slightly higher than in controls, + = CH4 formation substantially higher than in controls, ++ = strong and long-lasting
CH4 formation activity, — = no CH4 formation.

Core, section, 
interval (cm)

No 
substrate

Monomer 
mix

Polymer 
mix Spirulina Hexadecane Ethylbenzene Methylnaphthalene Dotriacontan

347-M0059C-
3H-2, 40–45 (+) — — — — — — —
6H-1, 95–100 (+) — — — — — — —
9H-1, 95–100 (+) — — — — — — —
12H-2, 65–70 (+) — — — — — — —
15H-1, 100–105 (+) — — — — — — —
24H-2, 65–70 — — — — — — — —

347-M0059E-
4H-2, 55–60 — — — — — — — —
7H-2, 115–120 — — — — — — — —
10H-2, 140–145 — — — + — — —
13H-2, 125–130 + ++ + + (+) — — —
16H-2, 90–95 — — — — — — — —
25H-2, 105–110 — — — — — — — —

347-M0060B-
6H-2, 75–80 — — — — — — — —
9H-2, 55–60 — — — — — — — —
12H-2, 50–55 — — — — — — — —
15H-2, 45–50 — — — — — — — —
23H-2, 20–25 — — — — — — — —
24H-2, 50–55 — — — — — — — —
28H-2, 110–115 — — — — — — — —

347-M0063E-
3H-2, 60–65 + — — + — — — —
6H-2, 50–55 (+) — — — — — — —
9H-2, 45–50 — — — — — — — —
12H-2, 62–67 + + + + + + + (+)
15H-2, 45–50 — — — — — — — —
18H-2, 25–30 — — — — — — — —
21H-2, 25–30 (+) (+) (+) (+) (+) — — —
32H-2, 90–95 — — — — — — — —
42H-2, 120–125 — — — — — — — —

347-M0065C-
4H-2, 60–65 — — — — — — — —
7H-2, 65–70 — — — — — — — —
10H-2, 60–65 — — — — — — — —
12H-2, 110–115 — — — — — — — —
Proc. IODP | Volume 347 6
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