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Methanosarcina mazeii str. LM5 (DQ987528.1)

— 010 clone 13-7A, oil sands tailings pond, (EF420170)
clone A8T20L , biogas plant, (DQ260335)
clone Shen-A14, rice field soil, (AF399295)
clone Cas19#4, deep ?as hydrate sediments, (AJ290567)
clone Shen-A18, rice field soil, (AF399299)
subM_C2_1227b, EU367482, submarine permafrost, 287
subM_C2_1231b, EU367484, submarine Permafrost, 281 subM_C2_1249b, EU489472, 324
© Submarine Permafrost Cluster | subM_C2_1249d, EU489473, 272
5 subM_C2_1231a, EU367483, submarine permafrost, 291 ~ subM_C2_1245a, EU489471, 272
5 subM_C2_1249a, EU489470, submarine permafrost, 282
8 subM_C2_1227a, EU367481, submarine permafrost, 239
S clone D64AR30R40, anoxic paddy soil, (AM778335) clone PC697a, permafrost, (AM259196)
% Methanosarcina barkeri str. Sar, (AF028692) clone MAK225b, permafrost,(AM259205)
2 Methanosarcina thermophila str. DMS 1825 (M59140.2) L ¢jone FP6941a, permafrost, (AM259179)
Methanosarcina sicilliae str. C2J (U89773) clone MAK222a, permafrost (AM259201)
Permafrost Cluster | cloneMAK225a, permafrost, (AM259204)
% clone ACE2_A, Antarctic lake, (AF142977) - subM_C2_1246f, EU367490, 328
< clone LMA126, sediment freshwater lake, (U87516)
2 Methanosarcina lacustris str. MM, (AY260430)
g DGlGE-b;gggArcSvaU 4,fArctic(X§\t2Iagd 9en)richment, (AJ749963)
@ clone 71a, permafrost, 59191
g DGGE-band ArcSval_11, Arctic wetland enrichment, (AJ749960) s:leEE21_2142;”&52;:49:764:’;3:4
2 Methanosarcina semesiae, str. MD1, (AJ012742) subM_£2_12439c, ’
g I Methanosarcina baltica str. GS1-A, (AJ238648) subM_C2_1250a, EU489468, 314
Submarine Permafrost Cluster Il subM_C2_1248a, EU489466, 314
Methanococcoides burtonii str. DSM 6242, (X65537), 1472
subM _C2 1246d, EU489463, submarine permafrost, 312
] subM_CZ_1246c, EU489462, submarine permafrost, 312 | subM_C2_1246b, EU367480, 273
3 Submarine Permafrost Cluster Il J subM_C2_1243a, EU367485, 276
8 subM_C2_1246a, EU367488, 251
S clone JTA175, deepest coldseep area, (AB015279)
S clone ESA OTU 4, Mariana forearc serpentine mud volcanos, (EF414505)
S clone SB14, Antarctic sediment, (AY177814)
s Methanococcoides alaskense str. AK-9, anoxic marine sediments, (AY941802)
2 clone SBAK-CO2-reducing Enrichment-4, (DQ280485)
clone SCS-QBS-A36, deep marine sediments, (EF104090)
clone SBA5-19, coldseep sediments, (AB188805)
clone v.8.ArB2, seawater and sediments, Cascadia Margin, (AY367347)
Methanococcoides methylutens str. DSM 2657, (M59127)
Methanococcoides sp., str. NaT1, (Y16946)
N clone Meth8, Arctic peatland, (DQ188827)

Methanosaeta sp., clone A1, (AJ133791)

subM_C2_1247h, EU489465, submarine permafrost, 309
Methanoculleus chikugoensis str. MG62, (AB038795)
subM_C2 1255a, EU489469, submarine permafrost, 326
Methanogenium frigidum str. OCM 469, (AF009219)

clone LHCO3, Antarctic sediment, (AY187063)
clone SPS38, acidic Westsiberian peat bog, (AJ606284)

clone VAL28, Finnish forest lake, (AJ131274)
subM_C2_1245c, EU489460, submarine permafrost, 231

Methanobacteriaceae

clone Eur3Arch7.41, permafrost/ground ice, (EU218634)
clone Eur1Arch18, permafrost, (DQ445046)
clone Eur3Arch2.6, permafrost/ground ice, (EU218598)
clone 0BS65f.55, coastal Arctic Ocean, (DQ146750)
clone 0BS65f.06, coastal Arctic Ocean, (DQ146759)
clone Ca303s.52, coastal Beaufort Sea, (EF014639)
clone ARCT2-45, Northern Arctic Ocean, (AY095842)
clone Eur1 Arch2, permafrost, Canadian high Arctic, (DQ445039)
clone Sv_74, high Arctic permafrost peat, (AM712543)
clone CaS1b. EO9, Arctic shelf, (EU244246)
isolate Str6_52, cold sulphidic marsh water, (AM055704)
clone Sv_85, high Arctic permafrost peat, (AM712550) A{ subM_C2_1245b, EU367486, 282

clone Asc-s-51, high altitude Andean Altiplano, (EF632643) subM_C2_1245d, EU367487, 280
Submarine Permafrost Cluster [V subM_C2_1246e, EU367489, 279
clone SCS-F9-38, South China Sea, 1m, (DQ469165) SUbM_G2_124%€, EU489461, 277
clone R4 ENDA4, lowtemperature anaerobic toluene contaminated wastewater, (0Q399812)

clone MH 1492_B2C, rich minerotrophic fen, (EU155996)
subM_C2_1241c, EU367491, submarine permafrost, 253
uncultured archaeon, Hydrothermal sediments, (AF419653)
uncultured archaeon, Forested wetland, (AF523942)
uncultured Archaea

Fig. 3. Phylogenetic analysis (maximum likelihood) illustrating the affiliation of methanogenic 16S rRNA gene sequences reamplified from
DGGE bands. The sequences recovered from submarine permafrost belong to Methanosarcina, Methanococcoides, Methanomicrobiales and
uncultured archaea. The scale bar represents 0.10 changes per nucleotide. Identification of the bands is shown in Fig. 2. Environment, clone
name, accession number and length of each sequence are indicated.
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the top and bottom of the submarine permafrost sedi-
ments. Most of the sequences related to uncultured
archaea were found in the zone with maximum methane
concentration.

Discussion

Permafrost ecosystems of the Siberian Arctic are charac-
terized by low in situ temperatures and high water con-
tents, which leads to the accumulation of organic carbon.
The fate of this carbon reservoir is of particular interest,
considering possible feedback mechanisms that might
result in increasing methane fluxes in a warming Arctic.
Submarine permafrost, which was warming to near 0°C
after being flooded by marine waters, is a natural labora-
tory for studying the impact of environmental changes on
microbial decomposition processes. This study presents
the first results on the methanogenic community compo-
sition and evidence for methanogenic activity in subma-
rine permafrost sediments.

Our results show a distinct methane profile along the
Late Pleistocene deposits with trace amounts in the
upper part of the frozen sediments, maximum values in
two distinct peaks between about 53 and 63 mbsf and
again low methane concentrations at the bottom of the
profile. The two methane peaks between 53 and 63 mbsf
cannot be explained by an upward diffusion of methane
from the unfrozen sediment layers as latter explanation
would require high methane concentrations in the bottom
of the sediment that, however, were not present. Water
saturated and frozen sediment layers are an effective
diffusion barrier preventing gas diffusion between the
sediment layers. Rivkina and Gilichinsky (1996) and
Rivkina and colleagues (2007) measured methane con-
centration profiles in different aged permafrost deposits of
north-east Siberia. At several sites, they found elevated
methane concentrations in deep (20-50 m) permafrost
material but almost no methane in overlaying permafrost.
They concluded from these results that methane cannot
diffuse through frozen sediments. Furthermore, Cramer
and Franke (2005) measured hydrocarbon concentra-
tions and stable carbon isotope signatures in sea water
and surface sediments of the NE Laptev Sea and found
thermally generated methane seeping through the sedi-
ments only in the northern part of the Shelf. They con-
cluded that the submarine permafrost layer in the central
Laptev Sea is preventing hydrocarbons from being
released into the sea water. As the methane profile in the
investigated core gives no indication for vertical methane
diffusion from below the frozen sediment and methane
diffusion is impeded inside the frozen permafrost, we are
confident that the high methane concentrations in the
permafrost core at depths of 53 and 59 mbsf are due to in
situ methanogenesis. The potential for methane produc-

tion in Holocene and Pleistocene permafrost deposits at
subzero temperatures has already been shown in previ-
ous investigations (Rivkina et al, 2007; Wagner et al.,
2007).

Further evidence that methane was indeed produced in
situ is given by the profile of TOC. Maximum methane
concentrations and highest TOC values of up to 8.7%
were measured in the same sediment layers. As methane
is the final end-product of anoxic organic matter degrada-
tion the elevated methane concentrations most likely
originate from the high amount of organic matter in the
same sediment layer. However, besides the amount of
organic matter, also its availability for microbial degrada-
tion (Hogg, 1993; Wagner et al., 2007), as well as the
distribution of methanogens along the sediment profile
(Fig. 2), may explain the large variability of methane con-
centrations in the core profile (Fig. 1).

The stable carbon isotope signatures of methane in the
studied core indicates conclusively that elevated methane
concentrations in the deeper part of the core (Fig. 1) are
of microbial origin. Methane produced during methano-
genesis is strongly depleted in '*C resulting in 8'CH,
values in the range of -55 to —-90%. VPDB (Rice, 1992;
Thomsen et al., 2001, Webster, 2005). The low §'°*CH,
value of —72.2%. VPDB and the high methane concentra-
tion in a sediment depth of about 58 mbsf indicate that
methanogenic archaea actively form methane at in situ
temperatures of —1.5°C. Flooding of the terrestrial perma-
frost resulted in a significant temperature rise from —12°C
in the terrestrial permafrost to about —1.5°C in the subma-
rine permafrost (Rachold et al., 2007). The microbial deg-
radation of the available organic matter in the submarine
permafrost was most likely enhanced as a result of this
post flooding temperature rise. This interpretation is in
accordance with results from terrestrial Holocene perma-
frost deposits from the Lena Delta, indicating modern
methanogenesis in the frozen ground by cold-adapted
methanogens at temperatures as low as —-6°C (Wagner
et al., 2007).

The DGGE profile of 16S rRNA genes was used to
study the distribution of methanogenic archaea along the
submarine permafrost sediments and to get a deeper
insight into the phylogenetic relationship of the methano-
genic community in comparison to terrestrial permafrost
deposits. The DGGE fingerprints showed significant dif-
ferences within the depth profile of submarine permafrost.
Particularly, the analysis revealed a more divers metha-
nogenic population in the frozen sediments in a depth of
around 58 mbsf. In this layer, up to 9 DGGE bands were
found with a noticeable density in comparison to the other
depths. This increased diversity is comparable with the
diversity of methanogens within the active layer of perma-
frost soils from the same study region (Ganzert etal.,
2007).
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Sequences obtained from the DGGE bands affiliated
with  Methanosarcinaceae, Methanomicrobiaceae and
hitherto uncultured archaea, while species of the families
Methanobacteriaceae and  Methanosaetaceae, as
reported in other studies on archaeal diversity in Arctic
permafrost environments (Hoj et al., 2005; Ganzert et al.,
2007), were not detected. A total of 18 sequences out
of 26 belonged to Methanosarcinaceae and only 2
sequences belonged to Methanomicrobiaceae. Further 6
sequences were affiliated with uncultured archaea. This
result suggested that the methanogenic community in
submarine permafrost prefer among other substrates C1
compounds such as methanol and methylated amines.

The phylogenetic analysis showed that nine of the
Methanosarcinaceae-like sequences were related to the
genus Methanosarcina and further nine sequences were
affiliated with the genus Methanococcoides (Table 1).
Previous studies of permafrost-affected soils from the
Laptev Sea coast reported that about 50% of the detected
sequences were related with the order Methanomicrobi-
ales, which is characterized by hydrogenotrophic metha-
nogens, while the remaining sequences mainly affiliated
to Methanosarcina-like methanogens and uncultured
archaea (Ganzert etal., 2007). However, on the other
hand latter study did not find any sequences related to
Methanococcoides (Table 1). Also data from Late Pleis-
tocene permafrost sediments from the Lena Delta showed
a dominance of Methanomicrobiales-related sequences,
while sequences related to Methanococcoides were not
detected (G. Jurgens and D. Wagner, unpubl. results,
Table 1).

The observed differences between the microbial com-
munity composition in submarine permafrost (particularly
in the zone of high methane concentration) and its terres-
trial counterpart are particularly noteworthy, because sub-
marine permafrost sediments developed by the flooding
of terrestrial permafrost due to sea level rise or coastal
erosion (Rachold et al., 2007). We therefore expected a
similar composition of the microbial community in the sub-
marine as in the terrestrial permafrost but found distinct
differences. The difference in the methanogenic commu-
nities in both permafrost types indicate that the environ-
mental changes affecting submarine permafrost as
flooding of the coastal areas, possibly caused the
observed variation in the microbial community structure.

The Methanococcoides-related sequences were found
mainly in the submarine permafrost layer with the highest
methane concentration. Moreover, in this zone sequences
are accumulated, which are closely related to uncultured
archaea. However, so far the genus Methanococcoides
comprises three species; two of them were isolated from
polar regions. Methanococcoides burtonii was isolated
from the anoxic hypolimnion of the Ace Lake, Antarctica
(Franzmann etal, 1992), and Methanococcoides

© 2008 The Authors
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alaskense was obtained from marine sediments from
Skan Bay, Alaska (Singh et al., 2005). Both organisms are
cold-adapted with a minimum temperature for growth of
1.7 and —2.3 respectively. This shows that at least Metha-
nococcoides relatives can be active and grow under in
situ temperature conditions of the submarine permafrost
sediments.

Another reason for the dominance of Methanococ-
coides relatives might be the elevated sulfate concentra-
tion in the zone between 57.7 and 58.2 mbsf, which was
10 times higher (between 1.5 and 2 mmol I sulfate; P.
Overduin, pers. comm., 2008) in comparison to the sedi-
ment layers above and below the zone of highest
methane concentration. If sulfate is present, sulfate
reduction is the major catabolic process due to the higher
affinity of sulfate reducers for hydrogen and acetate and a
higher energy yield of sulfate reduction in comparison with
methanogenesis (Winfrey and Zeikus, 1977; Schénheit
et al., 1982; King, 1984). Under these conditions metha-
nogenesis is very low (Franzmann etal., 1991; Senior
et al., 1982) and only favoured if using competitive sub-
strates like methanol or methylated amines (Oremland
and Polcin, 1982; Ferdelman et al., 1997), as it is the case
for Methanococcoides in this zone.

Six of the Methanosarcina-like sequences (subM_
C2_1227a, subM_C2_1227b, subM_C2_1231a, subM_
C2_1231b, subM_C2_1246f, subM_C2_1249a) clustered
with cultured methanogens (e.g. Methanosarcina barkeri,
Ms. thermophila) and several environmental sequences
with the closest relatives from rice field soils (Ramakrish-
nan et al., 2001), freshwater-lake sediments (MacGregor
et al., 1997) and gas hydrate sediments (Marchesi et al.,
2001). One of these sequences (subM_C2_1246f) was
most closely related to the Permafrost Cluster | isolated
from the terrestrial permafrost of the Laptev Sea hinter-
land (Ganzert etal, 2007). The remaining three
sequences (subM_C2_1245a, subM_C2_1249b, subM_
C2_1249d) form the Submarine Permafrost Cluster |,
which are most closely related to clone Shen-A18
(Ramakrishnan et al., 2001) and clone D64AR30R40
(Peng etal, 2008) from rice field soils. One of the
sequences in this cluster was recovered from the sedi-
ment layer with the highest methane concentration, while
the remaining two sequences were obtained from the
depth between 61.4 and 61.7 mbsf characterized by low
concentration of organic carbon and methane.

The closest relative of the Methanococcoides-like
sequences is Methanococcoides burtonii (Franzmann
et al.,, 1992), a cold-adapted species isolated from the Ace
Lake, Antarctica. Four sequences (subM_C2_1247a,
subM_C2_1248a, subM_C2_1249c, subM_C2_1250a)
form the Submarine Permafrost Cluster Il, which were
obtained from three different sediment layers (58.65,
61.70, 62.60 mbsf) below the zone of maximum methane
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concentration.  Further three sequences (subM_
C2_1243a, subM_C2_1246a, subM_C2_1246b) form the
Submarine Permafrost Cluster Ill. Two of them originated
from the zone of highest methane concentration and one
from the layer above this zone. Additional two sequences
(subM_C2_1246c, subM_C2_1246d) recovered also from
the zone of maximum methane concentration belonging
to the group of Methanococcoides.

Only two sequences (subM_C2_1255a) were affiliated
with Methanomicrobiaceae. The closest relative to the first
sequence subM_C2_1247b, obtained from the bottom of
the submarine permafrost above the unfrozen sediments,
is Methanoculleus chikugoensis isolated from paddy field
soil in Japan (Dianou et al., 2001). The second sequence
subM_C2_1255a, recovered from the sediment layer
above the zone of highest methane concentration, is
closest related to Methanogenium frigidum isolated from
the Ace Lake, Antarctica (Franzmann et al., 1997).

The final six sequences, which were mostly recovered
from the zone of highest methane concentration, were
closest related to uncultured archaeal sequences (simi-
larity between 91% and 99%). Sequence subM_
C2_1245c was closest related to a sequence obtained
from an acidic peat bog from Siberia (Jurgens et al.,
2000). Sequence subM_C2_1241c was closest related to
a sequence from a minerotrophic fen peatland in central
New York State (Cadillo-Quiroz et al., 2008). The final four
sequences (subM_C2_1245b, subM_C2_1245d, subM_
C2_1245e, subM_C2_1246e) form Submarine Perma-
frost Cluster V.

The sequences that were assigned to the submarine
permafrost clusters might include methanogenic archaea
characterized by specific adaptation mechanisms main-
taining their survival and metabolic activity under the
harsh environmental conditions of the permafrost environ-
ment. Previous studies on the response of methanogenic
archaea, isolated from Siberian permafrost-affected soils,
against different environmental stress conditions, showed
a remarkable resistance of these organisms against
extreme low temperature (down to —78°C), high salinity
(up to 6 M NaCl), starvation (up to 3 months) and desic-
cation (up to 25 days; Morozova and Wagner, 2007).
Obviously, permafrost environments force the adaptation
of microbial communities to low temperature conditions
with species, which have been untraced in temperate
ecosystems so far.

In conclusion, this study has provided the first knowl-
edge of the methanogenic community composition in sub-
marine permafrost sediments from the Laptev Sea coast.
The results indicated a dominance of methylotrophic
methanogenic archaea, particularly in the zone with
maximum methane concentration, low §'°*CH, values, and
elevated sulfate concentrations (up to 2 mmol I'), which
is contrary to detected archaeal groups in previous

studies on Siberian permafrost environments. The
observed differences in the methanogenic community
structure in submarine permafrost sediments in compari-
son to its terrestrial counterpart may result from the up
to-10°C higher in situ temperature of submarine perma-
frost. To understand the carbon dynamics in permafrost
environments under changing environmental conditions, it
is of particular interest to know how the changes in the
microbial community structure affect the decomposition of
organic carbon under anoxic conditions. Therefore, sub-
marine permafrost is considered as an ideal natural labo-
ratory to study the impact of changing environmental
conditions, particularly increasing permafrost tempera-
tures, on the structure and function of microbial commu-
nities in climate-sensitive permafrost habitats.

Experimental procedure
Investigation area

The studied core was retrieved from the Laptev Sea shelf
near Cape Mamontovy Klyk, north-east Siberia (73°42'N,
117°10’E, Fig. 4). The investigation area is characterized by
an Arctic climate, with low mean annual precipitation (less
than 300 mm), short summers and, long and very cold
winters (Grosse, 2005). This climate leads to the develop-
ment of the typical landscape in the terrestrial hinterland
known as the Arctic tundra. The entire area is located within
the zone of continuous permafrost (Rachold et al., 1996). In
contrast to the temperature minimum measured in terrestrial
permafrost of this region (-13°C, Wagner et al., 2007), the
average temperature in the submarine permafrost amounted
to —1.5°C (Rachold et al., 2007).

Drilling program and sample communication

During the COAST expedition in spring 2005 five sediment
cores were drilled in a transect from the Laptev Sea coast at
Mamontovy Klyk to the shallow Laptev Sea shelf (73°42'N,
117°10’E). The Laptev Sea shelf was selected as suitable
area for the coastal drilling transect, because the region
between Olenyek and Anabar River Delta was not influenced
by fluvial waters and deltaic depositions (Overduin, 2007).
The goals of the COAST expedition were to analyse
geochemical processes related to the interactions between
sea water and permafrost as well as the characterization of
microbial processes and communities. Analyses were con-
ducted to trace the transformation of unchanged terrestrial
permafrost via offshore permafrost to submarine permafrost.
Detailed data on drilling are presented elsewhere (Overduin,
2007; Rachold et al., 2007).

Five cores of up to 77 m length were drilled on the Laptev
Sea shelf and the coast. Drilling was carried out using a
drilling rig (URB-2A-2) with a hydraulic rotary pressure
mechanism. Driling was conducted dehumidified and
without flushing so that the natural structure of the drill cores
remained intact. The core segments were transported in
frozen condition to the Alfred Wegener Institute in Bremer-

© 2008 The Authors

Journal compilation © 2008 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 11, 657-668

23



PUBLICATIONS - First publication

Archaeal community in submarine permafrost 665

distance [km)°

20 coastal

5 bluff

L]

E

§ % Tl lley c3

T 40" C5

% 50 unfrozen sediment
% = frozen sediment

V777, Subsea permafrost extent I

Fig. 4. (A) Investigation area of the Laptev Sea in north-east Siberia. (B) The right-handed small figure (with courtesy of G. Grosse, UAF) shows
the exact position of submarine permafrost core 2 and (C) the left-handed figure shows its depth profile (Overduin et al., 2008, modified).

haven, Germany and archived at —22°C. Core segments
from drill holes were split along their vertical axis into two
halves under aseptic conditions with a diamond saw in an ice
laboratory at —15°C. One half of each core was photo-
graphed and stored in a climatic room at —22°C at the Alfred
Wegener Institute for future reference. Afterward, the other
half of the core was cleaned with a sterile knife for lithological
and geocryologically descriptions (Overduin, 2007). Sub-
samples (small cylindrical pieces of approximately 10g
each) of each segment were extracted for analysis of the
TOC and methane concentrations as well as stable carbon
isotope signatures in the frozen sediments. The remaining
material of each subsample was thawed at 4°C and homog-
enized under anoxic and sterile conditions for analysis of the
microbial communities. Subsamples for the different analy-
ses were filled into sterile plastic Nalgene boxes. Samples
were used directly for the analyses or refrozen for later
investigations at —22°C.

Soil properties

The core C2 (Fig. 4) was chosen for the current study. The
drill site was most distant (11.5 km) from the coast. A channel
temperature sensor was installed after drilling and the mea-
sured temperatures varied between —1°C and -1.7°C. The
depth of water was approximately 6.0 m with a sea ice thick-
ness of 1.4 m and a bottom water salinity of 29.2%.. The
drilling reached frozen sediment at a depth of 35.5 mbsf. As
from approximately 36—-40.3 m the sediment is again unfro-
zen and as well at depth 64.7 unfrozen sediments were

© 2008 The Authors

discovered (P. Overduin, pers. comm.), the definitive upper
permafrost boundary is still open to interpretation.

A precise description of the lithological profile of core C2 is
given by Overduin (2007). Briefly, the sediments in all depths
contain brownish and dark grey, fine sand. The sediments
between 51.5 and 64.7 mbsf have found embedded deposits
of dark plant and wood remains. The typical cryogenic struc-
tures of submarine permafrost deposits are visibly. The core
age was determined for two selected samples with 86 ka
(44.5m) and 111 ka (77 m) by IR-OSL at the Institute of
Geology, Tallinn University of Technology, Research Labora-
tory for Quaternary Geochronology (A. Molodkov).

Vertical profiles of sediment CH, concentrations were
obtained from each segment by extracting CH, from sedi-
ment porewater after thawing frozen subsamples (approxi-
mately 10 g). The samples were placed in glass bottles (c.
50 ml) containing 20 ml of a saturated NaCl solution and
sealed gas tight with black rubber stoppers. The thawed
samples were shaken and the CH, headspace concentration
was analysed with gas chromatography. Subsequently, the
stable carbon isotope composition of methane was deter-
mined.

For determining TOC and its stable carbon isotope sig-
nature subsamples were treated with H;PO, overnight to
remove inorganic carbon. Samples were subsequently
washed repeatedly with distilled water to remove the
remaining H;PO,. Samples were sieved (<2 mm), milled
in a planetary ball mill, dried at 105°C, and TOC was
finally measured with an elemental analyser (Elementar
VarioMAX).
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Methane analysis

Gas analysis was performed with an Agilent 6890 gas chro-
matograph equipped with a Carbonplot capillary column (@
0.52 mm, 30 m) and a flame ionization detector. Helium was
used as the carrier gas. The injector, oven and detector
temperatures were set at 45°C, 45°C and 250°C respectively.
All gas sample analyses in the various experiments were
done after calibration of the gas chromatograph with standard
gases. After calibration the analytical reproducibility is
> 98.5%. Details of methane analysis were described previ-
ously in Wagner and colleagues (2003).

Isotope measurement

The §'°C values of particulate organic carbon were measured
with an isotope ratio mass spectrometer (Finnigan Delta
Plus) equipped with an elemental analyser (CE 2500) and a
conflow Il interface. Samples were calibrated against external
standards (NBS 19, 1.95%. VPDB; IAEA C6, 10.8%. VPDB;
IVA soil standard —27.46%. VPDB). The §°C values were
expressed relative to the international VPDB standard.

Stable carbon isotope ratios of methane were determined
at the same isotopic ratio mass spectrometer (Finnigan Delta
Plus) equipped with a PreCon (Brand, 1995). Samples
(0.1-2 ml) were injected with a gas tight syringe (Hamilton)
through a sample port into the sample container that was
flushed with a constant flow (20 ml min~') of He (> 99.999%).
The PreCon was used to remove CO, from the samples,
subsequently combust methane to CO, at 1000°C, and to
concentrate the derived CO, in two serial cryotraps at
—196°C. The derived CO, was transferred via a GC (Agilent
6890, Pora Plot Q column) and a GC/C Ill interface (Thermo,
Bremen, Germany) to the mass spectrometer. '*C-isotope
measurements of methane could only be conducted if con-
centrations were higher than about 2 nmol g='. The reproduc-
ibility of the measurement was generally better than +0.5%o.
Isotope values are given as 8"°C (%o) calculated by the
formula: 8"°C = [(Rsample/ Rstandars) — 1], With R representing the
ratio between '*C and '2C in the sample and the standard
(VPDB R =0.0112372).

Molecular analyses

DNA was extracted from the submarine permafrost sedi-
ments using UltraClean™ Soil DNA Isolation Kit (Mo Bio
Laboratories, Carlsbad, USA). Methanogenic 16S rRNA
was amplified in a nested PCR protocol and analysed by
DGGE. In the first amplification the primers ArUn4F (5’-TCY
ggT TgA TCC TgC CRg-3') and Ar958R (5-YCC ggC gTT
gAV TCC AAT T-3') were used. In the second amplification
the primer combination GC-357F and 0691R specific for
methanogens (Watanabe et al, 2004) was applied to the
identical DNA fragments. The reaction mixture of 50 ul con-
tained 1x PCR buffer, 0.25 mM of each dNTP, 2 mM MgCl,,
0.4 uM of each primer, 2.5 Unit HotStarTag DNA Poly-
merase (Qiagen) and 1-2 ul of template. The PCR cycle for
the first amplification was 95°C in 10 min followed by 40
cycles of 94°C for 1 min, 57°C for 1 min and 72°C for 2 min,
followed by a final extension at 72°C for 10 min. The fol-

lowing PCR cycle was used for methanogenic amplifica-
tions: 95°C in 10 min followed by 30-35 cycles of 94°C for
1 min, 53°C for 1 min and 72°C for 2 min, followed by a
final extension at 72°C for 10 min. PCR was made using an
iCycler Thermal Cycler (Bio-Rad). Electrophoresis was per-
formed with 2% agarose gel in 0.5x TAE. Agarose gel was
stained with SYBR Gold (1:10 000 dilution, Molecular
Probes). Amplified fragments were separated on 8% poly-
acrylamide gels in 1.0x TAE with a linear gradient of
30-55% [100% denaturant was 7 M urea and 40% (v/v) for-
mamide]. DGGE was performed at 60°C and 100V for
840 min. The gels were stained with SYBR Gold (1:10 000
dilution, Molecular Probes) for 30 min, rinsed with distilled
water and photographed under UV illumination. DGGE
bands were cut from the gel using a sterile scapel, ream-
plified and PCR-purified as previously described (Ganzert
etal., 2007). Sequencing was done by MWG Biotech AG
(Martinsried, Germany).

Phylogenetic analysis

Sequences for methanogens were manually edited to get
sequences (Sequencer 4.7, Gene Codes, USA), and
contigs were assembled with the same program.
Sequences for methanogens were tested using Ribosomal
Database Project Il (RDP, Taxonomic Outline of the Bacteria
and Archaea, release 7.8, July 2007) and analysed using
the BLAST tool at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/blast/). Sequence
and descriptive data for development of the ARB tree were
downloaded from RDP (http://rdp.cme.msu.edu), EMBL
(http://www.ebi.ac.uk), European rRNA Database (http:/
bioinformatics.psb.ugent.be/webtools/rRNA/) and DSMZ
(https://www.dsmz.de). The selected reference sequences
were downloaded from NCBI/BLAST (http://www.ncbi.
nim.nih.gov/blast/Blast.cgi). Sequences for methanogens
were added to a prealigned database using the aligning
tools in the ARB program package (Technical University of
Munich, Munich, Germany). The phylogenetic tree
(maximum likelihood) was construced with filters termini and
pos_var_arc_1450_aug04 and the Xfig software for tree
view. All sequences determined in this study are edited with
the software Sequin and deposited in the GenBank data-
bases under accession number EU367469-EU367491 and
EU489460-EU489473.
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Abstract

Global warming accelerates the degradation of organic material in permafrost and
permafrost-affected soils in Arctic polar regions. The methane emissions from
thawing carbon-rich permafrost are a positive feedback to the global carbon cycle. In
order to understand the effects of increasing temperature on carbon dynamics, the
microbial community, and methanogenic diversity in the climate-sensitive Arctic
permafrost environments, submarine permafrost of -2°C was compared to i terrestrial
permafrost of -12°C. This temperature difference provides an opportunity to study
the effects of warming on permafrost and understand including changes in pore
water space, and chemistry. Methane concentrations varied in the submarine
permafrost sediments between 0 nmol CH4 g'and 284 nmol CH, g, and in the
terrestrial permafrost deposits between 0.4 nmol CH4 g'and 40 nmol CH4 g™'. 608
archaeal 16S rRNA sequences were analysed from samples taken from submarine
and terrestrial permafrost at three depths, respectively. Sequencing and phylogenetic
analyses of representative clones showed that most of the rRNAs were closely
related to Methanosarcinales. Quantitative analysis of bacteria and methanogenic
Archaea using TagMan gene expression assay for Real Time PCR indicated that the
rRNA copy densities of bacteria and methanogenic Archaea were approximately 10
times higher in the submarine than in the terrestrial permafrost. A similar trend was
found using FISH.

Running title: Microbial communities in permafrost sediments

Keywords: Clone, FISH, Methanogens, RT PCR, Permafrost
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Introduction

Perennially frozen ground (permafrost) in the northern hemisphere covers between
13 and 18 % of the exposed land surface area (Zhang et al., 2000). In addition, relic
terrestrial permafrost from the continental shelf areas exposed during last ice age
(Rachold et al., 2007) now lies undersea as submarine permafrost following sea level
rise that followed the last glacial maximum. Estimates of it's the extent of submarine
permafrost vary. The relatively warm arctic saline seawater (about -1.8°C; Wegner et
al., 2005) separates the submarine permafrost from the cold atmosphere and warms
the sediment. During the past thirty years changing climate has affected the northern
Arctic (ACIA, 2004). For example, the pack-ice cover has been dramatically reduced
(Stroeve et al., 2008), winter air temperatures have increased (ACIA, 2004), and
Atlantic water mass inflow into the Laptev Sea has increased (Taldenkova et al.,
2008). These changes will probably lead to increasing Arctic water temperatures and
may lead to increased rates of degradation of submarine permafrost.

In eastern Siberia, the temperature at the top of the permafrost has increased by
approximately 1.3°C since 1960 (Romanovsky, 2001). Anisimov & Nelson (1997)
estimate a 20-35 % reduction in permafrost distribution in the northern hemisphere
by 2080. Permafrost stores significant amounts of organic carbon and gas hydrates
within and beneath the permafrost. Permafrost warming has the potential to release
large amounts of greenhouse gases, such as methane, into the atmosphere. This
positive feedback to further climate change has been considered one of a dozen
globally significant tipping points in the Earth’s climate system (Lenton et al., 2008).
Koch et al. (2009) demonstrated methanogenic activity in submarine permafrost at a
depth of approximately 58 m and temperatures between -2°C and -1°C.
Methanogenesis can increase with increasing temperature. The rate depends to a
greater degree on the quality than on the quantity of the organic matter, subject to
the availability of qualitatively good microbial substrates (Wagner et al., 2007). As
permafrost degrades and becomes discontinuous, methanogenic activity will also
expand spatially (Christensen et al., 2004). A similar effect may affect microbial
processes in submarine permafrost that slowly thaws by geothermal heat from below
and by warmer saline sea water from above. High concentrations of methane have
been observed in submarine permafrost sediments (Koch et al. 2009).

We propose to use submarine permafrost as a natural laboratory in which to observe
effects of environmental changes on microbial activity in permafrost habitats.
Submarine permafrost as a natural laboratory is essential for understanding the long-
term effects on microbially produced gas hydrates to climate change. We investigate
how the temperature adaptations of the dominant archaeal populations are affected
by warming, because temperature is a fundamental environmental regulator for
microbiological activity. Temperature can also affect species composition and
microbial community structure. Long-term temperature increases due to climate
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change will vary the composition of archaeal communities - these changes may
further enhance the positive feedback to climate change.

The goal of this paper is to describe the prevailing communities of methane
producing archaea in cold terrestrial (12°C) and warm submarine permafrost (-2°C to
1°C). We ask: how does temperature affect the community composition in terrestrial
permafrost sediment? We use the archaeal community structure in submarine
permafrost sediment with mean temperatures between -2°C to 0°C as a model for
the archaeal community in terrestrial permafrost which will warm due to global
climate change.

Materials and Methods

We quantify the bacterial and methanogenic DNA (using Real Time PCR) and
measure the physiological condition of the bacteria and archaea (using fluorescence
in situ hybridization) in terrestrial and submarine permafrost samples. In both cases,
we characterize the permafrost temperature, pore space volume and pore water
geochemistry of the samples and describe how these change with warming.
Furthermore, clone library analyses were carried out to get a more detailed might the
archaeal community structure in both permafrost environment.

Study site and sampling

The Laptev Sea Shelf area near Mamontov Klyk is located at latitude 73°42°N and
longitude 117°10°E in northeastern Siberia. In 2005 five borehole cores from onshore
to offshore was drilled along a transect. The campaign and the core material are
described in Rachold et al. (2007). For this study, samples were selected from a
terrestrial permafrost core (C1) located about 100 m inland from the coastline and
from a submarine permafrost core (C2) located on the Laptev Sea shelf about 11.5
km from the coast. The core was cut longitudinally into quarters, one of them was
used for molecular-microbiological investigations, and one for sedimentological and
hydrochemical investigations. Three terrestrial permafrost samples one from the
active layer (0.50 m— 0.51 m) and two from the ice-bonded sediments (43.0 m— 43.02
m and 59.50 m — 59.52 m) as well as three submarine permafrost samples from two
ice-bonded sediments (56.0 m — 56.12 m and 58.0 m — 58.24 m) and one from the
unfrozen sediments (70 m) were taken for the molecular microbiological
investigation.

To understand the microbial environment, sediment characteristics and pore water
composition were investigated. The core sections tended to be longer for these
measurements in order to provide enough pore water for analysis. Sampling in C1
occurred over the intervals 0.42 m - 0.55 m for the active layer and 42.90m - 43.05
m, and 59.52 m - 59.66 m for the deep permafrost. Sedimentological hydrochemical
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samples from submarine permafrost were taken from the depths 55.91 m - 56.05 m,
57.88 m - 58.04 m and 70 m (Winterfeld, 2009).

Sediment Sampling and Characteristics

Coring procedures are described in Overduin et al. (2007). Borehole temperatures
were measured at the coring site using a thermistor string and an infrared device.
Both devices, uncertainties and the resulting data are described in Overduin et al.
(2008) and Junker et al. (2008). Core material remained frozen until the cores were
described and sectioned at the Alfred Wegener Institute in Potsdam, Germany.
Before thawing, core section volume and weight were measured. After thawing, 0.2
pm pore-size Rhizon™ suction lysimeters were used to sample sediment pore water,
and core sections were freeze-dried and weighed. Gravimetric and volumetric water
contents were calculated from section weights and volume.

Sediment pH was determined following German industrial standardized methods
(DIN 19684-1), for which 2.5g air-dried sediment and 6.125ml 0.01M calcium chloride
were mixed and pH determined with a bench top pH meter. Total organic carbon
(TOC) content of the sediment samples was measured on an Elementar Vario EL IlI
carbon, nitrogen and sulphur (CNS) device. Prior to analysis, samples were ground
and homogenized. Samples from which carbonates had been removed by heating for
three hours with 4% hydrogen chloride were combusted catalytically with oxygen.
Total organic carbon of the resulting gas phase was measured using thermal
conductivity in at least duplicate samples. Pore water electrical conductivity was
measured and adjusted to a reference temperature of 25°C. Sulphate and nitrate
concentrations were measured using a Dionex ion chromatograph. Total dissolved
iron and manganese concentrations were measured on samples acidified to below
pH 2 with Suprapure HNOj3; using inductively coupled plasma optical emission
spectroscopy (ICP-OES).

DAPI staining and fluorescent in situ hybridization (FISH)

Permafrost samples (0.5 g) for microscopy were fixed in 1.5 ml 3.7 % formaldehyde
(Formaldehyde Solution for molecular biology, 36.5 %, Sigma-Aldrich Chemie,
Steinheim, Germany) diluted with 1 x phosphate-buffered saline (PBS) at 4°C
overnight, washed thrice with 1 x PBS, transferred to an equal volume of
PBS/absolute ethanol and stored at -20°C. Fixed samples were treated to optimize
the dispersion with mixed 10% SDS/0.5 mM EDTA/0.1 % SPP (25 ml/ 250 pl/ 5ml)
and shacked at 150 rpm for 30 min at 35°C. The dispersed soil samples were
pipetted on slides (10 well, 6.7 mm, W/Adhesion, Menzel, Braunschweig, Germany)
with 10 wells. Replicated of 10 pl of fixed and dispersed permafrost soil sample were
dropped onto each well. Slides were dried at 45°C for 15 min and dehydrated in 50 %
for 1 min, 80 % for 1 min and 96 % for 3 min.
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FISH analysis with cyanine dye CY3-labeled oligonucleotide probes (final
concentration, 50 ng pl”', TIB MOLBIOL, Berlin, Germany) and DAPI (4°,6-diamidino-
2-phenylindole, Merck, Darmstadt, Germany) staining were performed. For FISH, a 1
Ml oligonucleotide probe, 9 ul hybridization buffers (0.9 M NaCl, 20 mM Tris-HCI, pH
8.0, 0.02% SDS, and formamide in concentration according to Table (1) were mixed
and dropped onto each well. The slides were transferred to an equilibrated 50 ml
polypropylene top tupe and incubated at 46°C overnight. Slides were then washed at
48°C for 20 min in washing buffer (20mM Tris-HCI; pH 8.0, 5 mM EDTA, 0.01% SDS
w/v and 225 mM NaCl according to a formamide concentration (see Table 1) in the
hybridization buffer). Afterwards they were rinsed with milliQ water three times and
dried in an air stream. Subsequently, DAPI staining and mounting media were carried
out according to Liebner et al. (2007).

Table 1. rRNA-targeted oligonucleotide probes used for FISH

Probe Target group Target site FA (%) References

EUB338 1 Domain Bacteria 16S rRNA (338) 35 Amann et al. 1990

EUB338 Il Domain Bacteria 16S rRNA (338) 35 Daims et al. 1999

EUB338 Il Domain Bacteria 16S rRNA (338) 35 Daims et al. 1999

NON338 Control probe 16S rRNA n.d. Wallner et al. 1993
(complement. to EUB338)

ARC915 Domain Archaea 16S rRNA (915) 20 Stahl and Amann 1991

MER 1 Methanogenic Archaea 16S rRNA (MER 1) 10-20 Hales et al. 1996

Cell count determinations

Cell numbers were calculated by DAPI and by FISH using the oligonucleotid probe
for Bacteria (mixed of EUB I, Il and Il Cy3), for Archaea (ARC915 Cy3), and for
methanogens (MER Cy3). Microscopy was constructed with a Zeiss Axioskop 2
equipped with filters 02 (DAPI), 10 (FLUOS) and 20 (Cy3), mercury-arc lamp and an
AxioCam digital camera. For each hybridization and sample at least 1000 DAPI-
stained cells were counted on 20 randomly chosen counting squares (Bockelmann et
al., 2003). Microscopic performance was carried out using 100 x 100 magnifications
giving an area of 0.014884 mm? per counting square. Independent checks for non-
EUB338 hybridization by FISH procedure were negative. Total cell counts and FISH
cell counts were calculated for 0.5 g wet permafrost sediments.

Total DNA extraction

From each sample was weighted 500 mg for the DNA extraction. Nucleic acids were
extracted from terrestrial permafrost sediment core (C1) at three depths and from
submarine permafrost sediment core (C2) at three depths using Power Soil™ DNA
Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, USA). The extracted DNAs were
used for molecular cloning and RT PCR using a TagMan probe and primer set.
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Real-time PCR analysis

Pseudomonas fluorescens for the measuring of bacterial 16S rRNA copy number
and Methanosarcina spec. stain SMA-21 (Morozova & Wagner, 2007) for the
measuring of methanogenic 16S rRNA copy number were selected as standard
DNAs for real-time PCR and extracted from our pure culture using UltraClean™ Soil
DNA Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, USA). Those DNAs were
diluted with pure water and measured DNA concentration in ng/ul using
NanoPhotometer™ (UV/Vis spectrophotometer, Implen, Munich, Germany).

The amplifying primer set for Bacteria (Bact-0348 forwards and Bact-0786 reverse
and the double-dye probe of Bact-0515) and methanogenic Archaea (MArch-0348
forwards and MArch-0786 reverse and the double-dye probe of MArch-0515) were
checked with primer match by ARB and were used for measuring of bacterial and
methanogenic 16S rRNA copy number. The double-dye probe was labelled with
6FAM at the 5’end and BBQ at the 3 end.

RT PCR was constructed with a Rotor-Gene™ 6000 real-time rotary analyser
(Corbett Research Pty Ltd, Mortlake, NSW, Australia) and TagMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA, USA). Reaction mixtures for the
TagMan PCR were prepared in which the concentrations of each primer and the
TagMan probe, respectively, were optimized. Each sample was serially diluted and
tested to determined PCR efficiency to see if there are any PCR inhibitors present
(Zhang et al., 2006). The quantitative measurement by RT PCR was constructed in
triplicate.

The RT PCR amplification for bacteria followed a three-step (40 cycles) with HOLD-
program (50°C for 2 min, then 95°C for 10 min), 20 s denaturation (95°C), 20 s
annealing (50°C) and, 30 s elongation (72°C). The regression range of the standard
curves with six dilutions (10" - 10°) obtained by real-time PCR measurements was
0.998 - 0.999.

A nested RT PCR based Halliday et al. (2005) and Takahashi & Nakayama (2006)
was designed and modified for detection of methanogenic archaea. Oligonucleotide
primer pairs (ArUn4 forward and Ar958 reverse) were used in the first-round PCR
amplification. The reaction mixture of 25 pl contained 1 x PCR buffer, 0.25 mM of
each dNTP, 2 mM MgCl,;, 0.4 uM of each primer, 2.5 Unit Hot StarTag DNA
Polymerase (Qiagen, Hilden, Germany), and 1 pl of DNA from permafrost sample
and of SMA 21. DNA amplification was performed by incubation at 95°C for 10 min,
followed by 35 amplification cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1
min, and a final extension at 72°C for 10 min. After this first amplification followed a
three-step (40 cycles) with HOLD- program (50°C for 2 min, then 95°C for 10 min),
20 s denaturation (95°C), 20 s annealing (55°C) and, 30 s elongation (72°C). The
regression range of the standard curves with dilutions (10" - 10”) obtained by second-
round real-time PCR measurements was 0.993 — 0.996.

31



PUBLICATIONS - Second publication

In order to calculate the initial copy number of methanogenic archaea in samples
before passing them through the extraction and the two PCR amplification steps, the
equation on the basis of Takahashi & Nakayama (2006) was modified and formulated
for this study as follows.

(1)a:b=c:d;a=bxc/d
In equation (1), a represents the initial copy number of methanogenic DNA in the 500
mg of permafrost sample; ¢ represents the initial copy number of the control (SMA
21, 10° copies of d) calculated after measurement with the NanoPhotometer™
(Implen), and b and d represents the copy numbers of methanogenic DNA and the
control (SMA 21), respectively, after second-round RT PCR.
All RT PCR amplifications were analysed with automatic setting of the baseline and
threshold values, using the standard curve method (the log of initial DNA
concentration in standard templates).

Table 2. Combinations of Clone-PCR primer, Real-time primer and probe set

Target Primer name and Sequence* (5°-37) References

S-P-March-348-S-a-17

Methanogenic (GYGCAGCAGGCECG ) Takai and Horikoshi (2000)
archaea S-D-Arch-0786-A-a-20 Sawayama et al. (2004)
(RT-PCR) (GGACTACVSGGGTATCTAAT) Sawayama et al. (2006)

S-P-March-515-S-a-25
(TGCCAGCMGCCGCGGTAAYACCGGC)

S-D-Bact-0348-S-a-17

(AGGCAGCAGTDRGGAAT)
Bacteria S-D-Bact-0786-A-a-20 Takai and Horikoshi (2000)
(RT-PCR) (GGACTACYVGGGTATCTAAT) Sawayama et al. (2006)

S-D-Bact-0515-S-a-25
(TGCCAGCAGCCGCGGTAATACRDAG)

ArUn4f
Hershb t al. (1996
(TCYGGTTGATCCTGCCRG) ershberger et al. (1996)
b Banning et al. (2005
(TCCGGTTGATCCTGCC) anning et al. (2005)
o doning w109t Grosskopf et al. (1998)
(PCRfor cloning  (ACKGCTCAGTAACACGT)
Z”mdpﬂ];icaﬁon . March3asf Sawayama et al. (2006)
YGCAGCA AAA
RT PCR) (GYGCAGCAGGCGCGAAA)
Areooer DeLong (1992)
(YCCGGCGTTGAVTCCAATT)
Arc1492r Lane (1991)

(GGCTACCTTGTTACGACTT)
*D=G,AorT;H=A,TorC; K=GorT;M=AorC;R=Ao0orG;S=GorC; W=AorT;Y=CorT.
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PCR ampilification

For DNA samples at depths 56 m, 58 m, 70 m (submarine permafrost) and 0.5 m
(permafrost-affected soil), amplification used Archaea specific primers 8F and
1492R. PCR incorporated a hot start of 95°C for 10 min, followed by 50-55 cycles
depending DNA samples (94°C for 1 min, 61°C for 1 min, and 72°C for 2 min) with a
final extension at 72°C for 30 min. Two times PCR per DNA sample from 43 m and
59.5 m (both deep terrestrial permafrost) were necessary to get sufficient PCR
product for building gene libraries, because the DNA templates of primary
amplification were very weak. Archaeal 16S rRNA was amplified in a PCR with
shorter bp products. In the amplification, the primers 109f and 958r were used with a
start of 95°C for 10 min, followed by 42 cycles depending DNA samples (94°C for 1
min, 61°C for 1 min, and 72°C for 2 min) with a final extension at 72°C for 30 min.
Clone yield from the submarine permafrost sample at 58 m was weak. Therefore, the
amplification with the primer pairs 348 and 958 was performed by 38 cycles
depending DNA samples (94°C for 30 sec, 53°C for 30 sec, and 72°C for 45 sec)
with a final extension at 72°C for 10 min.

For a 50 pl reaction contained 25 pl of MangoMIX PCR buffer including
deoxynucleoside triphosphate mix (Bioline, Luckenwalde, Germany), 0.5 pl of 50mM
MgCly, 1 pl of forward primer (20 uM), 1 pl of reverse primer (20 uM), 2ul of template
DNA and PCR water (Bioline) to the 50 pl volume.

Construction of clone libraries and sequencing

The PCR products for each sample were ligated into pGEM®-T Easy vector
(Promega GmbH, Mannheim, Germany) and transformed into JM 109 High Efficiency
Competent cells (Promega) on LB medium containing 20 mg/ml of ampicillin (D[-]-a-
Aminobenzylpenicillin, Sigma-Aldrich Chemie). Before the Ligation, 100 pl of 100 mM
IPTG (SERVA Electrophoresis, Heidelberg Germany) and 20 ul of 50 mg/ml X-Gal
(Eppendorf, dissolved in N,N"-dimetyl-formamide) were spread over the surface of a
LB plate with ampicillin and allowed to absorb for 30 minutes at 37°C. The resulting
clones were screened for ribosomal DNA. Recombinants each from the terrestrial
permafrost sediment and submarine permafrost sediment libraries were inoculated
onto fresh fluid LB medium including ampicillin and then incubated overnight at 37°C.
Just-visible smears of each colony were transferred to the bottoms of individual wells
in a 96-well microtiter plate by using autoclaved toothpicks. A master PCR mix was
made up containing, for each reaction of 30 pl, 1 yl cloning culture (diluted in 1:10
bidest. water), 15 pl of MangoMix PCR buffer including deoxynucleoside
triphosphates (Bioline), 0,1 pl of primer M13F (100uM, 5-GTAAAACGACGGCCAG-
*3), 0,1 pl of primer M13R (100uM, 5-CAGGAAACAGCTATGAC-"3), and 10.80 ul of
sterile water. Aliquots (30ul) of the master mix were added to each well, and PCR
was carried out under the conditions: hot start 94°C for 3 min, followed by 30 cycles
(94°C for 1 min, 55°C for 1 min, and 72°C for 3 min) with a final extension at 72°C for
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10 min. Subsamples (25 pl) of each PCR mixture were purified using Sepha dex™ G-
50Superfine (GE Healtcare, Biosciences AB, Uppsala, Sweden).

The sequencing unique clones were carried out by MWG and GATC (MWG,
Martinried Germany, and GATC Biotech AG, Konstanz, Germany). An aliquot of the
PCR product from 660 randomly chosen positive clones (336 from the three different
submarine permafrost sediment samples and 326 from the three different terrestrial
permafrost samples) was sequenced by using the universal sequencing primer M13F
and M13R, respectively.

Sequence analysis

Sequences for Archaea were edited following Koch et al. (2009) and were checked
for chimeras with the Chimera-Check of the Ribosomal Database Project (RDP,
Michigan State University). The resulting sequences, each comprising > 592 bp
(depends using of primer combinations), were aligned into the ARB 16S rRNA
database and against reference archaeal sequences. Following alignment, the
sequences were analyzed by using ARB programs. All sequences were compared to
> 97 % similarities as clone sequences and showed in four phylogenetic trees. These
sequence data have been submitted to the GenBank database under accession No.
FJ982666 — FJ982776.

Estimation of diversity indices (Shannon diversity index 'H', Chao1 and the ACE
richness estimators, and the Simpson evenness index) were performed with DOTUR
(Schloss and Handelsmann, 2005). Library coverage was calculated described by
Hgj et al. (2008).

Results

Environmental characteristics

Cores from terrestrial and submarine permafrost have been shown elsewhere to
contain similar terrestrial permafrost deposits (Rachold et al. 2007). Since its
inundation as a consequence of tectonics, sea level rise and/or coastal erosion,
however, submarine permafrost has been submerged for about the last 2500 years,
based on current shoreline retreat rates. Its temperature is about 10 °C higher than
that of terrestrial permafrost, which has consequences for the volume of pore space
inhabitable by microbes and for the hydrochemistry of the water in that pore space.

Temperature and gravimetric water content for both cores are shown in Figures 1
and 2. The terrestrial permafrost is cold, at between -12 and -13°C below the depth
of diurnal to seasonal fluctuations (about 20 m). The profile shown here represents
conditions in April of 2005, so that the trend to colder temperatures at the ground
surface is due to end of winter conditions. The permafrost at submarine permafrost is
11 °C warmer, between -1 and -2°C, and shows little variation with depth, which is
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typical for profiles in which phase change, in this case from ice to water, is taking
place (Overduin et al. 2008).

In the terrestrial permafrost samples (42.9-43.05 m and 59.52-59.66 m), the in situ
temperature was -12.6 °C, and water contents for both samples were 35% (vol.) and
20% (grav.), respectively, reflecting the low salinity of the pore water (0 and 1.0 %o;
100 and 1840 uS/cm, respectively). The upper submarine permafrost samples (56.0-
56.12 m, 58.0-58.24 m) were at about -1.45°C in situ, while the deepest one (70 m)
was at -0.9 °C. Total volumetric water contents (ice + water) for the upper samples
were 35 and 38 %, respectively, by volume, translating to gravimetric water contents
of 25 and 39% respectively. Both samples were probably close to the melting point in
situ, but frozen (i.e. most of the pore water was present as ice). The ice was present
as pore ice (massive ice), so that the sediment was ice-bonded, with individual small
ice lenses. At 70 m depth in the submarine core, the in situ temperature of -0.9 °C, it
is unlikely that any ice remained (Overduin et al., 2008). The sediment was plastic
(i.e. deformable) when recovered from the drill casing. Based on the sediment (a silty
fine sand, dark grey in colour), the volumetric water content was probably 25-30%.
Variations in salinity over depth were observed in both cores, but were much greater
in the submarine sediments due to diffusion of sea water into the sediment from
above and to deposition of marine sediments at the lower end of the core. No
sediments in the terrestrial core showed direct marine influence although salinities
were high (up to 2000 uS/m) in the lower portion of the core. Overduin et al. (2008)
describes the influence of brines on the liquid water and ice contents of the sediment,
and shows that a third of the pore space can remain unfrozen even at temperatures
as low as -10 °C at the salinities described here. Of the samples analysed here, only
the pore water from submarine permafrost at 70 m was saline, with a conductivity of
24000 uS/cm and a pH of 7.8. In the submarine permafrost, the thawed and
extracted pore water had electrical conductivities of 640 (0.3 %o0) and 600 pS/cm (0.2
%o0) and pHs of 7.5 and 7.0, respectively, while the terrestrial permafrost had salinities
of 172 (0 %0) and 1940 uS/cm (1.1 %0) and pH values of 6.4 and 7.6.

Pore water chemistry was dominated by Ca, Na, ClI and SO, Sulphate
concentrations in the freshwater sediment were usually less than 20 mg/l, but a peak
of up to 200 mg/l occur around 58 m in the submarine sediment. Iron concentrations
lay below detection limits at 56 m, but at 36 pg/l at 58 m. Numerous shallower
samples (54-55 m) contain higher (detectable) [Fe]aq (up to 600 pg/l).

In the terrestrial permafrost sediments (Fig. 1 (d)), from 0-0.7 m and from 22.16-
60.69 m (between 0.7 m and 22.16 the core contained almost purely ice), the
methane concentration lay between 0.5 and 39.8 nmol CHs; g~ sediment. The
methane concentrations in the submarine permafrost sediments (Fig. 2 (d)) varied
with depth from 40.5 m to 63.4 m and lay between 0 and 284 nmol CH, g™’ sediment.

35



PUBLICATIONS - Second publication

(pauip) NIQ Aq Buisn anjea-Hd,

eu 0€08LL G61l eu el 0LG1L 650 200 LLL (z2) w000
N3IZOd4dNN
(0]% 0ceElL A4 06 L0 Ll6 128 S0'0 S0°L (Z0) W +0°8S - 89°/S
Ge 0oz vl 6¢ v'0> Lyve SZ'0 S0°0> ov'.L  (ZO) W G09S - L6'SS
N3Z0¥4d
L1SOH4VINYId INIMVYINENS
I > 0,56 vlE 9l 0> L19¢ 210 G000 > 181 (LO) W 99'6S - 2565
I > 0.6 1744 €6 L9 geey Geo G000 > 09 (LO)wsoey - 06°ZF
1S0dH4VINHId ¥3d33d
‘9 00v 14 0L l€9 08S¥¢ G6'S L0 g8’y (LD) WSS 00 - 2+ 00
T0S d310344V-1S0ddVINE3d
1SO¥H4VINYIC TVIHLSIHNEIL
[1owir] [%] [%]
(inowrl)  (ygowrl) (yjowrl) (yjowr) (yjjowr) uoquey uoqied :omm:_z LNeA sa|dweg juswipag
jeydsoyd eN jejng up 94 oluebio ouebip - -Hd
panossig  |goy 1%L

uoesjuaduod jjes ybiy ayj o} anp uazoyun S| w g/ je
jsoyeuniad aunewqgns (Apnjs siyj ul pajebiysaaul sajdwes jJuawipas 10} suondiuiasap |esjwayd pue [eaisAyd jo Alewwng “¢ ajqel

36



PUBLICATIONS - Second publication

Abundance of methanogenic and bacterial microorganisms

The results of the real-time PCR analysis (Fig. 1 and 2, both (f)) indicated that the
number of bacterial rRNA gene copies is approximately 100 times higher than the
number of the methanogenic rRNA gene copies. The number rRNA gene copies of
bacteria was 1000 times more than the total cells counts determined by DAPI (Fig. 1
and 2, both (e)). The numbers of methanogenic 16S rRNA gene copies were 1.90 x
10% and 1.42 x 10° g in the submarine permafrost sediments, and 4.48 x 10® and
3.38 x 10" g™, in the terrestrial permafrost sediments, using real time PCR analysis.
PCR analysis and the total cell counts showed that the highest relative abundance of
methanogens in the permafrost-affected soils is at 0.5 m, in the submarine
permafrost sediments at 58 m. The latter corresponds with the location of highest
methane concentrations. Generally, the numbers of rRNA copies of bacteria and
methanogenic archaea in the submarine permafrost sediments were approximately
10 times higher than in the deep terrestrial permafrost sediments.

(©) @ (e) (0

=3 DAPI 1 bacteria
== methanogens Ice

104

20 4

30 4

Depth (m)

PO G ——

40 -

5D-j
60 4 4
T T T LI

T T T T T T T T T
-16-12-8 -4 0 10 100 10001000000 15 3.00 1020304050 107 10° 10 10" 1w’ 11" 1" 110"

0SS —@ 85 B

temperature gravimetric salinity methane total cell count gene copy number
(°C)  water content (%) (nmol g) (cell g™ ww) (copies g™

(%)

Figure 1. Depth profiles of geochemical and microbiological markers along the terrestrial
permafrost core (C1)
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Figure 2. Depth profiles of geochemical and microbiological markers along the submarine

permafrost core (C2)

The FISH archaeal, methanogenic and bacterial domain-specific probes (Table 4)
were performed on each of the three selected terrestrial and submarine permafrost
sediments (Tab. 4). High cells counts of methanogens (not less than 2x10” cells g™')
and bacteria (not less than 1x10® cells g™') were found in the permafrost-affected soil
and in the submarine permafrost sediment at 58 m. The latter contained: archaea
22.4% 5.5, methanogens 15.5% £2.9, and bacteria 71.7% £15.9. The proportion of
methanogens of all archaea is 69%, which is the highest of all examined samples.
Low cells counts of methanogens and bacteria were found in the deep terrestrial
permafrost and unfrozen marine sediments. Moreover, at 43 m of the deep terrestrial
permafrost sediment and at 56 m of the submarine permafrost sediment, proportions
of methanogens of all archaea were at their lowest, which corresponded to lowest
methane concentrations.
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Phylogenetic analysis of archaeal communities

A clone library analysis with 119 operational taxonomic units (OTUs, identified with >
97% similarity, 608 sequences) was conducted, of which 70 OTUs (279 sequences)
were from terrestrial permafrost sediments, and 49 OTUs (329 sequences) were from
the submarine permafrost sediments.

Overall, four archaeal 16S rRNA gene libraries were constructed: Methanosarcinales
(Fig. 4a), Methanomicrobiales (Fig. 4b), Methanobacteriales (Fig. 4b) and
Crenarchaeota (Fig. 4 b). In particular, 88 OTUs belonged to Methanosarcinales, 1
OTU to Methanobacteriales, 10 OTUs to Methanomicrobiales and 20 OTUs to
Crenarchaeota (s. Figures 4 (a), (b), (c) and (d)). In five of the six different samples
the dominating group of OTUs was Methanosarcina. Only at the depth of 56 of the
submarine permafrost sediments Group 1.1b and Marine Benthic Group C of
Crenarchaeota was prevailing.

Four new clusters (SMPF 58m (2), DTP 59.5 m, PAS 0.5 m and DTP 43 m) were
formed in the library of Methanosarcinales. The clusters PAS and DTP 43 m were
closely related to Methanosarcina stain MS (Simanova et al., 2003) and clone ARG4
(Stein et al., 2001) from metal-rich sediments from Green Bay.

Most of the crenarchaeal OTUs have similarities to their next relatives. Sequences
isolated from cold habitats such as recently deglacialed soil, cold sulphidic marsh
water and deep cold-seep area.
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Figure 3. Differences in the abundance of archaeal subgroups founded in permafrost sediment
samples
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