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Summary

The effects of temperature on archaeal communityctres and methanogenesis
were studied in slurries of Arctic peat (pH 6.8)rfr Spitsbergen, Norway (78°N).
The overall process of methanogenic degradatidriagfolymers was poorly adapted
to low temperatures. The temperature responsev@ues) for the linear phase of
methane accumulation was 14.7 for the interval QG2 and the corresponding
Ratkowsky plot gave an apparent minimum temperatiré.5°C. The methane
accumulation at 1°C and 5°C corresponded to less .5% of the methane
accumulation at 25°C. Temperature affected the teatglevelopment in the slurries,
with conditions at 10°C approaching those seenigtieh temperatures towards the
end of the experiment (83 days). At 5°C and 10°€ dbcumulation of isobutyrate
was conspicuous. Fluorescenoesitu hybridization (FISH) analysis revealed a large
(11-12% of the total counts), unidentified, actarehaeal community at 1°C and 5°C.
Highly ordered sphere shaped aggregates were ddtdnt probes specific for
methanogenic archaea at temperatard9©°C. 16S rRNA based community profiles
showed that populations of methanogenic archaedd cguow at all tested
temperatures, and indicated that their dynamics wastrolled by substrate
availability. The results suggest that, for thedstd site, field emissions of methane at
low temperatures are due to a continuous suppbasily degradable substrates rather

than the degradation of complex organic polymers.

Introduction
Most climate models predict that by 2080, the sumi@@perature in Arctic regions
will increase by 4.0-7.5°C, and there will alsoibereased precipitation (Anisimov

and Fitzharris, 2001). Studies of wetlands in Ar&urasia have indicated that mean



seasonal soil temperature is a major controllirtofafor methane emissions from
these ecosystems (Christenseal., 2003). This potentially represent a positive
feedback mechanism on climate change, given thatittons such as soil moisture
and the supply of methanogenic substrates dohsotge (Hagt al., 2006;
Christensert al., 2003).

Despite the demonstrated impact of temperature ethane emissions,
relatively few controlled laboratory studies hapedfically addressed the effect of
temperature on methane production in Arctic anasttlr soils (Metje and Frenzel,
2005; Kotsyurbenket al., 2004; Kotsyurbenket al., 1996; Dunfieldet al., 1993;
Svensson, 1984). The temperature response of neefinaduction can be described
using the @ value, which is the increase in production ratemthe temperature
increases 1. Qo values from previous studies are in the range (B&sgmaret
al., 1998), and several reasons for this large varidtave been proposed. Both
differences in substrate supply (Bergnehal., 2000; Bergmaet al., 1998; Yavittet
al., 1997) and the fact that the methane producti@s@imay be different at the upper
and lower temperature (van Hulzetral., 1999) might have large effects. The
particular 10°C temperature intervals used in #leuwtations may also lead to
differences in the calculated §Yalues (Bergmast al., 1998). These factors can not
explain all of the observed variation however, aathe variation seems to be due the
specific environmental conditions for each wetlayyke (Bergmaret al., 2000;
Bergmaret al., 1998).

Recently, Metje and Frenzel (2005) described ferfitst time the effect of
temperature on both methane production pathwaysatédeal community
composition in a northern wetland. They found thathanogenesis in slurries of

acidic peat (pH 4.1) had a theoretical minimum terafure of —5°C (Ratkowsky



plot), with the production at 4°C correspondingnéarly 10% of the production at the
optimum temperature for methanogenesis (25°Chimrtorthern wetland the
archaeal community was relatively stabile in thragerature range 4 — 30°C. There
was also a close correspondence between the afrcloaemaunity structure and the
functioning of the system, as hydrogenotrophic rmetiyenesis accounted for about
80% of the total methanogenesis, and all recoveegdences that were affiliated with
methanogenic archaea clustered within the dvtkthanobacteriales. These
observations differ significantly from those fromea paddy soils, where the
contribution of acetoclastic methanogenesis ina@éas low temperatures, and the
archaeal community structure changed (Fey and @p2000). Detailed studies from
several wetland types are therefore needed todatecivhat may cause such site-
specific differences.

In a previous study we reported iorsitu emissions of methane and £&
twowetland sites on Spitsbergen over two summer sea3tie archaeal community
structures at these sites were also investigatédiescribed (Hggt al., 2005). Here
we report on a controlled laboratory experimentragsing the effect of temperature
on microbial activity and microbial community sttures in slurries of peat from the
site with the highesh situ methane emissions, Solvatnet. Unamended slurees w
incubated at ecologically relevant temperature€ (125°C) with 5°C increments.
The temperature effect on microbial activities weddressed by monitoring methane
production, C@-production, and concentrations of volatile fattyda, and by
calculating Qo values and a theoretical minimum temperature fethane production
(Ratkowsky plot). Temperature effects on the araheaemmunity structures were
studied using 16S rRNA based analyses. These asalyare polymerase chain

reaction (PCR) combined with denaturing gradiehetgctrophoresis (DGGE), and



fluorescentn situ hybridization (FISH). Based on quantitative dattarf FISH and
methane production rates, the temperature effespenific (per cell) methane

production rates was evaluated.

Results

Accumulation of methane

The unamended peat slurries showed increasing meftetial pressures with
temperature (Fig. 1). On a linear scale, methaodymtion became apparent at
different incubation times, and the length of thparent lag phase decreased with
increasing temperatures (Figs. 1a and 1b). At I1iC=C the methane production
was so slow that when all temperatures were platigether (Fig. 1a), the lag phase
seemed to last throughout the experiment. Whenfdathe three lowest
temperatures (1- 10°C) were plotted separately (FEjhowever, methane
production was apparent after 35 days at 1°C a@dahdl after 18 days at 10°C. The
length of the period with almost exponential methancumulation also decreased
with increasing temperature. This phase lasteditrout the experiment (83 days) at
5°C, while at temperatures10°C the methane accumulation eventually slowedndo
and was followed by an almost linear increase énntfethane partial pressures with
time. Plotting the methane accumulation on a lalgaric scale revealed that methane
production started immediately at all temperati(Fég. 1c). The plot also revealed
that for most incubation temperatures the initestfmethane production was followed
by a period when the production slowed down andlyeame to a halt. The timing

of the onset and duration of this phase was affieayethe incubation temperature.



The temperature response;{@alues) for the linear methane production was
14.7 and 4.1 for the intervals 10-20°C and 15-2%&8pectively. A Ratkowsky plot
based on the methane production rates in the |ptlease (temperaturesl0°C) had

an apparent minimum temperature of 6.5°C.

Relationship between CO, and CH,4 accumulation

The ratio between Cand CH accumulating in the headspace decreased with
temperature and with time (Fig 2). In the beginrohghe experiment (day 13) similar
and high values were seen for the three lowestéeatyres (1-10°C) (range 560-
617). The ratio decreased with increasing tempezahwut also the ratios at 15°C and
20°C were relatively high (334 and 71, respectiye 25°C the ratio was much
lower (14), indicating that at this temperature Im@bgenesis was a relatively
important pathway in the anaerobic degradatioradlydrom the beginning. For all
temperatures the G{TH, ratio decreased with time. At 1°C and 5°C the Istwe
values were 297 and 73, respectively, while at litb&Jowest ratio was 9.6. For the
temperatures 15°C, 20°C and 25°C the lowest ratere 2.2, 1.4, and 1.0,

respectively.

Accumulation of metabolic intermediates

Hydrogen could not be detected in any of the doities, and this was probably due
to the relatively low sensitivity of the method dgeetection limit 18 Pa). Acetate,
propionate, butyrate and isobutyrate were the wolgtile fatty acids that were
detected in the soil slurries (Fig. 3). The temperinfluenced the metabolite
profiles in the slurries. At the lowest temperat(r®C) no fatty acid concentrations
above the detection limits were recorded duringetitre experiment. At 5°C and

10°C isobutyrate was the predominant metaboliteymecilating to 1400 uM and 800



UM respectively at the end of the experiment. I$piatle accumulated throughout the
incubation period also at temperatures5°C, but the concentrations at the end of the
experiment were significantly lower than at 5°C 49dC (236 uM, 136 uM, and 77
UM at 15°C, 20°C and 25°C, respectively). At 5°Cotloer fatty acids were detected.
At 10°C especially acetate (680 uM, day 83), bsd gropionate, accumulated
towards the end of the incubation period, and latiéywas detected transiently at day
51. At the higher temperatures 15°C) acetate, propionate and butyrate (when
present) increased transiently with maximum vahtegay 51. At 15°C acetate was
the metabolite with highest maximum concentrat@I?(uM), while at 20°C the
maximum concentrations of acetate and propionate were similar (284 uM and
227 uM, respectively). At 25°C propionate was thetabolite with highest metabolite

concentration (327 uM), and butyrate was not detect

Total countsand FISH specific counts

Total prokaryotic counts generally decreased by 36% between weeks 4 and 13,
except at 1°C where the count remained const&h8ald® cells g dW' (Fig. 4a). In
general, FISH counts with tigacteria-specific probe EUB338 detected 30-50% of
the total counts (PicoGreen-stained cells, Fig. Abh)exception was seen in week 13
at 25°C, when the fraction detected with EUB338 vemiticed to 21%. The probes
ARCH915 and EURY498 resulted in statistically valmlnts only for samples from
week 4. This was probably due to the general dndpe total number of prokaryotic
cells during the incubation period (Fig. 4a). Inekel, Archaea constituted about 11-
12% of the total prokaryotic community at the twavest temperatures (1°C and
5°C). At the higher temperatures, the fractionfwahaea were significantly lower
and varied between 1-6%, with the lowest fractiscorded in slurries incubated at

10°C. TheEuryarchaeota-specific probe EURY498, detected between 1 anB%



the total number of cells (Fig. 4b). Hence, attthe lowest temperatures a relatively
large fraction of cells detected by ARCH915 wasdwiected by EURY498. The
morphology of cells detected by the probes ARCH&1® EURY498 differed with
temperature, with rods dominating the community°& and 5°C, while cocci,
sarcina-like clusters and highly organized sphdogsinated at higher temperatures
(Fig. 5). The group specific methanogen probes M8BIX(Methanosarcinales) and
MB310 (Methanobacteriacea) did not yield statistically valid counts, but jtose

cells were detected at temperaturel)°C. The probe MSMX860 detected sarcina-
like and sphere-formed cell aggregates (Fig. 5)hBoe size of the spheres and the
probe signal intensity increased at temperater&s°C relative to 10°C. The probe
MB310 detected a few rods, and surprisingly a fpineses were also detected at
20°C and 25°C (Fig. 5). The spheres did not comsiatitofluorescent cells since they

were not observed on filters hybridized with thelyg Non-EUB338.

Estimation of per cell methane production

Per cell methane production was calculated basedeoproduction rate between days
22 and 28 and the number of cells detected byribleepEURY498 in week 4. At 1°C
and 5°C the estimated per cell activities werewdd1 fmol day cell*. At 10°C

the per cell activity was 0.28 fmol dagell, while at 15°C, 20°C and 25°C the

specific activities were 4.3, 4.4 and 10.3 fmol dagll", respectively.

PCR-DGGE analysis of Archaea

The PCR-DGGE analysis of archaeal 16S rRNA geneweth 4-6 well defined

bands per DGGE-profile (Fig. 6). The profiles wemilar to those previously
obtained from field samples, and the retrieved seges were identical to sequences

previously recovered (H@t al., 2005). The archaeal community composition was



relatively stable with temperature. Replacing prirh&00r with the primer 1045r (Hgj
et al., 2006) did not change this result (data not showh¢ relative intensity of some
bands however, changed systematically with tempegand time (Fig. 6). The band
Msae Methanosaeta) increased in relative intensity with increasiegiperature, and
was significantly stronger in week 13 than in wdeBand Msar1Nlethanosarcina)
showed a different pattern. Also this band had ésghelative intensity at
temperatures 10°C in week 4, but in week 13 the highest re@aintensity was
observed at temperatured0°C. Band Mmi3 ethanomicrobiales) showed trends
similar to Msar 1. Band Mmid\ethanomicrobiales) showed higher relative intensity
at temperatures 10°C for both sampling days, but the trend waarelst at the end of
the experiment. The band Mbléthanobacteriaceae) had a relatively high intensity
in all profiles. The band Cr (Group 1.3b uncultu@narchaeota) was present in all

samples, but had the lowest relative intensity’& dn both sampling dates.

Discussion
During the first part of the experiment no fattyidscwere detected, demonstrating
that the studied process was methanogenic degovadati biopolymers rather than
more labile carbon sources. It should be noted tthatfield conditions would differ
from those in the slurries, since freeze-thaw ydering spring thaw, root exudates,
plant detritus and bird dropping affect the sulietrsupply (see below). However,
since the PCR-DGGE-profiles of archaeal communitiethe slurries were similar or
identical to profiles of field sample communitid4$g( et al., 2005), it can be assumed
that the observed temperature effects are ecolbgredevant.

The overall process of methanogenic degradationcariplex organic

compounds in Solvatnet peat at temperatarel0°C was poorly adapted to low



temperatures, as demonstrated by several meafQiesialues for the methane
production could be reliably calculated only fomggeratures> 10°C, since the
methane production did not reach a linear phaseeimperatures: 5°C during the
experimental period (83 days). For the higher tewipee intervals, ¢ values
decreased with increasing temperature (10-20°CZ, 6-25°C: 4.1). A Ratkowsky
plot confirmed the poor temperature adaptation,hw#én apparent minimum
temperature of 6.5°C. Finally, the methane accutmmaat 1°C and 5°C
corresponded to 0.5% or less of the methane acatimulat 25°C. The relevance of
the calculated apparent minimum temperature (6.5Che processes in the slurries
was supported by two independent analyses: thengabsehift in the accumulation
pattern of volatile fatty acids seen at temperatgr@é0°C, and the differences in the
active archaeal communities at temperatures betaahove 10°C as determined by
FISH analysis (see below). However, it must be chdbat the calculation was based
on the methane production rates in the linear phasemperatures 10°C, and the
calculated value is valid for the overall degragiatpathways operating in this phase
only (see below).

The poor temperature adaptation of the degradabiorcomplex organic
compounds in Solvatnet peat is consistent withHdfedegradation status of this peat
as classified by the von Post’s scale (H1/H2)slhowever in contrast to recently
published data for acidic (pH 4.1) peat from nomhEinland, where the theoretical
minimum temperature was -5°C and the activity & @as about 10% of the activity
at 25°C (Metje and Frenzel, 2005). Interestinghe two sites differed significantly
also in their community composition and in theimdonant anaerobic degradation
pathways. Differences in temperature adaptatiowettand microbial communities

have been observed previously in functional stu(Besgmanet al., 2000; Bergman
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et al., 1998; Yavittet al., 1997). The new studies including information @ohaeal
communities and metabolic intermediates suggeststieh differences can in part be
related to differences in the dominant degradaggathways and the involved
microbial communities.

Temperature affected the temporal developmentdrshinries as
demonstrated by the transition between thq &t¢umulation phases, the &OH,
fraction, the accumulation pattern of volatile yadcids, and the development of the
archaeal community (see below). The LLH, ratios observed in the beginning of
the incubations, and throughout the experimentifelowest temperatures, were so
high that the anoxic Cproduction can not be accounted for by the, Gtdduction
or by fermentation. The S® and NQ concentrations were relatively low for the soil
used in the experiment (24 uM and 0.5 uM, respelstiLars Egil Haugen, personal
communication), and hence it can be assumed thtst @lethis high C@Qproduction
was the result of respiration with electron accepsuch as Fé or organic matter
(humins). The C@CH, ratios and the fatty acid accumulation patterrslunries
incubated at 10°C approached the conditions sekigla¢r temperatures towards the
end of the experiment. Similar effects of tempeamtn the temporal development in
methanogenic slurries have been observed previdbslet al., 2004; van Hulzeet
al., 1999). The interaction between temperature effaotl time on the methane
production is highly relevant for predicting théeet of climate change on seasonal
methane emissions in ecosystems that currentlyriexpe a short summer season.

High levels of isobutyrate accumulation at low temgiures could
theoretically be caused by increased formationearehsed consumption of
isobutyrate at the low temperatures, or by a coathin of the two. At low

temperatures the Gibbs free energy of syntrophicatttation of volatile fatty acids
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increases (Kotsyurbenko, 2005), and it is posshdeé syntrophic degradation of
isobutyrate was inhibited at the low temperatulFesther studies are however needed
to elucidate why isobutyrate accumulated at lowlbation temperatures, and
especially whether the isobutyrate production aaliriked to the relatively large
active non-methanogenic archaeal community dematestby FISH analysis (see
below).

The numbers of prokaryotic cells numbers genedglyreased between weeks
4 and 13. This could potentially be due to preaakip protozoa or to degradation of
cells not able to grow in the slurries. At 25°Gathe fraction of active bacterial cells
detected with EUB338 dropped (from 40% to 21%)idating that the more easily
degradable organic matter was depleted. Consisiéimthe decrease in prokaryotic
numbers, the archaeal community could not be gfiehtat the end of the
experiment. The numbers of cells binding the prdkREHI15 and EURY498 were
below the detection limit. This limit depended e amount of peat that could be
applied to the filters without deviating from ader relationship between the sample
size and the number of counted cells.

FISH data from week 4 showed that around 10°C thvaea shift in the
active archaeal communities. Different archaealphotypes were numerically
dominant below and above 10°C, and the lowest sonate obtained at this
temperature. In addition the group specific prdioesnethanogenic archaea
MSMX860 and MB310 detected positive cells onlyeahperaturez10°C (see
below). However, the DGGE-profiles did not reveay apecific archaeal populations
that occurred only at low temperatures. This inisahat the archaeal populations

that were abundant at low temperatures were nettht by the PCR primers used.
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The fractions of archaeal cells detected at tentpess>10°C (1-6%) were
consistent with previous reports from temperatesg@Po) (Sandaet al., 1999),

Arctic marine sediments (<4%) (Ravenschétagl., 2001), and anoxic lake sediments
(5-7%) (Zepp Falzt al., 1999). Higher fractions (11-12%) of actitechaea cells
were found at 1-%. Such high fractions were previously detecteBIBH studies of
marine planktoni@rchaea in Antarctic waters, where 5.2 — 14.5 % of DARIised
cells hybridized with a probe targeting crenarchalegroup | (Murrayet al., 1998).
Despite the relatively high abundancefoéhaea observed at 1°C and 5°C, the
fraction detected with the probe EURY498 was loweAson for the relatively large
fraction of the archaeal cells not detected withghobe EURY498, could be that
there was a high contribution G6fenarchaeaota. Several studies have indicated that
Crenarchaeota are relatively important in low temperature enmiments (Metje and
Frenzel, 2005; Kemnitet al., 2004; Murrayet al., 1998), including wet soils and
sediments from Spitsbergen (Hajal., 2006). Anothereason could be that the true
contribution ofEuryarchaeota was probably underestimated since the probe
EURY498 covers less than 50% of known euryarchasetpuences (Jurgestal.,
2000). Our results suggest that archaeal commanitight be relatively abundant in
cold environments, and the phylogeny and genetierdity of these communities
should be targeted in further studies.

Sphere-formed aggregates were detected with theprARCH915,
EURY498 and MSMX860 at temperature40°C, and occasionally also with MB310
at 20°C and 25°C. The nature of these aggregategdshe further elucidated to
determine whether the ordered structure was duoel®living in a syntrophic

association. A spheric organization of cells pgéiting in a syntrophic association
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has previously been observed for anaerobic mettaidation (Knittelet al., 2005;
Boetiuset al., 2000).

The effect of temperature on the specific (per) @adtivity of methanogenic
archaea was estimated by combining FISH data (somith EURY498) with
measured methane production rates. The specititipyobe EURY498 for
sequences recovered from field samples from Spgebesoils (Hagt al., 2006; Hgj
et al., 2005) could be evaluated since the target regasincluded in the region used
in the PCR-DGGE analyses. The probe had a full Imamty with sequences
affiliated with known methanogenic groups and Ritester Il. We therefore
assumed that the probe EURY498 could be useditoastthe number of
methanogenic archaea belonging to known groudser#iban the entire
euryarchaeotal population in samples of wet Arstiits. It is however possible that
this assumption was not valid for populations thate active at 1°C and 5°C, since
the large archaeal community present at these teitypes could include unknown
euryarchaeotal populations that were detectedibyptiobe.

At 1°C and 5°C the estimated specific activitieseMew (< 0.01 fmol CHl
day* cell™), which is consistent with the low methane proituctn these slurries
where the accumulating methane was not yet visiblthe linear scale. The estimated
specific methane production at temperatard9°C was consistent with previous
estimates. At 10°C the specific activity correspattb 0.042 pmol Ckh* mg of
dry cells!, which is in the same range as the 0.029 umalICHng dry celld
estimated by Watanabe (2002) for specific actisitrethe unamended sediment of
Lake Rotsee at 6°C (Zepp Fazal., 1999). It is possible that the specific actiaty
10°C increased towards the end of the experimenthis could not be determined as

the abundance of the archaeal community droppexhbible detection level for the
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FISH assay. The per cell activity at 15°C and 2@/&2e similar (4.3 and 4.4 fmol
CH.day” cell'1, respectively), showing that the higher overadtimane production
rate at 20°C could primarily be explained by a bighumber of active methanogenic
cells. The highest specific activity (10.3 fmol @y cell*) was observed at 25°C,
and it corresponded to about half of the speeaifitvity estimated for endosymbionts
of the anaerobic ciliat¥letopus palaeformis at 25°C (23.3 fmol Ciday* cell?)

(Finlay and Fenchel, 1991).

Great care has to be taken when interpreting velatitensities of DGGE-
bands especially when using a nested PCR protbi@lef al., 2005). The trends seen
in this experiment however, should be relativelyust since the same soil was used
in all slurries. The relative intensity of tiMethanosaeta-affiliated band (Msae)
increased both with temperature and with time. €lie=nds were consistent with data
on acetate concentrations, as the transient acetionubf acetate indicated that
acetate consumption increased with time. The olksetemporal trend in
Methanosaeta abundance may also reflect that these slow-growiltgoorganisms
need time to become established in the systemolbberved trends are consistent
with field data, which showed that in two conseeeitsummers the relative intensity
of the Methanosaeta-affiliated band (Msae) increased in the lower kjkrs towards
the end of the summer season (Eajl., 2005).

The trends in the relative intensity seen forNethanosarcina affiliated band
(Msarl) indicated that increased temperature cailmettmporal development of this
population to proceed faster. The absence of#tbanosarcina affiliated band
(Msarl) in the DGGE-profiles obtained in week 4nfrelurries incubated at 1°C and
5°C, was consistent with FISH data, since no eedliee detected with the probe

MSMX860 in these slurries. After 13 weeks howewsarl was present in the
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profiles from the slurries incubated at low temparas. At temperatures15°C, the
relative intensity of Msarl decreased with timejalibsuggests that the abundance of
this population was regulated by substrate avditabather than by temperature
directly. The result is consistent with field datdyere the detection of Msarl
correlated with the general bacterial activity asasured byn situ emissions of C®
(Hgj et al., 2005). It should be noted that changes in theivel abundance of the
Methanosarcina population was seen for slurries where the acetateentration
never exceeded the detection limit of 67 uM (1°@ &fC). Since known
Methanosarcina strains capable of acetoclastic methanogeneserggnhave
threshold values for utilization of acetate in thege 200-1200 uM (Conrad, 1999),
the population corresponding to Msarl probablyagd other substrates in these
slurries.

The DGGE-band affiliated witMethanobacteriaceae was relatively strong in
all profiles. In contrast, in two subsequent sumseasons it was observed that the
relative intensity of this band decreased in theelosoil layer profiles towards the
end of the season (Hejal., 2005). Unfortunately, the data from the present
experiment provide no further information on how ttynamics of this population is
controlled. The probe MB310 hybridized with fewlsednd only at temperatures
10°C. This suggests that thethanobacteriaceae cells present in Solvatnet peat
either had low ribosome contents, or that the prazemismatches with the 16S
rRNA gene of the most abundant members of thislfami

The relative intensity of the bands affiliated witlethanomicrobiales (Mmi3
and Mmi4) decreased with time at temperatarés°,C suggesting that the substrate
availability regulated their abundance. While ttentls seen for Mmi3 were similar to

the trends seen for Msarl (see above), Mmi4 se¢oneéelcrease in intensity with
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increasing temperature at both time points. Bageith® current experiment however,
no conclusions can be made on the type of substuatd by the individual
populations. No FISH probe was used that targgiedifically the order
Methanomicrobiales, since as far as we know there is no availablbg@specific for
this taxon, which target a highly accessible 168ARequence on intact ribosomes
(Fuchset al., 1998).

In the field, significant methane emissions wedrded even on days when
the soil temperature at 5 cm depth was below 5°@} €Hal., 2005). The field results
could therefore seem to be in contradiction witbsthfrom the present experiment,
where an apparent minimum temperature of 6.5°Cimdisated for the overall
methanogenic degradation. However, some of theanetienic populations in
Solvatnet peat could grow during continuous incupeat 1°C and 5°C. This
suggests that a supply of more easily degradablgtrsties in the field from sources
such as root exudates, plant detritus, bird draggiand possibly also from freeze-
thaw events (Sharnmet al., 2006), could circumvent the temperature limitatior
methanogenesis. This is consistent with a receadidty Yavitt and Seidman-Zager
(2006), which suggested that in peat soils methamicgconditions rely on a constant
supply of easily decomposable metabolic substraties. other studies have identified
substrate supply as a major factor controlling me¢hproduction in northern
wetlands (Wagnegt al., 2003). The conclusion is also supportedibghaea being
specifically associated with fresh organic matenahethanogenic German peat
(Wachinger et al. 2000).

A consequence of such a control of methanogenesisrithern wetlands is
that the effect of increased soil temperatures ethane production could potentially

be additive, via effects both on the production emdsumption of the easily

17



degradable substrate pool that is currently transéd to methane, as well as via
effects on the production and consumption of moregex organic compounds that
currently accumulate in northern wetlands. Furgtadies should give special
attention to disentangling the effects of substaaie temperature on methanogenesis,
to seasonal changes in the availability of methanagsubstrates and to the field
conditions present in early spring. This couldiaigredicting the effect of a
temperature increase during the ecologically reletieme frame of an Arctic summer

season.

Experimental procedures

Study site and sample collection

The site Solvatnet is located on a marine terraseqgutside Ny-Alesund (780’N-
11°30’E) on the West-Coast of Spitsbergen. The site@aat characteristics, as well
as then situ archaeal community composition at two depths, Heeen described in
detail elsewhere (Ha&t al., 2006; Hgiet al., 2005). The peat is classified as
undecomposed (H1) and almost undecomposed (H2) usimPost’s scale (Clymo,
1983). The peat has a high organic content (88 éfs\ofveight) and a high water
content (>600% of dry weight), and is weakly acigiel 6.8 in HO). The site is
grazed by Barnacle Geed#rénta leucopsis). Previously recorded C&emssions
were in the range 0.18-0.51 g €@? h*, and methane-emissions were in the range
93-2801pg CH, m? h™ (Hgj et al., 2005). Peat samples for this experiment were
collected in mid-August 2000 using PVC corers (mtiameter 5 cm, length 10 cm),
as previously described (Hetjal., 2005). The cores were stored at°Z4until the

experiment was started.
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Preparation and incubation of soil lurries

Soil from the inner part (5-7 cm depth) of threeesowere mixed and used to make
slurries. Peat slurries were made undgatiosphere by mixing 50 g wet peat
(corresponding to 4.5 g dry peat) with 15 ml ségrdnoxic water in a 125 ml serum
bottle. Sealed and capped slurries were gassed\wihd incubated in the dark
without shaking in precisely controlled (£ 0.01%Zater baths at temperatures 1, 5,
10, 15, 20 and 2%&. Two parallel slurries were made for each tentpeeaOne

parallel was terminated in week 4 to perform aredysf the archaeal community
structure while the other parallel was terminatedieek 13. Due to the labor intensity
associated with sample processing, samples fromare than two temperatures were
processed per day. Hence, for each sampling oeccéseeks 4 and 13) all
temperatures were sampled within 5-6 days, withhtghest temperatures being

sampled first.

Analytical techniques

Before sampling the headspace gas, the bottlesshaken vigorously to allow
equilibration between the liquid and gas phases.nthane concentrations in 1 ml
of headspace gas was measured using a Shimadz4/&@a$ chromatograph
equipped with a Porapak Q stainless steel coluntnnilx 1/8 inch) and a flame
ionization detector, with Nas carrier gas. Injection, detection and column
temperatures were 200, 240 and 45°C, respectiValy hydrogen concentration in 2
ml headspace gas was measured using a Varian Aptogrodel 920 gas
chromatograph equipped with a Stainless Steel Wialotesieve (Alltech) 60/80
mesh column (2.0 m x 1/8 inch) and a thermal cotidticdetector (125 mA), with
Argon as carrier gas. Injection, detection and mwiuemperatures were 100, 100 and

50°C, respectively. Carbon dioxide concentratio@ ml head space gas was
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determined using an infrared g@nalyzer (Binos 100, Rosemount GmbH & Co,
Geschaftsbereich Analysentechnik, Hanau, Germany).

Samples of slurry water (1 ml) were stored froze+2@°C until analysis for
volatile fatty acids by a Schimadzu GC 14A gas otatograph equipped with a
flame ionization detector, with/\as carrier gas. Thawed samples were acidified by
addition of 10 pl HCI so that C2-C5 volatile fattgids could be separated as free
acids on a 6 feet x 2 mm ID glass column packed d% SP-1200 and 1%PO,
on 80/100 Chromosorb W AW). Injection, detectionl @olumn temperatures were

200, 200 and 125°C, respectively.

Calculations

Calculation of methane accumulation was based @eahcentration in the gas phase,
as the amount of dissolve methane can be assuntedioav (Wilhelmet al., 1977).

The partial pressure was calculated, based omtioeirgt of methane in the headspace,
using the ideal gas law. The methane productianirethe linear accumulation phase
was determined by linear regression. These rates uged for calculations of
temperature responses;(falues) and for preparing a Ratkowsky plot (Ratkloyet

al., 1983). Since the linear phase of methane accuimulaas reached only at
temperatures 10°C, the @ values and the Ratkowsky plot is valid only foe th
methanogenesis pathways operating at temperatu€sC. Linear regression of the
linear part of the Ratkowsky plot was used to tinel apparent minimum temperature
(tmin) for methanogenic degradation pathways operatingnaperatures 10°C. Per

cell methane production was estimated based omé#teane production rate between
days 22 and 28, and the number of cells detectddtireé probe EURY498 in week 4.
The CQ partial pressure of in the headspace was calcuéste@scribed above for

methane.

20



DNA extraction from soil Slurries

Samples for DNA extraction were frozen at*@Qntil they were processed. DNA
extraction and purification was performed with EX$A® SPIN Kit for soil (BIO101,
California, USA) in combination with a freeze-th&sis protocol (Hggt al., 2005;
Nakatsuet al., 2000). 0.4 g wet peat and 1 ml lysis buffer (MR aP (pH 8), 5%
SDS) were combined in a MULTIMIX 2 Tissue Matrix @@l The tube was vortex
mixed for 1 min, incubated at 65°C for 45 minutepwed by three quick freeze-
thaw cycles (-80C and +68C). After this combined mechanical and freeze-thaw
cycle lysis, the DNA was purified with the kit asstribed by the manufacturer. Two

parallel extractions were performed per sample,thadesulting eluates were mixed.

PCR amplification and DGGE analysis

A nested protocol was used for amplification of 1S rRNA gene ofirchaea using
the primers PRARCH112F and PREA1100R in the feattion, and the primers
PARCH340-GC and PARCH519R in a second touchdowcticeaas previously
described (Hagt al., 2005). Denaturing gradient gel electrophorestsssaguencing
of bands was performed as described previously ¢tHasj, 2005). Sequences were
analyzed using the BLAST tool at the National Cefde Biotechnology Information

(NCBI).

Total countsand FISH analysis

Soil samples (2.5 g) were fixed in 4% paraformaydkeh(10 ml) at 4°C with shaking
over night. The fixed soil was transferred to a Bd0Naring-blender steel jar
(Waring, Connecticut, USA) with 12.5 ml ice-col®@m filtered water, and was
homogenized 10 times for 1 minute, with 5 minutesling between each blending.

After the last blending, the homogenate was alloteegsediment for 1 minute, and 2
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parallels of 1 ml samples were taken with a 1 rakpt syringe without needle. The
maximum amount of sample that could be filteredlevkiill keeping the linear
relationship between bacterial numbers and the kangtume, was determined for
each sample (Feeget al., 1977). Samples of appropriate dilutions wereffédtl onto
white polycarbonate membrane filters (0.2 um pdzésnm diameter; Osmonics
Poretics Products, Minnesota, USA). The membrdterdiwere dried on filter paper
and stored frozen at -20 until use. Each filter was cut into 6 sectionst@ial counts

and hybridization with phylogenetic probes.

The DNA-specific stain PicoGreen (Molecular Probasitrogen) was chosen
for total prokaryotic counts, as initial experimgshowed that it was superior to
DAPI (Porter and Feig, 1980) in discriminating beem cells and soil particles, and
caused less background on white polycarbonatedfittean SYBRGreen | (Molecular
Probes, Invitrogen). Filter sections were stainéti WicoGreen (1:100 dilution in 1 x
TAE) in the dark for 15 minutes (Weinbatetmal., 1998). The filter sections were
gently washed in sterile milliQ water, air-drieddamounted with a drop of antifade
solution (0.1% p-phenylenediamine, 50% glycerd,0PBS) (Noble and Fuhrman,

1998).

Oligonucleotide probes were purchased with a C¥8rfichrome in the 5’
end (Interactiva Biotechnologie). The domain-spe@fobes EUB338 and ARCH915
(Amannet al., 1990) were used for detectionEBdcteria andArchaea, respectively.
The probe EURY498 (Burggraf al., 1994) was used for detectionkiryarchaeota.
The group specific probes MSMX860 and MB310 (Raski., 1994) were used for
detection oMethanosarcinales andMethanobacteriacea, respectively. The
complementary Non-EUB338 probe was used as a negaintrol for non-specific

binding (Wallneret al., 1993). Stringency conditions for the probes wnatrolled
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using cells oEscherichia coli, Archaeoglobus fulgidus, Methanococcus voltae,
Methanosaeta concilii, Methanosarcina siciliae, Methanobacterium formicicum,
Methanospirillum hungatel andSulfolobus solfataricus.

Filter sections were placed on glass slides andreavwith 25 pl
hybridization solution. The hybridization solutioantained 0.9 M NaCl, 20 mM
Tris-HCI (pH 7.4), 0.01% sodium dodecyl sulfate,rfgpof probe and appropriate
formamide concentration (15% for EURY498 probe, Z6%ARCH915 probe, 30%
for EUB338 and NON338 probes, and 35% for MSM X860 MB310 probes).
Hybridizations were carried out in equilibrated wcteers at 42°C over night. The
filters were transferred to a vial containing 50ahpre-warmed (48°C) washing
solution, and incubated freely floating without king at 48°C for 15 minutes. The
washing solution contained 20 mM Tris-HCI (pH 78)mM EDTA (at stringencies
were corresponding 8 20% formamide), 0.01% sodium dodecyl sulfate and
appropriate NaCl concentration (318 mM for EURY4®8be, 149 mM for
ARCH915 probe, 102 mM for EUB338 and NON338 prolaes 70 mM for
MSMX860 and MB310 probes). Filters were dried dtrefipaper and mounted with a
drop of antifade solution as described for totairte (Noble and Fuhrman, 1998).

Two replicate filters from each parallel dilutioeres were used for counting
in the microscope, giving a total of four filtensadysed per sample. At least 10 fields
of view per filter and a total of 2500 cells weriated per sample using a Zeiss
Axioplan epifluorescensce microscope (Zeiss, Jé&eamany) equipped with a 50 W
high pressure mercury bulb. The specific filterGatoma HQ 41007 (535-550 nm
excitation filter, 565 nm dicroic beam splitter dai10-675 nm emission filter;

Chroma Tech. Corp., Brattleboro, Vt) was used f¥BCThe Zeiss filter set 09 (450-
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490 nm excitation filter, 510 nm dichroic beam #ph, and 515 nm LP batrrier filter)

was used for PicoGreen stained cells.
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Fig.1: Methane accumulation in slurries of Solvapeat incubated at 1°@), 5°C
(o), 10°C (¥), 15°C (), 20° @), and 25°C1f). a) Accumulation of methane at all
incubation temperatures on a linear scale. Thenagltation curves for 1°C and 5°C
could not be distinguished on this plot. b) Accuatiain of methane at temperatures
10°C on a linear scale. ¢) Accumulation of methainall temperatures on a

logarithmic scale.

Fig. 2: Relationship between accumulation of t&@; and CH in slurries of

Solvatnet peat incubated at 1°€),(5°C (0), 10°C (V¥), 15°C (), 20° @), and 25°C

(@).

Fig. 3: Concentrations of volatile fatty acids a¢éel in slurries of Solvatnet peat. The
detection levels were 67 UM for acetate, 26 yMpfapionate, 22 uM for isobutyrate

and 18 uM for butyrate.

Fig. 4: a) Total prokaryotic counts. b) FISH coufitaction of total number of
prokaryotes detected with the probes EUB338 (wdeksd 13), ARCH915 (week 4),
and EURY498 (week 4), targetimacteria, Archaea andEuryarchaeota,

respectively.

Fig. 5: Image showing sphere-shaped aggregatetddtbyg the probe EURY498 at

25°C. The scale bar corresponds to 10 um.

Fig. 6: DGGE-profiles of archaeal 16S rRNA genegpliiad from Solvatnet peat

slurries in weeks 4 and 13. The phylogenetic laBsconsistent with labels used in
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previous studies of field samples (Hwpl., 2006; Hgjet al., 2005). Cr:
Crenarchaeota, Mmi3-Mmi4: Methanomicrobiales, Mb: Methanobacteriaceae,

Msae:Methanosaeta, Msarl:Methanosarcina.
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