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Abstract. Ljubljana marsh in Slovenia is a 16 000 ha areal Introduction

of partly drained fen, intended to be flooded to restore

its ecological functions. The resultant water-logging may For centuries, most European wetlands have been drained
create anoxic conditions, eventually stimulating productionand used for agricultural and industrial needs. It is esti-
and emission of methane, the most important greenhousglated that more than half of all peatlands in Europe were
gas next to carbon dioxide. We examined the upper |aye|lOSt because of human activities (Nivet and Frazier 2004)
(~30cm) of Ljubljana marsh soil for microbial processes However, the attitude toward wetlands changed as their func-
that would predominate in water-saturated conditions, focustions were understood better, and today conservation efforts
ing on the potential for iron reduction, carbon mineralization @bound. One of the most important functions worth saving
(CO, and CH, production), and methane emission. Methaneis the ability of wetlands to store and clean water. Major
emission from water-saturated microcosms was near minifestoration concepts along these lines include ceasing agri-
mum detectable levels even after extended periods of floodculture and re-establishment of wetland hydrology (Rosen-
ing (=5 months). Methane production in anoxic soil slurries thal 2003). Since wetlands are by definition permanently or
started only after a lag period of 84 d aTsand a minimum  temporarily flooded areas, raising the water table to original
of 7d at 37C, the optimum temperature for methanogenesis.|evels is thus the first step for a wetland revival.

This lag was inversely related to iron reduction, which sug- Peatlands are characterised by soils rich in organic mat-
gested that iron reduction out-competed methanogenesis fder. Peat accumulated since the last glaciations corresponds
electron donors, such as,Hind acetate. Methane produc- to 20-30% of the global soil carbon pool (Frolking et al.,
tion was observed only in samples incubated at 14638t ~ 2001; Gorham, 1991). Drained peat decomposes rapidly
the beginning of methanogenesis, acetoclastic methanogeffAndriesse, 1988). When submerged again, oxygen is ex-
esis dominated. In accordance with the preferred substratdlausted quickly. Fermentation products such as acetate and
most (91%)mcrA (encoding the methyl coenzyme-M reduc- H2 provide substrates for terminal oxidation processes. Re-
tase, a key gene in methanogenesis) clone sequences coufiiction of terminal e acceptors occurs sequentially accord-
be affiliated to the acetoclastic genMethanosarcina No  ing to thermodynamics: reduction of nitrate is followed by
methanogens were detected in the original soil. Howeverreduction of manganese, iron, sulphate, and finally by the re-
a diverse community of iron-reducingeobacteraceawas  duction of CQ or methyl groups to Chi (Ponnamperuma,
found. Our results suggest that methane emission can rel972). The water table, which affects oxygen availability
main transient and low if water-table fluctuations allow re- and transport, is therefore an important determinant of gas
oxidation of ferrous iron, sustaining iron reduction as the émissions from peat soil (Aerts and Ludwig, 1997).

most important process in terminal carbon mineralization.  Iron is the fourth-most element in the earth’s crust, and
even in peatlands, iron reduction may shift theflow away

from methanogenesis (el et al., 2008). A wide variety
of microbes can reduce iron oxides, but theobacteracea

Correspondence td®. Frenzel members of thé-Proteobacteria subdivision, have most reg-
BY (frenzel@mpi-marburg.mpg.de) ularly been found associated with bacterial iron reduction.
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Methane is next to C®the most important greenhouse distribution of different redox processes and associated mi-
gas (Intergovernmental Panel on Climate Change, 2007), androbial communities that could prevail after raising the water
wetlands are the largest natural source ofsCEbntribut- table level in the drained fen.
ing approximately 20% of the global emissions (Matthews,

2000). While methane production is a strictly anaerobic pro- ,

cess confined to anoxic layers, methane oxidation in fresh? Materials and methods

water wetlands depends on the presence of oxygen. Metharf
oxidation may control methane fluxes reducing potential ™

emissions substantially (Conrad and Frenzel, 2002). | jypljana Marsh is a 16 000 ha fen region located in central
Methanogenesis itself depends on a sequence of microbiad|,yenia (4858 N, 14°28 E). It is characterized by mineral-

processes starting with hydrolysis of polymers, followed by ;- ground water and neutral pH. The average annual pre-
primary and secondary fermentation, and ending with thepitation is 1400 mm, and the mean annual temperature is
methanogenic conversion of acetate anglGD, (Conrad  1xc. A drainage-channel system was established in the 19th
and Frenzel, 2002). The effect of temperature on methanOgentyry and the landscape has been shaped ever since by peat
genesis and methanogenic pathways has been studied in difr4ction and agriculture. Today, 75% of the area is covered
ferent sediments and soils showing a wide variety of réacyy grassland, 10% by forest, and 15% by cornfields. The ex-

tions: methanogenesis may dominate at low temperature%erimentm site is located on a grassland dominated Hyran

while electrons are diverted to iron reduction at the réSPeCihenatherion(Selikar, 1986). The water table is on average

tive temperature optimum of mineralization (Metje and Fren- g4 .m pelow the surface, with pronounced seasonal fluctua-
zel, 2005). H/CO, may be used preferably by acetogens {ions from flooded to 1 m below ground. The soil tempera-
at low temperature, but by methanogens at higher temperg, o in the upper 30 cm varies annually frofClto 20°C.

ature (Schulz and Conrad, 1996). Finally, a thermophilic Samples were collected at the end of August in 2005
methanogenic sub-population may co-exist with mesophilesyiin ten individual soil cores (h=30 cm; d=15cm) within a
taking over at elevated temperatures (Fey and Conrad, 2000).q. 5 12 area covering the upper 30cm of soil. Soil sam-

Ljubljaqa marsh in gentral Sloveni'a is a large fen area thatp|es were pooled, and plants and roots were removed to
was reclaimed for agriculture. A drainage system was estabz, .iq |itter input. The soil was homogenized by passing

lished already in the 19th century, however, Ljubljana marshy,rough a 3.15-mm sieve. Immediately after homogeniza-
has never achieved the expected productivity. Today, agrition aliquots (0.5 g) for molecular analysis were frozen and
culture is declining with grazing and haying being the most ;a4 at—20°C. The remainder was kept at@ for max-

important usage. The biggest threat for conservation is CUlimally two weeks until the experiments were set up. The
rently the expansion of the neighbouring city and its infras- pooled soil contained 32% organic matter, 78% water, and

tructures. _ o had a pH (HO) of 7.6. For a more detailed description of
Conservation and restoration efforts have been initiated b%his soil see Hacin et al. (2001).

BirdLive Slovenija. Since becoming part of the Natura 2000
network, there have been attempts to re-establish the natp.2  Experimental design
ral properties. Because seasonal flooding is important e.qg.
for certain bird habitats, management plans include raisingNet methane fluxesvere measured from 25 microcosms
the water table. This will result in anoxic conditions in the (d=7cm; h=10cm) filled with 250g of homogenized soil
flooded soils potentially leading to increased f3#nissions.  and incubated for 65 days at 90% water holding capacity
However, fluxes measured in the field showed only occa-at 25C in the dark. The water content was checked regu-
sional minor CH emissions (Dan&i¢ and J. Hacin, per- larly by weighting the microcosms and adjusted with dem-
sonal communication, 2006). Microcosm studies indicatedineralised water, if necessary. gldnd CQ fluxes between
that CH, is produced only after a lag of two months, and soil and atmosphere were monitored monthly for 5 to 6 h af-
only at elevated temperature (Stres et al., 2008). ter closing the headspace. No g£kmission was detectable

In our study we focused on iron reduction and substrateafter 65 days, and the microcosms were flooded and incu-
availability as potential controls for GHproduction. In ad-  bated for another 23 weeks at°Zh Gas fluxes were mea-
dition, the community structures of Archaea @adobacter-  sured as before. Methane oxidation was measured comparing
aceaewas analyzed, taking the latter as representatives ofluxes with and without difluoromethane (GH), a specific
mesophilic iron reducers. The experiment covered a widenhibitor of CH4 oxidation (Miller and Oremland, 1998). Di-
temperature range giving a full picture of the physiological fluoromethane was added to a headspace concentration of 1%
capabilities and limitations of the microbial community. In as described previously (Eller and Frenzel, 200lijdér et
a second experiment, we used water-saturated soil in microal., 2002).
cosms to study the interplay between methanogenesis and Anaerobic processewere studied in anoxic soil slur-
CH, oxidation in a complex system. This work therefore pro- ries. Homogenized soil in 15 or 25 ml pressure tubes was
vides fundamental information on the potential, extent, andmixed with sterilized anoxic distilled water at a ratio of 1:1.5

1 Site description and field sampling

Biogeosciences, 6, 1127438 2009 www.biogeosciences.net/6/1127/2009/



V. Jerman et al.: Wetland restoration and methanogenesis 1129

(vol/vol) to a total volume of 6.5 (effect of temperature, see 2.4 Calculations

below) and 10 ml (methanogenic pathways, see below). The

tubes were closed with butyl rubber stoppers and flushedineralization rates of soil organic matter were calculated
with N». In inhibition experiments, CkF, a specific inhibitor ~ from the measurements of G@nd CH, accumulation over

of acetoclastic methanogenesis, was added to the gas phatige, using Origin Pro 6.1 (OriginLab Corp., USA). A
to a final concentration of 1% (Frenzel and Bosse 1996; Pensingle- or two- component exponential decay model was fit-

ning and Conrad 2006). ted using the equation:
The effect of temperatumas measured in 15-ml tubes in- (ky-G—toD)
cubated in a linear 0 to 8C temperature gradient in the dark ¥r = C1- (1 —e "0 707) 1)

(Fey et al. 2001; Schulz et al. 1997). Tubes were incubate
in duplicate at 30 temperatures for 115 days.,@0d CH,

in the headspace were measured weekly, andtrthe end _ (—k(t—10)) (—ka(1—10))

of the experiment. At the end of the experiment, 0.5ml of 1/ = €1 (1—e )+ Co(—e )@

each slurry was frozen at20°C for molecular analysis; the ¢, 4 yyo-component exponential decay function (Murayama
remainder was used for pore water, Fe(ll), andjﬂ\&mmyas. and Zahari, 1996a, b)Y, is the amount of C@or CHy in

The methanogenic pathwayere analyzed in 25-mltubes o a5 phase after timein days, o is the length of the lag
at 2.5' 30, 37, 47’. and 6¢ for 68 days in the dark. Three phase (for C@ accumulatiorp=0), C1 andC> are the initial
replicates each with a”‘?' without GHwere prepared. CO . pools, andk; andk, are rate constants for the mineraliza-
CHj,, and  concentrations were measured weekly. Addi- tion of labile and recalcitrant organic fractions, respectively.

tional replicates were incubated at’5 Every 1-2 weeks, wiicronially not degradable fractions are not considered here.
three of these replicates were sacrificed for pore water, Fe(II)I-he half-life of a fraction was calculated from

and NH{ analyses (see below).

?or a single-component, and

: : =In2) k1 3
2.3 Analytical techniques fi/2 = In2) ®)

Gas phase analysissases were measured as described pre—2'5 Molecular methods

viously (Bodelier et al., 2000). In short, Gtind CQ con-  jicrobial community DNA was extracted from 0.5g of the
centrations were measured on a SRI-8160A GC (SR Instiuyiginal soil sample, or from 0.5 g of soil slurry incubated in a
ments, Torrance, CA) with Has carrier gas equipped with temperature gradient block. DNA was purified using the Fast
a methanizer and a flame ionization detectos.ddncentra-  pNa SPIN Kit for Soil (Q-Biogene, Carlsbad, CA, USA).

tions were measured with a reducing gas detector (RGD2yymic acids were removed by additional washes with guani-
Trace Analytical, Stanford, CA, USA). Wherplgoncentra- e thiocyanate solution (5.5 M; Metje and Frenzel, 2005).

tions were>200 ppm, a Shimadzu GC8A with Nas carrier e concentration of extracted DNA was determined spec-
gas and a thermal conductivity detector was used. Before th?rophotometrically on a BioPhotometer (Eppendorf, Ham-
headspace was sampled, the tubes were shaken to equilibragﬁrg, Germany) at 260 nm. Enzymes and reagents for PCR
headspace and pore-water. The volume of gas removed fromy,ctions were obtained from Promega (Madison, W, USA).

each tube was replaced with the same volumeof N Archaeal 16S rRNA genes were amplified using primers
For pore water analysis,2ml slurry was centrifuged  a109f and A915r (Chin et al. 1999). For terminal-

(5min at 12006 and £C), and the supernatant was filtered (egtriction fragment length polymorphism (T-RFLP) analy-
through a 0.2«m filter. Organic acids and alcohols were gig the reverse primer was labeled at theeminus with 5-
measured by HPLC and GC, respectively, as described presarhoxyfluorescein, and PCR products were purified with the
viously (Metje and Frenzel, 2005). Nitrate and sulphate wereyjing|yte PCR Purification Kit (QiaGen, iseldorf, Ger-
extracted from 0.15g of wet soil or slurry by mixing with many). Approximately 50ng of DNA was digested with
600ul of distilled water for 1 h. The extract was obtained as Tad restriction endonuclease (Promega Corp., Madison, Wi
described above, and nitrate, nitrite and sulphate were dete[JSA) at 65C for 3h. The procedures and eq,uipment tjsed1
mined by ion chromatography (Bak et al., 1991). for T-RFLP analysis were as described previously (Metje and

Reduced irowas extracted from 0.5g of soil or 0.5ml of  prenze) 2005). The percentage abundance of each T-RF
soil slurry with hydrochlquc acid (4.5ml; 0.5 l\/.l).and mea- (A ;) was calculated as p=nix100/N in which ni repre-
sured_ spectrophotometrically (Lovley and Phillips, 1987b; qants the peak height of one distinct T-RF ands the sum
Ratering and Schnell, 2090)' . of all peak heights in a given T-RFLP profile.

Exchangeable ammoniuwas extracted from 0.15ml soil - the methanogenic communities were characterized by
slurry with 2 M KCl and determined fluorometrically using a pcgr amplification using three differemicrA-specific primer
microscale analysis (Goyal et al., 1988; Murase et al., 2006) 45 (Hales et al., 1996: ME1 and ME2; Luton et al., 2002:
on a SAFIRE micro-plate reader (TECAN, Crailsheim, Ger- merAf and mcrAr: Springer et al., 1995: MCRf and MCRY).

many). Only the primer set of Luton et al. (2002) yielded sufficient
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PCR product. Partial 16S rRNA gene sequences of the iron- 50,
reducingGeobacteraceaere amplified with Geo564F and <. 35°C
Ge0840R primers (Cummings et al., 2003). For denaturing 404 - ,4’ 30°C
gradient gel electrophoresis (DGGE) analysisagbbacter- .
aceae a GC clamp was added to theeénd of the Geo840R 2 30-
primer. All PCR reactions followed protocols described by 2

the respective authors. PCR products were cleaned with g 204
the MinElute PCR Purification Kit (QiaGen, (Bseldorf, =2
Germany) and cloned intBscherichia coliJM109 compe- -~
tent cells via the pGEM-T Easy Vector System (Promega,
Madison, WI, USA) according to the manufacturer’s instruc-
tions. Selected clones were checked for correct insert size by
vector-targeted PCR with vector-specific primers M13 and 0

10+

CH

25 50 75 100 115
T7. Both strands of the correctly inserted DNA were se- Time (days)

guenced using the ABI Prism Big Dye Terminator Cycle
Ready Reaction Kit on an ABI 377 DNA sequencer (Ap-
plied Biosystems, Carlsbad, CA, USA) as specified by the
manufacturer.

Geobacteraceatargeting DGGE analysis was performed
with a Bio-Rad system following the modified procedure of |
Cummings et al. (2003). The PCR product was loaded onto 35°C
1-mm thick 7.5% (wt/vol) polyacrylamide gels containinga __ 30. 30°C
30-60% linear denaturing gradient; 100% of denaturant was 2
defined as 7M urea and 40% formamide. Electrophoresis 2 25°C
was performed in 1 mM TAE buffer at 6C and a constant & 20
voltage of 65V for 15h. After DGGE, gels were stained =2
up to 1h in 0.1% SYBR Green staining solution (Invitro- o
gen, Carlsbad, CA, USA). Gels were scanned with a Ty- O
phoon Trio gel imager (GE Healthcare, UK). Gel images
were linearized and analyzed with Photoshop CS2, version 08
9.02 (Adobe System Inc., San Jose, CA, USA). Bands were 0 25 50 75 100 115
excised; each band was re-suspended iml26f elution
buffer (QiaGen, Msseldorf, Germany). DNA was ampli-
fied as described above, and the amplification products were
verified by checking their position after DGGE. Forty-five Fig. 1. Production of CH (A) and CQ (B) over time in anoxic soil
distinct bands were excised again, and DNA was eluted, amslurries at five tempera_tures. Solid lines were fitted by exponential
plified, cleaned and sequenced. Out of 45 excised bandgiecay models; for details see text.

30 different sequences were obtained; 14 of the remaining
sequences were identical to other sequences, and one was a
chimera. Two clone mixtures of 10 defined clones were made®  Results
to obtain additional markers for DGGE community profiles.

The sequences obtained were compared to sequences iWp CHs was emitted from the flooded microcosms before
the GenBank database using the Basic Local Alignmentl62 days of incubation. Methane emission was observed first
Search Tool (BLAST) to find highly similar sequences in the presence of the Gtbxidation inhibitor, CHF2, sug-
(megablast). Chimeric 16S rRNA gene sequences were idergesting CH emissions were reduced by ¢ldxidation once
tified by Chimera Check of Ribosomal Database Project |Iproduction had started. Similarly, the soil slurries started pro-
(release 8.1) (Cole et al., 2005). Sequences were aligneducing CH, only after a variable lag period, whereas £0
and phylogenetically analyzed with the ARB software pack-concentrations increased immediately (Fig. 1).
age (Ludwig et al., 2004) using neighbour-joining and Tree- The amount of C@ in the gas phase of the soil slurries
Puzzle (Schmidt et al., 2002). Details are given in theincreased with time and with temperature (Figs. 1b, 2b).
respective figure captions. All sequences have been decO, accumulation with time followed a single-component
posited in the GenBank and EMBL databaseascrA se-  exponential decay model below 0. Above 30C a two-
guences: EU753559-604; 16S rRNA-gene: EU753436-48@Component exponential decay model gave a better fit. A two
(Archaea), EU753481-51@¢o0bacteraceaexcised bands) component model was also used to describq Pidduction.
and EU753511-5583eobacteraceaalones). The rate constants of mineralization of the labile organic

20°C
17°C

10+

Time (days)
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Fig. 2. Accumulation of CH (A), CO, (B), and H (C) in the gas phase and concentrations of F€D)) NHjlr (E) and acetatéF) in pore
water of anoxic soil slurries after incubation for 115 days. Open circles: see text for explanation. Solid lines connect the averages of the two
replicates. Note the logarithmic scale in C.

matter, obtained from Cfaccumulation values, increased tection limit. No other intermediate or substrate accumu-
with temperature from 0.01d (12°C) to 0.21d! (72°C). lated up to 40C. The temperature optimum for GHpro-
However, rate constants of mineralizatiia methanogen-  duction was 38C, where>40umolgdrywt ! CH4 accu-
esis varied from 0.04 to 0.17 independently of tempera-mulated after 115 days, with rates decreasing immediately
ture. The half-lives of the labile organic matter calculated when temperature increased (Fig. 2a). Ammonium concen-
from CQO, accumulation decreased with increasing temper-trations were below the detection limit in the original soil.
atures from 120 to 3 days, whereas mineralization throughAbove 10C, the concentration increased reaching an opti-
methanogenesis required 5-13 days, regardless of the temmum at 32C (3.04umol NHj{xg dry wt-1).

perature (Fig. 3a). The lag phase of methanogenesis corre- aApove 40C, very small amounts of CHaccumulated
sponded to the half life of labile organic matter calculatedfrom the beginning, but reaching not more than 33nmol
from CQ, accumulation (Fig. 3b). We were unable to cal- cH,xgdrywt ! at the end of the experiment. However, two
culate precise mineralization rates of the refractory organicsgmples, incubated at %8 and 50C (Fig. 2, open circles),
component at the given temperatures. Graphic analyses of resowed a different pattern: GHaccumulated to high val-
fractory carbon mineralization suggested rate constants threges, and alcohols, fatty acids, and &ccumulated less. H
orders of magnitude lower than for labile organic matter, with fatty acids, and alcohols accumulated to high levels, with the
half-lives>20y. highest concentrations at 66-°T&

Because of the non-linear increase of £Hnd CQ A detailed analysis of the time course of iron reduction and
(Fig. 1), the accumulation during the experiment is given in- méthanogenesis was done at@5Fe(ll) increased from the
stead of a rate per day in Fig. 2. Two temperature optima€ginning till approximately 60 days (Fig. 4). The maximum
for CO, accumulation were observed, one atG&ind asec- concentrations of Fe(ll) represented about 55-60% of the to-
ond one at 65C (Fig. 2b). Until the end of the experiment taliron content suggesting that roughly half of the chemically
after 115 days, virtually no CHproduction was observed reducible iron was inaccessible for microbes. Methane pro-

below 14C. The lag phase for methanogenesis decreaseduction started while iron reduction began to decrease. Atthe
with increasing temperature from a maximum of 80 days atonset of methanogenesis, hydrogenotrophic methanogensis
15°C, to a minimum of 7 days at the temperature optimum.contributed 30-75% (Fig. 4). After 68 days, however, ace-
Around 15C, elevated levels of H(50 ppmv; Fig. 2c) and toclastic methanogenesis was prevalent at 25, 30, ahd 37
acetate (50QM; Fig. 2f) coincided with a decreasing rate of (95, 60, and 80%, respectively).

Fe(ll)-accumulation (Fig. 2d) and the onset of £htcumu- To analyze the microbial community and its changes, ar-
lation, suggesting a transitional phase between Fe-reductionhaeal andseobacteraceae related 16S rRNA genes, and
and methanogenesis. The average steady-state concentthe mcrA gene were amplified, cloned, and analysed by T-
tions in methanogenic samples were 26 pptia and 60uM RFLP or DGGE. The amount of DNA extracted was highest
acetate (15-3&; Fig. 2c, f). The respective concentrations in the original soil sample and decreased in soil slurries as the
were much lower when Fe-reduction was prevalent at temtemperature increased. Above®&) no PCR products could
peratures<14°C, with 2 ppm, H» and acetate below the de- be obtained. The archaeal 16S rRNA clone library of the

www.biogeosciences.net/6/1127/2009/ Biogeosciences, 6, 11382009
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Temperature (°C) Fig. 4. Methanogenic pathways and iron reduction at@5The
values of CH produced from either lICO» or acetate were calcu-
lated from averagea£2—3) of CH, concentrations measured in the
presence (methanogenesis frogIEi0, only) and in the absence of
methyl fluoride. Fe(ll): average SE,n=6.
100 respectively. It is suggested that the T-RFs of 185 bp repre-
. sents members d¥lethanosarcinaceaer RC-VI (Kemnitz
Q e et al. 2004) 382bp members of the euryarchaeal RC-lII,
3 751 [ and the T-RF of 394 bp members of the methanogenic RC-,
E’ (Kemnitz et al., 2004; Lu et al., 2005; Penning and Conrad,
@ 504 ° 2006). This affiliation is consistent with the clone library:
s PY archaeal 16S rRNA gene clone sequences from the origi-
o [ J nal soil belonged exclusively to RC-VI (Fig. 5), amacrA
« 25 | P ‘ ° clone sequences from a methanogenic slurry in_cubated at
[ ] 35°C were represented by acetocladflethanosarcinand
Y hydrogenotrophic RC-I at a ratio of 91:9 (Fig. 6).
oL . ' Geobacteraceatargeting PCR vyielded a strong product

15 20 25 30 ' 35 4'0 fqr all samples incubated below 4D. There was no obvious
Temperature (°C) dlfferen_ce in DGGE band_s between samples incubated at 1—
27°C (Fig. 7). In samples incubated at 30285the commu-
nity shifted and stabilized again at 8. Banding patterns
Fig. 3. (A) Half-life of labile soil organic matter calculated from remained constant up to 80, at which the bands became
COy, production in anoxic soil slurries i.nculbated Qt different .tem- fainter, suggesting lower target numbers. Theobacter-
peratures(B) L_ag phase for Chl production in anoxic soil slurries aceae16S rRNA gene clone library from the original soil
incubated at different temperatures. contained 48 different clones. DGGE-bands were excised,
re-amplified and sequenced.

- . . ) All sequences/=74) clustered within the ordeDesul-
original soil consisted exclusively of crenarchaeal Sequenceﬁjromonadalesincluding the the Fe(lll) reducing genera
with no methanogenic rgpresentatives (45 of 46 clone se'Geobacter Des’ulfuromonasand Pelobacter. One sequence
guences, one was a chimera). All sequences belonged r\(R/as affiliated to the genu&naeromyxobacter The clones
th_e yet unCL_JItured rice cluster V_I (RC-VI) of Crenarchaeota and the respective DGGE bands were assigned to groups I-
(Fig. 5) (Chin et a_l., 1999; Kemnitz et al., 2004). XI (Fig. 8). The vast majority of bands were positioned on

T-RFLP analysis of archaeal 16S rRNA genes from sam-e gradient gel between 40 and 55% denaturant. The bands
ples incubated at various temperatures yl_el.ded fopr Q'St'”cbositioned at denaturant concentrations5% (not shown)
T-RFs of 185, 382, 394, and 735. The original soil yielded pe|onged to the iron reducnaeromyxobacteMost bands
only two T-RFs of 140 and 185bp. The dominating frag- \vere present throughout the whole temperature range but dif-
ment (185 bp; A 46-100%) was present in all samples. T- fering in relative intensity.

RFs of 382, 394, and 735bp were found in samples incu-
bated at 20-3%. The 382- and 394-bp T-RFs increased at
higher temperatures (30-38), with an Ap up to 6 and 30%,

Biogeosciences, 6, 1127438 2009 www.biogeosciences.net/6/1127/2009/
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archaea_26/_45/_52, EU753450/-66/-72
HTA-H8, AF418939
SCA1175, U62819
archaea_19, EU753445
HL9, AJ608199
archaea_55, EU753473
PM19, AJ608169
archaea_59, EU753476
ST1-6, AJ236457
archaea_24/_56, EU753448/-74
PMI-20, AJ556393
PM32, AJ608178
archaea_17, EU753443
archaea_02, EU753446
SCA1145, U62811
archaea_11, EU753437
SCA1170, U62817
archaea_16, EU753442
HTA-B6, AF418928
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Fig. 5. Crenarchaeota, rice cluster VI: neighbour-joining tree of 16S rRNA gene sequences. Clones retrieved from the original soil (bold),
from upland (Bintrim et al., 1997) and flooded soils (Kemnitz et al., 2004). GenBank accession numbers of the sequences are indicated.
Scale bar: estimated number of base changes per nucleotide position.

4 Discussion monoaromatic compounds, and hydrogen as electron donors
(Lovley, 2000). Most of the DGGE-bands in samples incu-
bated above 3@ could be affiliated with iron reducers that

If methanogenesis had occurred regularly in this solil, it X X
can use very diverse electron dondBepbacter pelophilus,

would have recovered quickly after flooding had caused ) S .
Pelobacter acetylenicuandPelobacter propionicug-ig. 7).

anoxic conditions. However, CiHproduction began only af- AL f th d bands b
ter along lag phase. This implies that either methanogenesi t lower temperatures, one of the pronounced bands be-
was inhibited by another process, and/or methanogen aburfgng(ad to group XI that could be affiliated to the acetate oxi-

dance was low. Denitrification and sulphate reduction couldfjIZIng Desulfuromonas acetoxidanSompetition for acetate

be ruled out as competing processes, because the respecti\?ejug_g'ESted b3|/ thelg_eryzlgwfacetﬁte conce_ntranon |ndthe Fe-
electron acceptors were virtually absent. Fe(lll), in contrast,/€0uciNg samples (Fig. 2d, fMethanosaetas reported to

proved to be a major electron sink. The length and coursg]"’“/el"“.n ac(:jetat(; threshold of/fZM, \r’:’ith 200_.50QJM be-
of iron reduction coincided well with the lag phase for ¢H N9 claimed to be necessary ftfethanosarcingJetten et

production. Iron reduction started immediately after the startal" 1990). S incélethanosaetavas not detecited., the ac?tate
of incubation and production of GHwvas completely sup- concentration _measured_ frﬂ ‘empe_ra‘“m‘ C is well in
pressed untit-2/3 of iron was reduced. acgordan_ce with competition with iron reducers fqr acetate,
) o while a direct temperature control of methanogenic popula-
Iron reducers have a higher affinity fopldnd acetate than - ons was not evident. fconcentration in these samples was
methanogenic archaea, and they can grow at lowerid ac- <1nM, but may have allowed minor GHormation (Fig. 2c,
etate concentrations (Lovley and Phillips, 1986; Lovley and4) (Karadagli and Rittmann, 2007). This agrees with obser-
Phillips, 1987a). Fe-reducing bacteria form a polyphyletic \ations in a rice field and in rice soil microcosms, in which
functional group. While a PCR-assay directed against gy minor residual Cif production from H/CO, occurred
functional gene common to all Fe-reducing bacteria is ”°tduring the Fe-reducing phase (Frenzel et al., 1998gkr et
available, the PCR-assay targeting the 16S rRNA gene covy|  2002; Lueders and Friedrich, 2002). The higher levels

ers a significant fraction of these organisms (Cummings ety H, and acetate in P&-samples coincided with the onset
al., 2003). Geobacteraceaean use short-chain fatty acids,
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07¢, EU753573
07h, EU753578
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08d, EU753582

[ 06d, EU753566
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Methanosarcina lacustris, AY260443
{manosarmna barkeri, Y00158 Methanosarcinaceae
Methanosarcina mazei, AY260440
05f, EU753560
09h, EU753593
T 07d, EU753574
11d, EU753602
AY459316, Everglades
AY458413, Everglades
"~ U22250
07b, EU753572
06g, EU753569
09a, EU753586
06a, EU753563
AM114193, enrichment culture Rice Cluster |
AY125612, rice root
AY 125660, rice root
10c, EU753595

gen. nov., AB300467

ﬁ Methanosaeta concilii, AF313803

CP000477

ium frigidum, DQ229158

I
s L—  Methanogenium organophilum, DQ229160
AF414051

bryantii, AF313806

@ >90%
010 O >80%

Fig. 6. MethanogenicArchaea Tree-Puzzle tree ofncrAsequences. The tree was calculated with 10000 puzzling steps, the Whelan-
Goldman substitution model, parameter estimation using neighbor-joining, a filter 20-100%, and 160 valid columns. Sequences retrieved
after incubation at 38C for 115 days are printed in bold. Scale bar: estimated number of changes per amino acid positiddeRatopy-

rus kandleri(AF414042). Clone sequences were aligned against an ARB-database28@®mcrAsequences. Nearest cultivated and en-
vironmental neighbors were identified after adding the clone sequences with the quick add tool (parsimony) to an existing working tree with
~2500 sequences. Since clone sequences were forming coherent clusters, only 17 representatives out of 45 sequences were subsequer
used together with the nearest cultivated and environmental sequences to generate the initial maximum-likelihood tree.

5 pl sample/well | 20 ul sample/well

The archaeal 16S rDNA gene sequences retrieved from
the original soil fell all into rice cluster VI, a group of non-
methanogenic Crenarchaeota. Rice cluster VI has been found
in various freshwater and terrestrial habitats, but its physiol-

Temperature (°C)

Clone mixture
Clone mixture

Initial soil

0% 1 7 14 22 27 30 32 35 38 40|35 38 40 43 45 48 50
o—

vEL R, o ‘//'“ ogy is still unknown (Kemnitz et al., 2004; Ochsenreiter et
= - =t =l == Inln)alabery |- I al., 2003). These data support the assumption that methano-
W HEEEEED g Eé: S genesis in the upper 30 cm of Ljubljana marsh soil is not a
g il | lsisiotsinkali process that occurs naturally, even after longer periods of
v ¢ e flooding. Our results indicate that rare representatives of a
IX —»> 5 4=4 . . .
x=7 . methanogenic community were present and became enriched

during incubation, at least at temperatures aboViC1n-
deed, methanogens have been shown to survive prolonged
oxic conditions (Mayer and Conrad, 1990; Peters and Con-

i 4 ; rad, 1995). Hence, re-establishing a methanogenic commu-
profiles of 165 rRNA gene fragments from the original soil and after iy, i 44 e expected after flooding, but it will have to cope
incubation at different temperatures. Individual bands that yielded

sequence data are labelled with group numbers (Roman numeralsg\.”t.h the competition for electron donors by Fe-reducing bac-
The denaturant gradient is indicated to the left in %.

Fig. 7. Geobacteraceaand relatedesulfuromonadalesDGGE-

The Methanosarcinaceadetected in samples with high
methanogenesis (Fig. 2). Considering that prior to incuba-CHa production are able to use acetate corresponding well
tion no methanogens could be detected, these data indicate the high fraction of acetoclastic methanogenesis. The ac-

that fermentation and methanogenesis had not yet reachedgfate concentrations of M in the methanogenic samples,
steady state. however, were still lower than thresholds reported for pure

cultures (Jetten et al., 1990), but as high as observed in a
methanogenic rice field soil (Leybo et al., 2006). A minor
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e
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IX
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Fig. 8. Geobacteraceaand relatedDesulfuromonadalesneighbour-joining tree of 16S rRNA gene sequences retrieved from the original

soil, or recovered from DGGE bands (Fig. 7). First a stable bootstrap tree with sequences from cultured and uncultured species with
>1300 bases was constructed. Afterwards clone sequences and sequences from DGGE (in bold) were added by quick add (parsimony) a
implemented in ARB, considering a total of 313 base positions. Closed sym@8s; open symbols=80%; scale bar: estimated number

of base changes per nucleotide position. As Estherichia col(AJ567617) was used.

fraction of methanogenic archaea in our samples were afrad et al., 2006). Recently, this was supported by a complete
filiated with RC-l. Members of RC-I are hydrogenotrophic genome analysis of RC-I (Erkel et al., 2006), predicting the
and more active at low FHconcentrations (Lu and Conrad, presence of a complex set of enzymes and mechanisms pro-
2005), which allows them to grow in syntrophy with sec- tecting this organism against oxidative stress.

ondary fermenters (Lueders et al., 2004). RC-I1 is often found
in periodically oxic environments, suggesting that they are
well adapted to oxic stress during periods of drought (Con-

Soil organic matter is a complex mixture of different
components. In short-term experiments, £é&nd CH;,
the end-products of carbon mineralization, often increase
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linearly with time. For this long-term experiment, lasting 115 Bak, F., Scheff, G., and Jansen, K. H.: A rapid and sensitive ion
days, two-component decay models describing the different chromatographic technique for the determination of sulfate and
degradability of a labile and a refractive fraction gave a better sulfate reduction rates in freshwater lake sediments, FEMS Mi-
fit (Murayama and Zahari, 1996b). The labile fraction had a_ crobiol. Ecol., 85, 23-30, 1991.

half-life of about 130 days at 2@, the in situ summer tem- Bodelier, P. L. E., Hahn, A., Arth, I, and Frenzel, P.: Effects of
perature in the soil layer studied. The shorter half-life cal- 2MMonium-based fertilisation on microbial processes involved
culated for methanogenesis was lacking an obvious temper- in methane emission from soils planted with rice, Biogeochem-

. - . istry, 51, 225-257, 2000.
ature response suggesting that production of methanogenigiyyim s g, Donohue, T. J., Handelsman, J., Roberts, G. P., and

precursors and overall mineralization were only loosely cou-  Goodman, R. M.: Molecular phylogeny of Archaea from soil,
pled. The temperature optimum for methanogens was rela- pNAS, 94, 277-282, 1997.

tively high compared to northern wetlands (Metje and Fren-chin, K. J., Lukow, T., and Conrad, R.: Effect of temperature on
zel, 2005; Metje and Frenzel, 2007), but comparable to that structure and function of the methanogenic archaeal community
found for methanogenesis in an Italian rice field soil (Fey et in an anoxic rice field soil, Appl. Environ. Microbiol., 65, 2341
al., 2001). This suggests a common adaptation to the cli- 2349, 1999.

mate in the Mediterranean, and a latitudinal differentiation<©le, J. R., Chai, B., Farris, R. J., Wang, Q., Kulam, S. A,
of microbial populations in flooded soils. Furthermore, the McGarrell, D. M., Garrity, G. M., and Tiedje, J. M.: The Ribo-
outliers in CH, accumulation at 48-BC (Fig. 2a) indicate somal Database Project (RDP-I1): sequences and tools for high-

the presence of a cryptic moderately thermophilic population tzhgggghput rRNA analysis, Nucl. Acid. Res., 33, D294-D296,

like that found in ar? Italian rice field soil _(F_ey et. al., 2001). Conrad, R, Erkel, C., and Liesack, W.: Rice Cluster | methanogens,
However, the adaptive value of such a traitis entirely unclear. 4, important group of Archaea producing greenhouse gas in soil,
We have shown that re-establishment of a methanogenic curr. Opinion Biotech., 17, 262—267, 2006.

population and, hence, production of €Mas limited by  Conrad, R. and Frenzel, P.: Flooded soils, in: Encyclopedia of En-
competition for substrates, mainly for acetate. In the pres- vironmental Microbiology, edited by: Britton, G., John Wiley &
ence of Fe(lll), methanogenesis will be largely delayed over Sons, New York, USA, 1316-1333, 2002.
a wide temperature range. The long-term effects after restorCummings, D. E., Snoeyenbos-West, O. L., Newby, D. T., Nigge-
ing a high water-table are more difficult to predict: timing of ~ Myer, A. M., Lovley, D. R., Achenbach, L. A., and Rosenzweig,
methanogenesis does not only depend on competing termi- R. F.: Diversity ofGeobacter_aceaespeues |r_1hab|t|ng metal-
nal processes, but also on labile organic carbon. Its avajl- Polluted freshwater lake sediments ascertained by 16S rDNA
ability will depend on plant exudates and litter input that analyses, Microb. Ecol,, 46, 257-269, 2003. .

. . Eller, G. and Frenzel, P.: Changes in activity and community struc-
were not part of our study. However, if the water-table is

. e . - ture of methane oxidising bacteria over the growth period of rice,
allowed to fluctuate, the iron oxidation-reduction cycle is ex-  app| Environ. Microbiol., 67, 2395-2403, 2001.

pected to continue, as corroborated by other studi€s¢K  Erkel, C., Kube, M., Reinhardt, R., and Liesack, W.: Genome of

et al., 2008). Hence, intermittent drainage events, preferably Rice Cluster | archaea - the key methane producers in the rice
during the warm season, may be the most promising strat- rhizosphere, Science, 313, 370-372, 2006.

egy mitigating CH emissions. In addition, the microcosm- Fey, A., Chin, K. J., and Conrad, R.: Thermophilic methanogens in
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