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Abstract 26 

The restoration of peatlands is an important strategy to counteract subsidence and loss of 27 

biodiversity. However, responses of important microbial soil processes are poorly 28 

understood. We assessed functioning, diversity, and spatial organization of methanotrophic 29 

communities in drained and rewetted peat meadows with different water table management 30 

and agricultural practice. Results show that the methanotrophic diversity was similar between 31 

drained and rewetted sites with a remarkable dominance of the genus Methylocystis. Enzyme 32 

kinetics depicted no major differences, indicating flexibility in the methane (CH4) 33 

concentrations that can be used by the methanotrophic community. Short-term flooding led to 34 

temporary elevated CH4 emission but neither to major changes in abundances of MOB nor in 35 

CH4 consumption kinetics in drained agriculturally used peat meadows. Radiolabelling and 36 

autoradiographic imaging of intact soil cores revealed a markedly different spatial 37 

arrangement of the CH4 consuming zone in cores exposed to near-atmospheric and elevated 38 

CH4. The observed spatial patterns of CH4 consumption in drained peat meadows with and 39 

without short-term flooding highlighted the spatial complexity and responsiveness of the CH4 40 

consuming zone upon environmental change. The methanotrophic microbial community is 41 

not generally altered and harbors MOB that can cover a large range of CH4 concentrations 42 

offered due to water-table fluctuations, effectively mitigating CH4 emissions. 43 

44 
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Introduction 45 

Methane (CH4) is an important greenhouse gas (GHG) that contributes significantly (17%) to 46 

the total anthropogenic radiative forcing of 2.83 W m
-2

 (Myhre, et al., 2013). However, the 47 

annual growth rate of atmospheric CH4 varied largely over the last 30 years (Kirschke, et al., 48 

2013). The causes for these anomalies are not fully understood but may be linked to changes 49 

in wetland CH4 emissions such as: changes in wetland area, wetland management (e.g. 50 

fertilizer use in rice cultivation), and climatic effects affecting water table and temperature 51 

(Bousquet, et al., 2006, Kai, et al., 2011, Spahni, et al., 2011, Kirschke, et al., 2013, 52 

Turetsky, et al., 2014).  53 

In recent years, many peatlands were restored to natural wetlands to counteract 54 

subsidence of the peat soil (Verhoeven & Setter, 2010) and the loss of wetland biodiversity 55 

(Quesnelle, et al., 2013). A primary restoration strategy is to raise the water table and adapt 56 

land use, i.e. reduce or abandon agriculture. While these strategies were successful in 57 

increasing the abundance of wetland birds species (Tozer, et al., 2010), their consequences 58 

for GHG emissions are unclear. Rewetting likely reduces total C losses, but CH4 emission 59 

may increase (Hendriks, et al., 2007).  60 

Next to anaerobic CH4 oxidation, aerobic methane-oxidizing bacteria (MOB) play a 61 

key role in mitigating atmospheric CH4 emissions. In environments such as wetlands, MOB 62 

act as a bio-filter mitigating the release of CH4 from soil-internal sources to the atmosphere 63 

by approximately 40% (Frenzel, 2000). In environments such as dry forest and dry grassland, 64 

MOB with deviating oxidation kinetics than in wetlands (Bender & Conrad, 1992, Knief, et 65 

al., 2006) contribute 6% to the global atmospheric CH4 sink (Denman, et al., 2007).  66 

Aerobic MOB are found within the phylum of the Proteobacteria and 67 

Verrucomicrobia. The methanotrophic Alphaproteobacteria include the families 68 

Methylocystaceae and Beijerinckiaceae, while the methanotrophic Gammaproteobacteria are 69 
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found within the family Methylococcaceae. Based on different physiological, biochemical, 70 

phenotypical characteristics and phylogeny, proteobacterial MOB have been classified into 71 

type Ia, type Ib and type II (Hanson & Hanson, 1996, Bodrossy, et al., 2003). Today, they are 72 

mainly grouped taxonomically into Gamma- and Alphaproteobacteria, respectively. MOB 73 

oxidize CH4 via methanol to carbon dioxide. The pmoA gene encodes a subunit of the 74 

particulate CH4 monooxygenase (pMMO), a key enzyme catalyzing the first step in the 75 

aerobic CH4 oxidation pathway of MOB. The pmoA gene is present in the majority of MOB 76 

and therefore has been widely used as phylogenetic and functional marker to target these 77 

organisms from the environment (McDonald, et al., 2008). 78 

MOB that are capable of oxidizing CH4 at atmospheric concentration have not been 79 

cultivated yet. However, pmoA sequence analyses of soils showing atmospheric CH4 uptake 80 

revealed distinct clusters, termed upland soil cluster (USC) α and γ (Holmes, et al., 1999, 81 

Henckel, et al., 2000, Knief, et al., 2003). While the closest relative of USC α is member of 82 

the genus Methylocapsa (Ricke, et al., 2005), USC γ is more closely related to the family 83 

Methylococcaceae (Knief, et al., 2003). Next to these dominant groups other putative 84 

atmospheric MOB have been detected (Horz, et al., 2005, reviewed in Kolb, 2009). 85 

Rewetting agriculturally used peat will affect methanotrophic communities because a 86 

well aerated and dry environment with predominantly sub-atmospheric CH4 concentrations is 87 

converted back to a soil environment with high internal CH4 supply. It currently is unclear 88 

whether the original methanotrophic communities largely persist and or whether a new 89 

microbial community with new dominant species establishes, with possible consequences for 90 

CH4 cycling. To investigate this we focused on MOB communities in Dutch peat meadows 91 

differing in water table management, agricultural practice, and restoration time. MOB 92 

community composition as well as CH4 oxidation kinetics in drained and rewetted peat soils 93 

was compared, comprising both environments with high internal CH4 supply and atmospheric 94 
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levels of CH4. Spatial organization of aerobic CH4 consumption in a drained peat soil with 95 

and without short-term flooding was assessed by radio-imaging of intact soil cores incubated 96 

with labelled 
14

C- CH4 at elevated (10.000ppmv) or near-atmospheric (10ppmv) 97 

concentrations.  98 

 99 

Materials and Methods 100 

Study site and experimental design: long-term hydrological restoration 101 

Our first study was carried out in the Horstermeer polder (52°14'00.0 N, 05°04'00.0 E) 102 

and Stein (52°01'07.0 N, 04°46'00.0 E) in the Netherlands. These areas have previously been 103 

described (Schrier-Uijl, et al., 2010, Schrier-Uijl, et al., 2014). At both locations, we selected 104 

sites that were artificially drained and sites where the water table has been raised as a 105 

restoration measure after drainage. 106 

In Horstermeer, the rewetted site has been out of agricultural practice for more than 107 

15 years. Hydrological isolation of the rewetted site raised ground water level close to the soil 108 

surface and even above. The drained reference site has been out of intensive agricultural 109 

practice for more than 7 years and today is mainly used for extensive pasturing while keeping 110 

the water table artificially low.  111 

In Stein, the rewetted site has been out of intensive agriculture for more than 20 years 112 

but is used for extensive pasturing today. The drained reference site is still under intensive 113 

agriculture and the water table is kept constant at low levels.  114 

At both sites, soil samples were taken in October 2010, at the end of the growing 115 

season. To representatively cover within-site variability, five evenly distributed 2 × 2 m plots 116 

were chosen. In each plot, three soil cores (20 cm length, 3.8 cm diameter) were taken at 117 

random locations with a soil corer. Upon arrival in the laboratory, replicated cores were 118 

sliced and the 3-9cm layer processed. We chose this layer because initial tests had shown that 119 
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CH4 oxidation was highest at this depth (unpublished data). Roots were removed from the 120 

soil, the sample was mixed, freeze dried, and stored at room temperature in the dark until 121 

further analyses. The main soil characteristics are summarized in Table S1.  122 

 123 

Study site and experimental design: drainage after short-term flooding 124 

An additional pair of study sites was located at the former experimental dairy farm of 125 

the University of Wageningen in Zegveld, the Netherlands (52°8'25.9 N, 4°50'19.7 E). A 126 

former agricultural pasture was temporarily flooded for 12 weeks in a wetland bird-127 

management initiative. The pasture has been flooded for the first time in February 2010 and 128 

the second time in February 2011 and is still used for extensive agriculture (cattle and sheep). 129 

Next to this site, we selected a non-flooded drained reference site with similar characteristics 130 

and agricultural history. At each study site, we selected four plots of 1 m
2
, which were 131 

marked with bamboo sticks for re-sampling over the season. In each plot, CH4 emission was 132 

measured in duplicate points before soil cores were collected for further analysis in the 133 

laboratory. In the following sampling campaigns two new points were selected within the 1 134 

m
2
 area and prepared in the same way as described above. In total, per sampling event and 135 

per site we obtained 8 samples and CH4 flux readings from two points at four plots. The soil 136 

was processed as described above. The main soil parameters, pH and moisture content based 137 

on dry weight are given in Table S2.  138 

 139 

CH4 oxidation kinetics 140 

Apparent enzyme kinetics, i.e. the apparent half-saturation constant (Kmapp) and the 141 

maximum rate of CH4 consumption (Vmax) were determined from all soil samples the day 142 

following sample collection. Assays were performed by incubating 5 g of processed soil, 143 

suspended in 10 ml of MilliQ water (MILLI-Q Reagent Water System, Millipore) in 120 ml 144 
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serum flasks capped with a butyl rubber stopper (Sigma Aldrich). CH4 was added to the 145 

headspace to achieve mixing ratios of approximately 50, 100, 500, 1000, 5000, 10.000 and 146 

20.000 (only for long-term hydrological restored sites) ppmv. Soil slurries were incubated on 147 

a rotary shaker (120 rpm) in the dark at room temperature. CH4 consumption was monitored 148 

by GC-FID analysis (HP 5890 Gas Chromatograph, Hewlett-Packard) over a period of 1-4 149 

days including 5-12 measurements. Individual CH4 oxidation rates for each concentration per 150 

sample were calculated by linear regression. Vmax and Kmapp were derived from nonlinear 151 

regression using the nlstools package as implemented in the statistical software R (R 152 

Development Core Team, 2013).  153 

 154 

CH4 flux field measurements at the drained sites with and without short-term flooding  155 

CH4 fluxes were monitored over the growing season in 2011. Measurements were taken in 156 

May before the removal of water, three days after removal of water and in the beginning of 157 

June, July and August. We used acrylic cylinders (40 cm length, 10 cm diameter) equipped 158 

with two-way sampling ports through which headspace gas samples could be collected. These 159 

samples were transferred into evacuated glass vials with a rubber stopper (Terumo, Belgium) 160 

and analyzed for CH4 concentration by GC-FID (Ultra GC gas chromatograph, Interscience, 161 

Breda, the Netherlands, 30m x 0.32mm ID Rt-Q-Bond capillary column). CH4 fluxes were 162 

derived from the linear increase in CH4 concentration in the headspace.  163 

 164 

14
CH4 labelling of cores; preparation of soil sections and imaging at the drained sites with 165 

and without short-term flooding  166 

Both from the control as well as the temporarily flooded site in Zegveld, two pairs of cores 167 

were taken in October 2011, at the end of the growing season. One soil core per pair was 168 

labelled with 
14

C-
 
CH4 under elevated (10.000 ppmv) while the other was incubated under 169 
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near-atmospheric (10 ppmv) CH4 concentrations. An additional soil core from the 170 

temporarily flooded site was incubated at near-atmospheric conditions. The procedure was 171 

performed as described in Stiehl-Braun and colleagues (2011). In brief, soil cores were 172 

sampled by using polyethylene tubes (16 cm length, 5.7 cm diameter) and labeled with a total 173 

activity of ca. 500 kBq 
14

CH4. Labelling was carried out in gas-tight jars, for seven days. CH4 174 

headspace concentrations were monitored, and unlabeled CH4 added to keep concentrations 175 

close to the target values of 10 or 10.000 ppmv. To fix and solidify, the labeled soil cores 176 

were freeze-dried and impregnated with epoxy resin, using a vacuum chamber, the fixed soil 177 

cores were then cut horizontally into three sections of 5 cm height, and a vertical slice of 178 

approximately 1 cm thickness cut from the center of each of these cylindrical sections, using 179 

a diamond circular saw. These sections were mounted on 3 mm glass slides with epoxy resin, 180 

and levelled with a diamond cup mill. Then, autoradiographs of the soil sections were 181 

obtained by exposing phosphor imaging plates for 5 days. The imaging plates were scanned 182 

by red-excited blue fluorescence scanning at a resolution of 50 µm. The images from the 183 

three slides per core were then recomposed using MATLABs image processing toolbox.  184 

 185 

MOB community composition 186 

DNA was extracted from all soil samples by a modified method (see Henckel et al., 1999 for 187 

details). In brief, approximately 0.2 g of freeze-dried soil was suspended in 750 μl 120 mM 188 

sodium phosphate buffer and 250 μl sodium dodecyl sulphate solution in bead-beating vials 189 

(Lysing Matrix E, MP BIO, USA) and bead-beated using a FastPrep-24 Instrument (MP BIO, 190 

USA). Samples were then centrifuged (10 min., 20.800 x g). 600 μl of the supernatant were 191 

collected. The soil pellet was re-extracted with 600 μl sodium phosphate buffer and 200 μl 192 

sodium dodecyl sulphate solution followed by another bead beating and centrifugation step 193 
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(400 μl supernatant). Before DNA precipitation we initially treated the supernatant with 7.5 194 

molar sodium acetate to remove humic substances. 195 

DNA from the combined 1 ml of supernatant was purified and precipitated (Lueders, et al., 196 

2004). Finally, pelleted nucleic acids were suspended in 30 μl of elution buffer (Qiagen, 197 

Germany) and stored at -20 °C. DNA quality and quantity was determined using a Nano-198 

Drop Spectrophotometer (Thermo Scientific, USA). 199 

We first performed Sanger sequencing of the pmoA gene from clone libraries 200 

generated using the pGEM-T Easy Vector Systems (Promega, USA). Amplicons were made 201 

using the forward primer A189f and either the reverse primer mb661r or A682r (table S3) as 202 

described before (Henneberger, et al., 2012). In brief, 0.5 ng of template DNA were added to 203 

a total reaction volume of 25 μl of 1 x MasterAmpF PCR premix (Epicentre, USA) and 0.5 U 204 

of Taq polymerase (Invitrogen, USA). PCR was performed with 5 min initial denaturation at 205 

94 °C, followed by a temperature gradient which consisted of 94 °C for 60 s, 11 cycles 206 

starting at 62 °C and decrease by 1 °C per cycle, and 60 s final extension at 72 °C. 207 

Subsequently 24 cycles followed with annealing at 52 °C for 60 s and a 10-min final 208 

extension at 72 °C.  209 

For an in depth analysis of community composition, samples from the long-term 210 

hydrological restored and drained sites were subjected to NGS (454 pyrosequencing) 211 

amplicon sequencing (GS FLX, titanium chemistry; Roche). The barcoded amplicons were 212 

obtained in a two-step PCR approach using the primer pair A189f and A650r (table S3). In a 213 

first step, pmoA genes were amplified in 35 cycles and PCR conditions as described above. In 214 

a second step, 1 μl of a 25 fold dilution of PCR product from first step was amplified using 215 

the same primers in 25 cycles with an annealing temperature of 52°C. Three reactions were 216 

carried out for each sample, pooled, purified via gel extraction and sent for analyses to GATC 217 

Biotech, Konstanz, Germany. 218 
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Sequence reads larger than 400 bp were analyzed as described in (Lüke & Frenzel, 219 

2011). In brief, nucleotide sequences were translated into amino acid sequences and reads 220 

containing frame shifts were removed from further analysis. Phylogeny was inferred using 221 

the Neighbor Joining algorithm with Jukes Cantor correction. Processing and analysis was 222 

done using the ARB software (Ludwig, et al., 2004). Nucleotide sequences found in this 223 

study were deposited at the EMBL European Nucleotide Archive (ENA) under the study 224 

accession number XXXXXXXX. 225 

 226 

MOB abundances 227 

We followed total abundances of different MOB groups over the growing season at the short-228 

term flooded and drained reference using quantitative PCR (qPCR). Therefore all four 229 

samples were pooled for each site and time point. Type Ia, Ib and type II subgroups were 230 

quantified using pmoA-specific qPCR assays described by Kolb et al. (2003). Prior to qPCR 231 

template was checked for PCR inhibition by template dilution. The three assays were 232 

performed in duplicate as described by Pan et al. (2010). In brief, 12.5µl 2 x SensiFAST 233 

SYBR No-ROX Kit (Bioline, Germany), 2 µl of diluted DNA template (1 ng per µl) and 0.8 234 

mM of each primer were mixed to a total volume of 25µl. The qPCR conditions were as 235 

follows: 15 min initial denaturation at 95˚C, followed by 45 cycles of denaturation at 95˚C 236 

for 20 s, annealing at 64˚C for 20 s, and extension at 72˚C for 45 s. DNA melting curves were 237 

analyzed at temperatures ranging from 70 to 99˚C and fluorescence was recorded at 84˚C. All 238 

assays were performed with a Rotor-Gene 6000 thermal cycling system (Corbett Research, 239 

Australia). Samples were added to aliquots of the master mixture using the QIAgility liquid 240 

handling system (Qiagen, Netherlands). To quantify total copy number of each individual 241 

assay the Rotor-Gene Q Series Software (Qiagen, Netherlands) was used. 242 
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In addition, we tested all samples at the drained sites with and without short-term 243 

flooding and at the long-term hydrological restored sites for the putative atmospheric MOB 244 

upland soil cluster (USC) α. The primers A189f-Forest675r targeting specifically USC α 245 

pmoA genes were used (Kolb et al., 2003). We followed the protocol as described in Barbosa 246 

and colleagues (2015). These assays were performed with the CFX96 qPCR cycler (Biorad, 247 

Germany). To quantify total copy number of each individual assay the Bio-Rad CFX 248 

Manager Series (version 3.0.1224.1015) software was used. 249 

 250 

Statistics  251 

Possible differences in fluxes and kinetics between long-term hydrological restored sites, 252 

short-term flooded, and drained sites were evaluated using a two-sided Student's t-test as 253 

implemented in the statistical software R (R Development Core Team, 2013).  254 

 255 

Results  256 

MOB community composition in long-term hydrological restored and drained peat meadows 257 

We performed Sanger sequencing of pmoA gene clone libraries and used the two widely 258 

applied reverse primer mb661r and A682r, together still having the highest coverage of 259 

aerobic MOB diversity. Members of the genus Methylocystis (type II MOB) were the 260 

dominant MOB present (Figure 1, Figure S1), independent of agricultural history and 261 

management. The reverse primer A682r also covers ammonia monooxygenase genes. At both 262 

sites at Stein and for the drained reference site at Horstermeer next to a dominance of type II 263 

MOB a large fraction of sequences belonging to the ammonium-oxidizing genus Nitrosospira 264 

were detected (Figure 1, Figure S1).  265 

Since drainage of peat soil can turn this environment with high internal CH4 supply to a well 266 

aerated and dry environment with predominantly sub-atmospheric CH4 concentrations we 267 
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looked for the occurrence of putative atmospheric CH4 oxidizers. We applied the pmoA 268 

reverse primer A650r to increase the coverage of these putative high affinity MOB in a 269 

pyrosequencing approach. In all four sites a large proportion of the putative atmospheric CH4 270 

oxidizers USC α and related were detected but also a small fraction of other putative 271 

atmospheric CH4 oxidizers such as TUSC (Figure 1). The qPCR assay specifically targeting 272 

USC α pmoA genes revealed a low abundance of those organisms at the studied environments 273 

(Figure 2). Similarly to the results of pmoA gene clone libraries the 454 pyro-sequencing 274 

revealed a large proportion of pmoA sequences belonging to the genus Methylocystis, except 275 

for the drained reference site at Stein (Figure 1). 276 

 277 

MOB community composition in drained peat meadows with and without short-term flooding 278 

The short-term effect of flooding on the methanotrophic community were quantitatively 279 

followed for different sub-populations of MOB over a growing season in drained peat soils 280 

with and without a short-term flooding (Figure 3). The qPCR data of the three major group of 281 

MOB revealed temporal variability with a peak of all three sub-populations in samples taken 282 

in June (Figure 3). Overall, the abundance of type II was a 1000 fold higher compared to type 283 

Ia and Ib MOB (Figure 3). The qPCR assay specifically targeting USC α pmoA genes showed 284 

that USC α were below the detection limit over the whole growing season (Figure 2). 285 

We performed an additional Sanger sequencing of pmoA gene clone libraries using 286 

only the reverse primer mb661r (Figure 1) to get a snapshot of the community composition at 287 

the end of the experimental observations in the field. Similarly to clone libraries from long-288 

term hydrological restored and drained sites, the majority of the sequences were assigned to 289 

type II MOB of the genus Methylocystis (Figure 1). Next to the dominance of type II MOB, 290 

sequences were found belonging to type Ib MOB affiliated to the genus Methylocaldum at the 291 
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drained site (Figure 1). In addition, we detected type Ia MOB affiliated to the genus 292 

Methylosarcina at the short-term flooded site.  293 

 294 

CH4 oxidation kinetics  295 

CH4 oxidation kinetics (i.e. Kmapp, Vmax) were measured once at the long-term hydrological 296 

restored and drained sites at Horstermeer and Stein and were followed over the growing 297 

season at the drained sites with and without short-term flooding in Zegveld. Overall, Vmax was 298 

comparable between all sites, but Kmapp was lower at Horstermeer and Stein (Table 1 & 2). 299 

Kinetics measured over the growing season in the short-term flooded soil in Zegveld showed 300 

very high variability and were not significantly different based on Student’s t-tests. Similarly, 301 

calculated specific affinities showed no significant differences but displayed a large 302 

variability (Table 1 & 2).  303 

Short-term flooding increased CH4 emissions significantly compared to a drained 304 

reference site (Table 3). Once the short-term flooded site was re-drained CH4 emissions 305 

decreased continuously and approximated values measured at the reference site 306 

approximately 4 weeks after drainage (Table 3).  307 

 308 

Spatial distribution of CH4 assimilation in drained peat meadows with and without short-309 

term flooding 310 

Autoradiographic imaging of 
14

C-labelled soil cores at the same site incubated under elevated 311 

(10.000 ppmv) and under near-atmospheric (10 ppmv) CH4 concentrations showed that CH4 312 

assimilation was not homogenously distributed but displayed distinct spatial patterns 313 

depending on CH4 supply (Fig. 4). A visual exploration of the autoradiographs displayed a 314 

very distinct and actively incorporating community restricted to the top soil under elevated 315 

CH4 concentrations while under near-atmospheric conditions CH4 assimilation spread over 316 
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virtually the entire soil profile. These patterns were consistent both for the short-term flooded 317 

site and the drained reference site (Figure 4). However, vertical profiles at the short-term 318 

flooded site under near-atmospheric conditions displayed pronounced CH4 uptake more 319 

evenly distributed over the whole soil core, reflecting more the soil structure like pore or root 320 

channels (Figure 4).  321 

 322 

Discussion  323 

MOB community composition in long-term hydrological restored and drained peat meadows 324 

In this study, we compared MOB communities in Dutch peat meadows differing in water 325 

table management, agricultural practice, and time since restoration. A key finding is the 326 

remarkable dominance of type II MOB of the genus Methylocystis in both long-term 327 

hydrological restored and drained sites (Figure 1, Figure S1). As shown by stable isotope 328 

probing and metagenomic analyses Methylocystis is known to be the active and the 329 

predominant MOB in acidic peatlands (Chen, et al., 2008, Chen, et al., 2008). Similarly, it 330 

has been observed that all pmoA sequences along a water table drawdown gradient of a fen 331 

ecosystem were assigned to the genus Methylocystis (Yrjala, et al., 2011). In another study, 332 

Juottonen and colleagues (2012) demonstrated a prevalence of Methylocystis species based 333 

on DGGE analyses in 10-12 years restored and forestry-drained peatlands. Hence, the genus 334 

Methylocystis seems to be commonly inhabiting peat soils. In this study it remains a 335 

dominant MOB even after drastic land use changes. This finding is somewhat opposed to the 336 

general observation from previous meta-analysis which demonstrated that overall microbial 337 

community composition and functioning to be very sensitive to environmental 338 

perturbation/alteration (Griffiths & Philippot, 2012, Shade, et al., 2012).  339 

A possible explanation for the strong resilience of the genus Methylocystis can be 340 

found in their metabolic flexibility. Dunfield and colleagues (1999) demonstrated 341 
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consumption of atmospheric CH4 by Methylocystis LR1 after long-term cultivation under low 342 

CH4 availability, later Methylocystis SC2 was found which harbors two isoenzymes of the 343 

particulate methane monooxygenase, one oxidizing CH4 at mixing ratios > 600 ppmV and a 344 

second one oxidizing CH4 at mixing ratios of < 100 ppmV (Baani & Liesack, 2008). In 345 

addition, some Methylocystis species have been shown to be facultative MOB able to grow 346 

on acetate and ethanol (Belova, et al., 2011, Im, et al., 2011). It has been suggested that this 347 

trait enables them to survive in environments with fluctuating or limited CH4 supply by using 348 

the reducing power obtained from acetate oxidation to keep pMMO functioning at 349 

atmospheric CH4 concentrations.  350 

A second finding from our study is the detection of putative atmospheric MOB (USC 351 

α) in drained peat meadows and in long-term hydrological restored sites. However, a qPCR 352 

assay targeting specifically USC α revealed low signals suggesting a minor role of this group 353 

of organisms. In addition the clade MHP has been suggested to be involved in the oxidation 354 

of atmospheric CH4 in acidic upland meadows (discussed in Chen, et al., 2008). 355 

 356 

MOB community composition in drained peat meadows with and without short-term flooding 357 

Next to the long-term hydrological restored and drained sites we also looked at short-term 358 

effects of rewetting/flooding of drained peat soils. Monitoring the abundance of different sub-359 

groups of MOB by qPCR showed that the abundance of type II was a 1000-fold higher 360 

compared to type Ia and Ib MOB. In line with Sanger sequencing results it suggests that also 361 

in these peat soils type II and Methylocystis still persisted after land-use change. The genus 362 

Methylosarcina can be very responsive within flooding gradients and therefore a short-term 363 

flooding pulse may have favored the occurrence of the organisms (Bodelier, et al., 2012). The 364 

occurrence of the genus Methylocaldum at the drained reference site is most likely the result 365 

of fertilization effects. During the growing season the reference site was fertilized with 366 
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manure and Methylocaldum has been clearly shown to be stimulated by nitrogen fertilization 367 

(Noll, et al., 2008).  368 

 369 

CH4 oxidation kinetics 370 

The apparent half-saturation constant (Kmapp) can be used as indicator of the concentration 371 

range of CH4 at which the targeted MOB can be active. In CH4-rich environments, CH4 is 372 

oxidized with a low apparent affinity (Kmapp > 1 μM), while in dry, well aerated environments 373 

CH4 is oxidized with a high apparent affinity (Kmapp ranges from 0.03–0.05 μM) (Bender & 374 

Conrad, 1992). In addition, intermediate kinetic values have been observed for several 375 

hydromorphic soils with a Kmapp higher than in most upland soils (> 0.1 μM) but lower than in 376 

wetlands (Knief, et al., 2006).  377 

The CH4 oxidation kinetics measured in rewetted and drained sites depicted large 378 

dynamics. The Kmapp of rewetted and drained sites were in the range of many cultivated type I 379 

and type II MOB, including Methylocystis species (2.2 – 10.3 μM) (Knief & Dunfield, 2005). 380 

Observed kinetics value showed no indication for high affinity CH4 oxidation. However, in 381 

another study we demonstrated that metabolic traits such as CH4 oxidation kinetics are not 382 

phylogenetically conserved (Krause, et al., 2014) which likely prevents the use of the 383 

observed kinetics as a proxy for activity of specific MOB in field samples. 384 

 385 

CH4 fluxes in drained peat meadows with and without short-term flooding 386 

Our results showed that short-term flooding (12-week stable water table) in an agriculturally 387 

used peat land temporary increased CH4 emissions. During and immediately after the 388 

flooding period field fluxes were between 45 to 347 mg m
- 2

 day
- 1

 which is in a similar range 389 

as measured in previous studies for long-term water-table managed sites in Stein (528 mg m
-

390 

 2
 day

- 1
) and Horstermeer (331.2 mg m

- 2
 day

- 1
) (Hendriks, et al., 2007, Schrier-Uijl, et al., 391 
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2010). In addition, observed values were comparable to natural wetlands with measured 392 

fluxes between 72 to 1184 mg m
- 2

 day
- 1

 (Juottonen, et al., 2012).  393 

 394 

Spatial distribution of CH4 assimilation in drained peat meadows with and without short-395 

term flooding 396 

Restoring agriculturally used peat land back to natural wetlands turned a potential sink into a 397 

source of CH4. To further investigate the response of indigenous MOB to different CH4 398 

concentrations, we varied CH4 availability and incubated soil cores under elevated (10.000 399 

ppmV) or near-atmospheric (10 ppmV) CH4 conditions. 400 

Under elevated CH4 concentrations, most 
14

CH4 was assimilated in the top soil layers. This 401 

suggests the presence of a community with the capacity to consume the offered CH4 402 

completely at these concentrations occurring usually in soil with an internal CH4 sources e.g. 403 

when flooded. The MOB present act as an efficient “filter” that reduces CH4 emissions. 404 

Under near-atmospheric CH4 concentrations, 
14

CH4 assimilation was found over the entire 405 

soil profile, reflecting a community which can assimilate atmospheric CH4 but with a 406 

capacity below the diffusion of CH4 into the soil. This community presumably is active when 407 

the soil water table is lower. Putative atmospheric MOB (e.g. USC α) are likely not the 408 

responsible organisms here because a USC α specific qPCR assay did not give any signals. 409 

We think in line with previous studies (Kolb & Horn, 2012) that Methylocystis species found 410 

at these sites may be capable of oxidizing CH4 over a large range clearly distinguishing this 411 

genus from other cultivated MOB.  412 

 413 

Critical remarks and Conclusions  414 

We applied a comprehensive set of tools to compare diversity and activity of aerobic MOB in 415 

drained and rewetted peat meadows with different water table management and different 416 
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agricultural practice but we may have missed some groups of MOB. Using our approach we 417 

cannot detect methanotrophic Verrucomicrobia and MOB containing only a soluble CH4 418 

monooxygenases (sMMO). To best of our knowledge Verrucomicrobia have only been 419 

detected in wetlands with a pH between 1.8 and 5.0 (Sharp, et al., 2014) but our sampling 420 

sites were less acidic (Table S1, S2) which suggest that they do not play a major role here. 421 

From the sMMO containing MOB we additionally tested for the widely occurring genus 422 

Methylocella (Rahman, et al., 2011) but they were not detected by PCR using Methylocella 423 

specific primers (data not shown). Next to aerobic MOB, recent studies have shown that 424 

anaerobic CH4 oxidation coupled to denitrification is more widely distributed and may play a 425 

significant role as additional CH4 sink in environments such as wetlands (Hu, et al., 2014) 426 

and lake sediments (Deutzmann, et al., 2014).  427 

Nevertheless, our findings conclusively show that rewetting and short-term flooding 428 

of agriculturally used peat meadows are comprised of a fundamentally similar 429 

methanotrophic community. The present MOB community members appear to process CH4 430 

at a wide range of concentrations that naturally occur due to water-table changes and 431 

associated changes in O2 availability and methanogenesis. The strong dominance of type II 432 

aerobic MOB (Methylocystis sp.) suggests a very pronounced flexibility and persistence of 433 

this group under land use change.  434 

 435 

Acknowledgements 436 

This study was part of the European Science Foundation EUROCORES Programme 437 

EuroEEFG and was financially supported by grants from the Netherlands Organization for 438 

Scientific Research (NWO) (Grant number 855.01.150). Many thanks to the Research dairy 439 

farm in Zegveld. Sara Badwan Morcillo was supported by the European Commission funding 440 

 by guest on O
ctober 26, 2015

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

 

19 

program Leonardo da Vinci. This publication is publication nr. XXXX of the Netherlands 441 

Institute of Ecology.  442 

 443 

Conflict of interest 444 

The authors declare no conflict of interest. 445 

  446 

 by guest on O
ctober 26, 2015

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

 

20 

References 447 

Baani M & Liesack W. Two isozymes of particulate methane monooxygenase with different 448 

methane oxidation kinetics are found in Methylocystis sp strain SC2. PNAS 2008;105: 10203-449 

10208. 450 

 451 

Barbosa Lima A, Westphal Muniz A, Dumont, MG. Activity and abundance of methane-452 

oxidizing bacteria in secondary forest and manioc plantations of Amazonian Dark Earth and 453 

their adjacent soils. Front Microbiol 2014, DOI: 10.3389/fmicb.2014.00550. 454 

 455 

Belova SE, Baani M, Suzina NE, Bodelier PLE, Liesack W & Dedysh SN. Acetate utilization 456 

as a survival strategy of peat-inhabiting Methylocystis spp. Environ Microbiol Rep 2011;3: 457 

36-46. 458 

 459 

Bender M & Conrad R. Kinetics of CH4 oxidation in oxic soils exposed to ambient air or high 460 

CH4 mixing ratios. FEMS Microbiol Ecol 1992;101: 261-270. 461 

 462 

Bodelier PL, Bar-Gilissen MJ, Meima-Franke M & Hordijk K. Structural and functional 463 

response of methane-consuming microbial communities to different flooding regimes in 464 

riparian soils. Ecol Evol 2012;2: 106-127. 465 

 466 

Bodrossy L, Stralis-Pavese N, Murrell JC, Radajewski S, Weilharter A & Sessitsch A. 467 

Development and validation of a diagnostic microbial microarray for methanotrophs. Environ 468 

Microbiol 2003;5: 566-582. 469 

 470 

Bousquet P, Ciais P, Miller JB, et al. Contribution of anthropogenic and natural sources to 471 

atmospheric methane variability. Nature 2006;443: 439-443. 472 

 473 

Chen Y, Dumont MG, McNamara NP, Chamberlain PM, Bodrossy L, Stralis-Pavese N & 474 

Murrell JC. Diversity of the active methanotrophic community in acidic peatlands as assessed 475 

by mRNA and SIP-PLFA analyses. Environ Microbiol 2008;10: 446-459. 476 

 477 

Chen Y, Dumont MG, Neufeld JD, et al. Revealing the uncultivated majority: combining 478 

DNA stable-isotope probing, multiple displacement amplification and metagenomic analyses 479 

of uncultivated Methylocystis in acidic peatlands. Environ Microbiol 2008;10: 2609-2622. 480 

 481 

Denman KL, Brasseur G, Chidthaisong A, et al. Couplings between changes in the climate 482 

system and biogeochemistry. In: Climate Change 2007: The Physical Science Basis. 483 

Contribution of working group I to the fourth assessment report of the Intergovernmental 484 

Panel on Climate Change (Solomon S, Qin D, Maning M, et al.). Cambridge University 485 

Press, Cambridge, United Kingdom and New York, NY, USA, 2007, 500-587. 486 

 487 

Deutzmann JS, Stief P, Brandes J & Schink B. Anaerobic methane oxidation coupled to 488 

denitrification is the dominant methane sink in a deep lake. PNAS 2014;111: 18273–18278. 489 

 490 

Dunfield PF, Liesack W, Henckel T, Knowles R & Conrad R. High-affinity methane 491 

oxidation by a soil enrichment culture containing a type II methanotroph. Appl Environ 492 

Microbiol 1999;65: 1009-1014. 493 

 494 

 by guest on O
ctober 26, 2015

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

 

21 

Frenzel P. Plant-associated methane oxidation in ricefields and wetlands. Adv Microb Ecol 495 

2000;16: 85-114.  496 

 497 

Griffiths BS & Philippot L. Insights into the resistance and resilience of the soil microbial 498 

community. FEMS Microbiol Rev 2012;37: 17. 499 

 500 

Hanson RS & Hanson TE. Methanotrophic bacteria. Microbiol Rev 1996;60: 439-479. 501 

 502 

Henckel T, Friedrich M & Conrad R. Molecular analyses of the methane-oxidizing microbial 503 

community in rice field soil by targeting the genes of the 16S rRNA, particulate methane 504 

monooxygenase, and methanol dehydrogenase. Appl Environ Microbiol 1999;65: 1980-1990. 505 

 506 

Henckel T, Jackel U, Schnell S & Conrad R. Molecular analyses of novel methanotrophic 507 

communities in forest soil that oxidize atmospheric methane. Appl Environ Microbiol 508 

2000;66: 1801-1808. 509 

 510 

Hendriks DMD, van Huissteden J, Dolman AJ & van der Molen MK. The full greenhouse 511 

gas balance of an abandoned peat meadow. Biogeosciences 2007;4: 411-424. 512 

 513 

Henneberger R, Lüke C, Mosberger L & Schroth MH. Structure and function of 514 

methanotrophic communities in a landfill-cover soil. FEMS Microbiol Ecol 2012;81: 52-65. 515 

 516 

Holmes AJ, Roslev P, McDonald IR, Iversen N, Henriksen K & Murrell JC. Characterization 517 

of methanotrophic bacterial populations in soils showing atmospheric methane uptake. Appl 518 

Environ Microbiol 1999;65: 3312-3318. 519 

 520 

Horz HP, Rich V, Avrahami S & Bohannan BJM. Methane-oxidizing bacteria in a California 521 

upland grassland soil: Diversity and response to simulated global change. Appl Environ 522 

Microbiol 2005;71: 2642-2652. 523 

 524 

Hu B-l, Shen L-d, Lian X, et al. Evidence for nitrite-dependent anaerobic methane oxidation 525 

as a previously overlooked microbial methane sink in wetlands. PNAS 2014;111: 4495-4500. 526 

 527 

Im J, Lee S-W, Yoon S, DiSpirito AA & Semrau JD. Characterization of a novel facultative 528 

Methylocystis species capable of growth on methane, acetate and ethanol. Environ Microbiol 529 

Rep 2011;3: 174-181. 530 

 531 

Juottonen H, Hynninen A, Nieminen M, et al. Methane-cycling microbial communities and 532 

methane emission in natural and restored peatlands. Appl Environ Microbiol 2012;78: 6386-533 

6389. 534 

 535 

Kai FM, Tyler SC, Randerson JT & Blake DR. Reduced methane growth rate explained by 536 

decreased Northern Hemisphere microbial sources. Nature 2011;476: 194-197. 537 

 538 

Kirschke S, Bousquet P, Ciais P, et al. Three decades of global methane sources and sinks. 539 

Nature Geosci 2013;6: 813-823. 540 

 541 

Knief C & Dunfield PF. Response and adaptation of different methanotrophic bacteria to low 542 

methane mixing ratios. Environ Microbiol 2005;7: 1307-1317. 543 

 544 

 by guest on O
ctober 26, 2015

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

 

22 

Knief C, Lipski A & Dunfield PF. Diversity and activity of methanotrophic bacteria in 545 

different upland soils. Appl Environ Microbiol 2003;69: 6703-6714. 546 

 547 

Knief C, Kolb S, Bodelier PL, Lipski A & Dunfield PF. The active methanotrophic 548 

community in hydromorphic soils changes in response to changing methane concentration. 549 

Environ Microbiol 2006;8: 321-333. 550 

 551 

Kolb S. The quest for atmospheric methane oxidizers in forest soils. Environ Microbiol Rep 552 

2009;1: 336-46. 553 

 554 

Kolb S & Horn MA. Microbial CH4 and N2O consumption in acidic wetlands. Front 555 

Microbiol 2012, DOI: 10.3389/fmicb.2012.00078. 556 

 557 

Kolb S, Knief C, Stubner S & Conrad R. Quantitative detection of methanotrophs in soil by 558 

novel pmoA-targeted real-time PCR assays. Appl Environ Microbiol 2003;69: 2423-2429. 559 

 560 

Krause S, van Bodegom PM, Cornwell WK & Bodelier PLE. Weak phylogenetic signal in 561 

physiological traits of methane-oxidizing bacteria. J Evol Biol 2014;27: 1240-1247. 562 

 563 

Ludwig W, Strunk O, Westram R, et al. ARB: A software environment for sequence data. 564 

Nucleic Acids Res 2004;32: 1363-1371. 565 

 566 

Lueders T, Manefield M & Friedrich MW. Enhanced sensitivity of DNA- and rRNA-based 567 

stable isotope probing by fractionation and quantitative analysis of isopycnic centrifugation 568 

gradients. Environ Microbiol 2004;6: 73-78. 569 

 570 

Lüke C & Frenzel P. The potential of pmoA amplicon pyrosequencing for methanotroph 571 

diversity studies. Appl Environ Microbiol 2011;77: 6305-6309.  572 

 573 

McDonald IR, Bodrossy L, Chen Y & Murrell JC. Molecular ecology techniques for the 574 

study of aerobic methanotrophs. Appl Environ Microbiol 2008;74: 1305-1315. 575 

 576 

Myhre G, Shindell D, Bréon FM, Collins W et al. Anthropogenic and Natural Radiative 577 

Forcing. In: Climate Change 2013: The Physical Science Basis. Contribution of Working 578 

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 579 

(Stocker, T.F., Qin, D., Plattner, G.-K., et al.). Cambridge University Press, Cambridge, 580 

United Kingdom and New York, NY, USA, 2013, 659-740. 581 

 582 

Noll M, Frenzel P & Conrad R. Selective stimulation of type I methanotrophs in a rice paddy 583 

soil by urea fertilization revealed by RNA-based stable isotope probing. FEMS Microbiol 584 

Ecol 2008;65: 125-132. 585 

 586 

Pan Y, Bodrossy L, Frenzel P, et al. Impacts of inter- and intralaboratory variations on the 587 

reproducibility of microbial community analyses. Appl Environ Microbiol 2010;76: 7451-588 

7458. 589 

 590 

Quesnelle PE, Fahrig L & Lindsay KE. Effects of habitat loss, habitat configuration and 591 

matrix composition on declining wetland species. Biol Cons 2013;160: 200-208. 592 

 593 

 by guest on O
ctober 26, 2015

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

 

23 

Rahman MT, Crombie A, Chen Y, et al. Environmental distribution and abundance of the 594 

facultative methanotroph Methylocella. ISME J 20105: 1061-1066. 595 

 596 

R Development Core Team. R: A Language and Environment for Statistical Computing. 597 

Vienna, Austria: R Foundation for Statistical Computing, 2013, [WWW document]. URL 598 

http://www.R-project.org. [3.0.2]. Ref Type: Computer Program,  599 

 600 

Ricke P, Kube M, Nakagawa S, Erkel C, Reinhardt R & Liesack W. First genome data from 601 

uncultured upland soil cluster alpha methanotrophs provide further evidence for a close 602 

phylogenetic relationship to Methylocapsa acidiphila B2 and for high-affinity methanotrophy 603 

involving particulate methane monooxygenase. Appl Environ Microbiol 2005;71: 7472-7482. 604 

 605 

Schrier-Uijl AP, Kroon PS, Leffelaar PA, van Huissteden JC, Berendse F & Veenendaal EM. 606 

Methane emissions in two drained peat agro-ecosystems with high and low agricultural 607 

intensity. Plant Soil 2010;329: 509-520. 608 

 609 

Schrier-Uijl AP, Kroon PS, Hendriks DMD, Hensen A, Van Huissteden J, Berendse F & 610 

Veenendaal EM. Agricultural peatlands: towards a greenhouse gas sink &ndash; a synthesis 611 

of a Dutch landscape study. Biogeosciences 2014;11: 4559-4576. 612 

 613 

Shade A, Peter H, Allison SD, et al. Fundamentals of microbial community resistance and 614 

resilience. Front Microbiol 2012, DOI: 10.3389/fmicb.2012.00417. 615 

 616 

Sharp CE, Smirnova AV, Graham JM, et al. Distribution and diversity of Verrucomicrobia 617 

methanotrophs in geothermal and acidic environments. Environ Microbiol 2014;16: 1867-618 

1878. 619 

 620 

Spahni R, Wania R, Neef L, et al. Constraining global methane emissions and uptake by 621 

ecosystems. Biogeosciences 2011;8: 1643-1665. 622 

 623 

Stiehl-Braun PA, Hartmann AA, Kandeler E, Buchmann N & Niklaus PA Interactive effects 624 

of drought and N fertilization on the spatial distribution of methane assimilation in grassland 625 

soils. Global Change Biol 2011;17: 2629-2639. 626 

 627 

Tozer D, Nol E & Abraham K. Effects of local and landscape-scale habitat variables on 628 

abundance and reproductive success of wetland birds. Wetl Ecol Manag 2010;18: 679-693. 629 

 630 

Turetsky MR, Kotowska A, Bubier J, et al. A synthesis of methane emissions from 71 631 

northern, temperate, and subtropical wetlands. Global Change Biol 2014;20: 2183-2197. 632 

 633 

Verhoeven JTA & Setter TL. Agricultural use of wetlands: opportunities and limitations. Ann 634 

Bot 2010;105: 155-163. 635 

 636 

Yrjala K, Tuomivirta T, Juottonen H, et al. CH4 production and oxidation processes in a 637 

boreal fen ecosystem after long-term water table drawdown. Global Change Biology 638 

2011;17: 1311-1320. 639 

 640 

  641 

 by guest on O
ctober 26, 2015

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

 

24 

 642 

Table 1. Apparent enzyme kinetics and specific affinities from CH4 oxidation of the 643 

methanotrophic community at long-term hydrological restored peat meadows in October 644 

2010 (n=5; ± standard deviations). Kmapp is expressed in μM, Vmax in μmol h
-1

 g
-1

 dry weight 645 

of soil and specific affinities in L h
-1

 g
-1

 dry weight of soil. 646 

Site   Stein Horstermeer 

Apparent enzyme kinetics   

Drained site Vmax  0.11 ± 0.10 

 

0.30 ± 0.20 

 

 Kmapp 3.79 ± 1.94 

 

4.94 ± 4.43 

 

    

Restored site Vmax 0.32 ± 0.20 

 

0.45 ± 0.29
*
 

 

 Kmapp 7.72 ± 3.90 

 

9.05 ± 5.30
*
 

 

Specific affinities   

Drained site   0.03 ± 0.02 0.10 ± 0.09 

    

Restored site  0.04 ± 0.02 0.05 ± 0.01
*
 

*
 (n=3; ± standard deviations) 647 

  648 
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Table 2. Apparent enzyme kinetics and specific affinities from CH4 oxidation of the 649 

methanotrophic community at drained after short-term flooding and drained peat meadows 650 

over the growing season in 2011 (n=4; ± standard deviations). Kmapp is expressed in μM, Vmax 651 

in μmol h
-1

 g
-1

 dry weight of soil and specific affinities in L h
-1

 g
-1

 dry weight of soil. 652 

Site   May 

9 

May 22 June 7 July 5 August 9 

Apparent enzyme kinetics      

Drained site Vmax  n.d. 

 

0.34 ± 0.17 

 

0.18 ± 0.14 

 

0.49 ± 0.42 

 

0.34 ± 0.16 

 

 Kmapp 

n.d. 

 

63.60 ± 

71.16 

 

35.01 ± 

23.98 

 

40.34  ± 34.14 

21.97 ± 7.00 

 

       

Short-term flooded 

site 

Vmax n.d. 

 

0.61 ± 0.24 

 

0.36 ± 0.23 

 

0.44 ± 0.42 0.47 ± 0.26 

 

 Kmapp 

n.d. 

 

35.51 ± 

35.95 

 

35.40 ± 

6.69 

 

51.61  ± 43.13 

 

12.99 ± 2.74 

 

Specific affinities       

Drained site  

n.d. 

0.010 ± 

0.009 

0.005 ± 

0.001 0.012 ± 0.002 0.013 ± 0.006 

       

Short-term flooded 

site  

 

n.d. 

0.051 ± 

0.073 

0.010 ± 

0.005 0.009 ± 0.001 0.031 ± 0.006 

  653 
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Table 3. CH4 emission (in mg per m
2
 per day) over the growing season in 2011 at Zegveld 654 

sites (n=8, standard deviation). Values in bold are significantly different at P < 0.05. 655 

 656 

  657 

Site  May 9 May 22 June 7 July 5 August 9 

Drained site  

16.39 ± 28.54 

 

13.64 ± 

11.29 

 

61.06 ± 66.12 

 

10.02 ± 

14.23 

 

45.51 ± 2.92 

 

      

Short-term 

flooded site  
195.98 ± 

150.71 

 

172.49 ± 

86.94 

 

129.50 ± 

100.39 

 

35.21 ± 

51.99 

 

74.68 ± 

68.55 
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 658 

Figure 1. Neighbor-joining tree of pmoA sequences obtained by Sanger and 454-659 

pyrosequencing in long-term hydrological restored sites and drained reference site 660 

(Horstermeer and Stein) as well as by Sanger sequencing from clone libraries at drained sites 661 

with and without short-term flooding (Zegveld); D = drained reference site, R =restored site. 662 

Colored boxes next to pmoA lineages represent total number of reads from 454-663 
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pyrosequencing, colored circles represent total number of clones retrieved from Sanger 664 

sequencing. Sequences were obtained by PCR using different reverse primers (mb661R, 665 

A682R). Sanger sequencing results for the long-term hydrological restored sites and drained 666 

reference site were combined and mapped onto the tree (blue/red circles). Individual 667 

proportions for each of the reverse primers (mb661R, A682R) are displayed in figure S1. 668 

Lineages lacking isolates are named according to representative clones or to the environment 669 

in which they were predominantly or initially found (RPC, rice paddy cluster; USC, upland 670 

soil cluster; MHP, Moor House Peat; JR, Jasper Ridge; TUSC, tropical upland soil cluster). 671 

The scale bar represents 0.1 changes per amino acid position.  672 

  673 
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 674 

Figure 2. pmoA gene copy numbers of the USC α MOB subgroup at different study sites 675 

(error bar = standard deviation). Dark grey shaded bars represent the drained reference site 676 

and light grey shaded bars the restored or short-term flooded site (in case of Zegveld). nd 677 

indicates that the target gene was below the detection limit of the qPCR assay. The limit of 678 

quantification is 5 target gene copies per reaction. Note for Zegveld samples that only the last 679 

time point is shown because results were below detection limit in all samples.  680 

  681 
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 682 

Figure 3. pmoA gene copy numbers of type Ia (A), type Ib (B) and type II (C) MOB 683 

subgroups over the growing season at drained sites with and without short-term flooding (n = 684 

2, error bar = standard deviation). Dark grey shaded bars represent the drained reference site 685 

and light grey shaded bars the short-term flooded site.  686 

  687 
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 688 

Figure 4. Autoradiographs of 
14

CH4-labelled soil core sections from the drained reference 689 

site (A-D) and short-term flooded (E-I). Soil cores were labeled with 10 ppmv (A-B, E-G) or 690 

with 10000 ppmv of 
14

C-labelled CH4 (C-D, H-I). 15 cm cores were used. For each core the 691 

three resulting sections of 5 cm height are displayed. For the short-term flooded site three 692 

replicates were taken, all others were in duplicates. 693 

 694 
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