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Abstract

Methanogens (domain Archaea) have a unique role in the carbon cycle as producers of the greenhouse gas methane (CH4). Methyl-coenzyme M
reductase (MCR) is a vital enzyme in CH4 production, and the mcrA gene coding for a subunit of MCR has been employed as a specific marker
for the detection and differentiation of methanogen communities. A critical step in assessing environmental mcrA diversity is the selection of PCR
primers. The objective of this study was to compare the diversity coverage of three published mcrA primer sets MCR, ME and ML (also known
as MCR and Luton-mcrA) and their ability to discern methanogen communities in a drained peatland. The primers were applied to DNA extracts
from unfertilised and ash-fertilised peat from two different depths. Amplified mcrA communities were cloned and sequenced, and the sequences
were divided into operational taxonomic units (OTUs) by restriction fragment length polymorphism (RFLP) and sequence analysis. All primers
recovered characteristic OTUs associated with the peat depths and treatments and confirmed a previous observation of low methanogen diversity.
The minor differences in OTU ranges of the primers did not greatly affect the observed community composition. However, as the proportions of
several OTUs varied strongly, the primers provided different quantitative representations of mcrA communities. We concluded that the ML and
MCR primers had better amplification ranges than the ME set, but the use of MCR with peat samples was problematic due to poor amplification.
Consequently, the ML primers were best suited for mcrA analysis of peatland methanogen communities.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The vast biodiversity of microbes in the environment has
highlighted the challenge of relating microbial communities to
ecosystem functions [37]. A straightforward approach to in-
vestigate the microbial populations involved in ecologically
relevant processes is to extract total DNA directly from en-
vironmental samples and to amplify marker genes specific to
the functional microbial group by PCR [5]. The PCR prod-
ucts can be directly cloned and sequenced or analysed by
DNA fingerprinting methods such as denaturing gradient gel
electrophoresis (DGGE), terminal restriction fragment length
polymorphism (T-RFLP), single strand conformation polymor-
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phism (SSCP) or RFLP to reveal the microbial diversity of the
functional communities [29,38,45].

Methanogenic Archaea are important actors in the biogeo-
chemical cycling of carbon; they carry out the final stage of
anaerobic degradation of organic matter with the unique abil-
ity to produce methane (CH4). The significance of CH4 as a
strong greenhouse gas contributing to climate change has drawn
attention to methanogenic soil ecosystems such as rice fields,
sediments and peatlands. Methanogen populations in these en-
vironments have often been described using the archaeal 16S
rDNA phylogenetic marker [9,21,27,31,42,43], but the high
phylogenetic diversity of methanogens has hampered devel-
opment of 16S rRNA gene-targeting PCR primers specific to
methanogens [1]. Functional primers for exclusive detection of
methanogens have been designed for the mcrA gene encoding
the α subunit of methyl-coenzyme M reductase (MCR) [17,33,
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49]. In all known methanogens, MCR enters the final step in
CH4 synthesis, catalysing the reduction of a methyl group at-
tached to coenzyme M with formation of CH4 [12]. Members
of the orders Methanobacteriales and Methanococcales addi-
tionally carry the corresponding mrtA gene for the isoenzyme
MCRII [51]. An important advantage of mcrA as a marker gene
is that its phylogeny is congruent with the 16S rRNA phylogeny
of methanogens [30,33,49]. Recently, phylogenetically distinct
mcrA genes have been discovered in marine anaerobic methane
oxidizers (ANME-1 and ANME-2), in which MCR may be in-
volved in reverse methanogenesis [18,19,28].

Although different mcrA primers have been widely em-
ployed to describe methanogen communities [8,15,26,30,33,36,
40], information allowing comparison of quality and amplifica-
tion range of the primers in community analysis is scarce. Only
a few mcrA studies have used two primer pairs in parallel [1,30,
39] or assessed the quantitative reliability of a primer set [32].
Luton et al. [33] showed that their primers amplify members
from all five methanogenic orders, but the other primers [17,49]
have not been as extensively tested on known species. More-
over, cultured taxa generally represent a tiny fraction of total
microbial diversity [44], and clusters of environmental mcrA
sequences have been recovered which are not closely affiliated
with the available mcrA sequences of cultured methanogens [8,
15,30,40]. Testing the mcrA primers on diverse environmental
samples is therefore of crucial importance.

Northern peatlands are important CH4-emitting ecosystems
[2,6,34] where methanogens reside in anoxic water-saturated
peat. Studies on peatlands have retrieved 16S and mcrA se-
quences associated with uncharacterised methanogen groups,
such as the Fen cluster [3,25,48]. The wide occurrence of un-
cultured methanogens makes peatlands interesting but chal-
lenging systems for PCR-based community analysis. Here we
compared three sets of functional mcrA primers for analysing
methanogen communities in peatlands. We used a method com-
bining RFLP fingerprinting and sequencing of clone libraries,
which has the advantage of combining high taxonomic resolu-
tion with fingerprinting comparison of samples. As methanogen
communities in peatlands have been observed to change with
depth [7,15,25], two peat depths were studied to target diver-
gent communities. Our aim was to determine whether the use
of different primer sets affects the observed methanogen com-
munity structure in a drained peatland, and more specifically, to
assess how the primers may influence the relative abundances
of operational taxonomic units (OTUs).
2. Materials and methods

2.1. Peat samples

Samples were collected from a drained peatland in north-
ern Finland (64◦30′N, 26◦18′E). The sampling method and the
experimental site consisting of ash-fertilised and unfertilised
plots have been described previously [13]. One vertical peat
core from each type of plot was used in this study. Samples
for DNA analysis were taken from anoxic water-saturated peat
10 cm (depth 1) and 40 cm (depth 2) below water table level.

2.2. DNA extraction and PCR amplification

Total community DNA was extracted from 0.25 g of peat
with UltraClean Soil DNA Kit (MoBio Laboratories). Frag-
ments of the mcrA gene were amplified with three degenerate
primer pairs with partially overlapping target regions (Fig. 1
and Table 1). The primer pair of Luton et al. [33] is referred to
as ML instead of MCR to distinguish it from the earlier MCR
primers of Springer et al. [49]. PCR was performed as reported
previously [13] with the following reaction conditions: initial
denaturation at 95 ◦C for 5 min, 35–40 cycles of 95 ◦C for 45 s,
annealing at 46 ◦C (MCR), 50 ◦C (ME) or 55 ◦C (ML) for 45 s
and 72 ◦C for 1 min 30 s, followed by a final extension at 72 ◦C
for 7 min.

2.3. Cloning, RFLP analysis, sequencing
and assignment of clones into OTUs

PCR products obtained with the three primer pairs were
cloned [13], and ca. 63 (range 53 to 71) clones from each li-
brary were analysed by RFLP. Cloned inserts were reamplified
with the respective primers and digested with the restriction
enzyme MspI (Promega). The restriction fragments were sep-
arated by agarose gel electrophoresis in 3% Synergel (Diver-
sified Biotech). Clones that still exhibited only one full-length
fragment after MspI treatment were additionally digested with
TaqI (Promega) to get distinguishable banding patterns for all
clones. Analysis of the ME libraries had been presented ear-
lier [13], but the data were treated differently in the present
study.

Distribution of clones into operational taxonomic units
(OTUs) was carried out in two stages: first by RFLP and then
by sequence analysis. In preliminary grouping, clones of each
Fig. 1. Target sites of (a) forward and (b) reverse primers in McrA sequence. Residues are numbered according to McrA sequence of Methanothermobacter
thermoautotrophicus (U10036).
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Table 1
Properties of PCR primers targeting the mcrA gene

Primer Sequence (5′–3′) Length
(bp)

Degeneracya Amplicon length
(bp)

Reference

MCRf TAYGAYCARATHTGGYT 17 48 ∼490 [49]
MCRr ACRTTCATNGCRTARTT 17 32
ME1 GCMATGCARATHGGWATGTC 20 24 ∼760 [17]
ME2 TCATKGCRTAGTTDGGRTAGT 21 24
MLf GGTGGTGTMGGATTCACACARTAYGCWACAGC 32 16 ∼470 [33]
MLr TTCATTGCRTAGTTWGGRTAGTT 23 8

a Number of different primer sequence variants as a result of degenerate bases.
primer set were grouped based on RFLP banding patterns. At
least one clone from each of these primer-specific RFLP groups
was sequenced. In the second stage, overlapping regions of all
the sequences were compared, and RFLP groups with amino
acid sequence identity of at least 98% were assigned to the
same OTU. This grouping method allowed comparison of di-
versity between amplicons obtained with the different primers.
Three OTUs with putative chimeric sequences were identified
and excluded from further analysis based on analysis with the
Bellerophon program [22] and inspection of pairwise sequence
alignments.

2.4. Phylogenetic analysis

Deduced amino acid (aa) sequences of mcrA clones and ref-
erence sequences were aligned with ClustalW (http://www.ebi.
ac.uk/clustalw/). Unambiguously aligned sections of the align-
ment (ca. 131 aa) were subjected to phylogenetic analysis.
A maximum likelihood tree was inferred with PHYML [16] us-
ing JTT amino acid substitution model. Bootstrap values were
generated from 100 samplings. Trees were also constructed us-
ing distance (FITCH) and maximum parsimony (PROTPARS)
methods with Phylip software package (v. 3.64, J. Felsenstein,
http://evolution.genetics.washington.edu/phylip.html).

2.5. Diversity indices and rarefaction analysis

Shannon diversity index H ′ = −∑S
i=1(ni/N) ln(ni/N)

[46] and Simpson’s index D = ∑S
i=1(ni/N)2 [47] were esti-

mated from the proportions of OTUs in each clone library with
Past software package (v. 1.26, O. Hammer and D.A.T. Harper,
http://folk.uio.no/ohammer/past). In both equations ni is the
number of clones assigned to OTU i in a library, N is the total
number of clones analysed from the library and S is the to-
tal number of OTUs. Shannon diversity index increases with
OTU richness and evenness of OTU distribution. Conversely,
increasing values of Simpson’s index indicate greater domi-
nance of one or a few abundant OTUs. Rarefaction analyses to
obtain richness curves were performed with Past software.

2.6. Gradient PCR and T-RFLP analysis

Amplification reactions with four annealing temperatures
(49.2, 52.2, 55.4 and 56.9 ◦C) were performed with the ML
primers in an Eppendorf Mastercycle Gradient thermal cycler
using a reverse primer labeled with carboxyfluorescein (FAM).
Total DNA extract from depth 1 (ash-fertilised plot) was used
as template. The products were digested with MspI, ethanol-
precipitated and dissolved in formamide, and T-RFLP analysis
was performed as described previously [35].

2.7. Nucleotide sequence accession numbers

The obtained mcrA nucleotide sequences have been sub-
mitted to the EMBL database under the accession numbers
AM182234–AM182258.

3. Results

3.1. Depth and treatment-related distribution
of mcrA communities

We evaluated three mcrA-targeting primer sets by com-
paring quantitative and phylogenetic composition of clone li-
braries and diversity index values. Samples from two depths
of ash-fertilised and unfertilised peat were analysed to estab-
lish whether the primers could detect changes in methanogen
communities with depth or treatment. Primer sets ML and ME
gave a good yield of PCR products from environmental DNA
extracts, but amplification efficiency of the MCR primers re-
mained poor despite rigorous PCR optimisation, particularly for
samples from depth 1. Moreover, 21% of the analysed clones in
the MCR libraries of this depth contained non-mcrA sequences:
either unidentifiable sequences with no open reading frames or
sequences showing very low and only partial similarity to bacte-
rial citrate synthase and NADH-plastoquinone oxidoreductase
genes.

The mcrA clones obtained with the primers were assigned to
a total of ten OTUs based on RFLP banding patterns and se-
quence similarity. Richness curves of all libraries except two
approached a horizontal asymptote, indicating that the number
of clones analysed was mostly sufficient (Fig. 2). Each primer
set recovered eight OTUs, although not entirely the same ones,
as four OTUs were not detected by all sets. All primers revealed
a depth-related distribution of the six most abundant OTUs:
OTUs B, G and H were associated with depth 1, and OTUs I, J
and E with depth 2 (Fig. 3). When fertilised peat was compared
with unfertilised peat, the major OTUs principally stayed the
same, but all primer pairs showed a larger abundance of OTU E
in fertilised peat.

http://www.ebi.ac.uk/clustalw/
http://www.ebi.ac.uk/clustalw/
http://evolution.genetics.washington.edu/phylip.html
http://evolution.genetics.washington.edu/phylip.html
http://folk.uio.no/ohammer/past
http://folk.uio.no/ohammer/past
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3.2. Phylogenetic assignment of amplicons
recovered by the different primers

Phylogenetic analysis of deduced amino acid sequences di-
vided the McrA peptides into three well-identified clusters
(Fig. 4). The sequences were affiliated with the Fen clus-
ter (associated with the order Methanomicrobiales), the Rice
cluster I (associated with Methanosarcinales) or the family
Methanosarcinaceae. The six depth-characteristic OTUs be-
longed either to the Fen cluster or the Rice cluster I, and they
were identified by all primer pairs. Only one OTU (F) was re-

Fig. 2. OTU richness curves of mcrA clone libraries. The curves were obtained
by rarefaction calculations and they represent libraries constructed with primer
sets MCR, ME and ML for unfertilised (u) and ash-fertilised (f) peat from two
depths.
lated to Methanosarcinaceae, and it was retrieved with primer
pairs ML and MCR but not with ME. In addition, three minor
OTUs assigned to the Fen cluster (A, C, D) were recovered with
only one or two of the primer sets (Fig. 3).

3.3. Primer-related variations in community structure

Depending on the primer set, ratios of the dominant OTUs
in the clone libraries varied markedly (Fig. 3). This discrep-
ancy was most evident in libraries of depth 1, and it was more
pronounced when the phylogenetic affiliations of the dominant
OTUs were considered (Fig. 4). In MCR libraries of depth 1, the
vast majority of clones belonged to the Fen cluster (OTU G),
whereas in ML and ME libraries Rice cluster I OTUs (B, H)
dominated. At depth 2 the primer-related variation in the pro-
portions of the phylogenetic groups was not as substantial. Rice
cluster I clones (OTU J) were, however, particularly abundant
in the ME libraries, and the ML library of fertilised peat con-
tained by far the largest share of the Fen cluster OTU E.

As diversity indices are frequently employed as a numerical
tool for comparing microbial communities [20,23], we exam-
ined how the choice of primer pair affected the values of two
widely used indices. Shannon diversity indices were in the same
range for ME and MCR libraries from depth 1 (Fig. 5), and both
primer sets indicated higher mcrA diversity than the ML set. At
depth 2, in contrast, the ML and MCR sets showed larger values
than ME. An increase in diversity with depth was seen with the
ML set and possibly with MCR but not with the ME set. Simp-
son’s index conveyed well the occurrence of a dominant OTU at
depth 1 in the ML libraries and one MCR library, and at depth
2 in the ME libraries. Differences between ash-fertilised and
unfertilised samples were generally small for both indices, but
they were largest for ML and MCR libraries at depth 1.

Since annealing temperature can affect product ratios in PCR
with degenerate primers [32,41], we performed initial tests by
T-RFLP to find out whether changes in annealing temperature
affect the products of the ML primers. Amplification reactions
Fig. 3. Distribution of OTUs in clone libraries constructed with mcrA primer pairs MCR, ME and ML. Libraries were prepared using DNA from two peat treatments
and depths. Phylogenetic affiliations of the OTUs are shown on the right (Fc, Fen cluster; Rc, Rice cluster I; Ms, Methanosarcinaceae).
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Fig. 4. Phylogenetic analysis of mcrA sequences amplified by primers MCR, ME and ML from peat (in bold) and of selected mcrA and mrtA reference sequences.
Letters A–J refer to the OTUs that the sequences represent. The maximum likelihood tree was created from deduced amino acid sequences using Methanopyrus
kandleri as outgroup. Nodes with bootstrap values of >75% are indicated (•). Scale bar indicates 0.1 changes per amino acid position.
prepared with four annealing temperatures ranging from 49 to
57 ◦C all displayed major peaks of 219 bp (phylogenetic affili-
ation unknown) and 250 bp (corresponding to in silico terminal
fragments of OTUs B and H, see Fig. 3). The relative areas of
these peaks showed no substantial variation (21–25% and 75–
79% of total peak area, respectively).
4. Discussion

Detection of microbial diversity in the environment by PCR-
based methods depends fundamentally on the primer set’s abil-
ity to recover an assemblage of sequences that qualitatively
(presence or absence of an OTU) and ideally also quantita-
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Fig. 5. Diversity of mcrA communities at two peat depths detected by primer
pairs MCR, ME and ML. Shannon diversity index and Simpson’s index were
calculated from OTU distributions in clone libraries.

tively (relative abundance of an OTU) represents the natural
community. The comparison of three different mcrA primer
sets revealed that the primers differed substantially in quan-
titative amplification. The qualitative methanogen community
composition, on the other hand, was not strongly dependent on
the primer pair: All primers recovered the same set of dom-
inant OTUs belonging to the Fen cluster and the Rice clus-
ter I, two novel methanogen groups previously detected in peat-
lands [4,7,15,25]. All primers also showed a distinct change in
methanogen communities with peat depth and smaller differ-
ences with ash amendment, supporting the results of an earlier
study conducted with the ME primers [13]. In that previous
work, a small group of closely related Fen cluster sequences
corresponding to OTUs E and G here were found almost ex-
clusively in ash-amended plots. The occurrence of these Fen
cluster OTUs became more evident when the results of three
primer sets were considered, giving additional support to the
contribution of OTU E. Other differences between unfertilised
and fertilised plots were not supported by all primers. Analysis
with the ML and MCR sets also confirmed the low mcrA di-
versity previously detected with the ME primers by both RFLP
analysis of clone libraries and DGGE. Neither ML nor MCR
consistently detected higher OTU richness or diversity, with the
possible exception of two MCR libraries that may have con-
tained additional OTUs (Fig. 2). The low diversity was not
unexpected because the studied peatland is nutrient-poor, has
been drained by ditching, and showed low CH4 production po-
tential [13]. Low mcrA diversity has also been detected in other
northern peatlands [25,36].
The amplification ranges of the primers were surprisingly
similar, and the few minor OTUs that were only detected by
some of the primers did not greatly affect the general com-
munity composition. In some cases the slight differences in
detected OTUs may reside in the amounts of clones analysed
and not in the inability of the primers to detect the OTU. For
instance, Methanosarcinaceae sequences were not recovered
with the ME primers, but in the previous study of the same
site a small number of Methanosarcinaceae clones were re-
trieved using these primers [13]. The ME set has also retrieved
Methanosarcinaceae in several other studies [24,30,40]. On the
other hand, when a peat sample from an oligotrophic peatland
was examined using both the ME primers and a methanogen-
targeting 16S gene primer pair, the 16S primers detected
Methanosarcinaceae but the ME primers did not [14,15]. The
ME set might therefore possibly discriminate against some
Methanosarcinaceae members in addition to its previously re-
ported inability to detect the other Methanosarcinales family
Methanosaetaceae [1,30]. The ME set also failed to detect an
unidentified rice field soil mcrA cluster and Methanobacteri-
aceae mrtA [30,39]. As the ML and MCR primers have been
shown to amplify all these groups and a broad selection of
other taxa [8,10,11,26,30,33,39], they have a wider amplifica-
tion range than the ME primers. Yet ME produces considerably
longer amplicons than the ML and MCR sets and thus provides
more phylogenetic information. The ME set would therefore
still be a good choice for mcrA amplification when detection of
the groups mentioned above is not relevant.

The dissimilar OTU ratios and diversity estimates (Figs. 3
and 5) that the three primer sets produced implied, as suggested
previously [8,30,32,33], that at least some of the sets pro-
vided a quantitatively inaccurate community structure. A well-
recognised limitation of PCR-based methods is that amplifica-
tion does not always preserve the ratios of different templates
due to biases such as PCR selection [41,50,52,53]. Selective
amplification particularly affects PCR with degenerate primers.
The primer variants exhibit variable binding affinities, leading
for instance to preferential amplification of templates with a
GC-rich primer binding site [41,53]. Conversely, mismatches
between primers and a template can result in low amplification
efficiency and underrepresentation of the template sequence.
Shortage of mcrA sequence data unfortunately hinders in silico
analysis of primer binding sites, and possible primer-specific
primer-template mismatches can mostly not be determined. The
sequence comparisons that were possible revealed, surprisingly,
that the MLf primer had five to six mismatches against the Rice
cluster I sequences retrieved by the ME and MCR primers, but
Rice cluster I OTUs were not underrepresented in the ML li-
braries.

Biased amplification by the mechanisms discussed above
could have affected the two depths differently due to their dis-
tinct OTU compositions, and might explain the greater primer-
dependent variation in community structure at depth 1 (Fig. 3).
Another form of PCR bias, template reannealing, may occur
during PCR when a high concentration of a product has accu-
mulated and similar products and templates reanneal to each
other, inhibiting primer binding and further amplification of a
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product. It has been proposed to depend on the primer pair and
could occur here because it would particularly affect template
mixtures with low sequence diversity [50]. Although we found
no substantial differences in diversity between the two depths
(Fig. 5), depth 1 had lower OTU richness (five OTUs in to-
tal against eight at depth 2). Another possible explanation is
the high degeneracy of the MCR primers, which produced an
aberrant community structure for depth 1. A low annealing tem-
perature was used in PCR with these primers to counter the low
product yield for depth 1, and amplicon ratios detected with
the MCR primers have been demonstrated to change depend-
ing on the annealing temperature of PCR [32]. The temperature
influences binding affinities of different variants of degener-
ate primers, and with the highest degree of degeneracy of the
three sets (Table 1) the MCR set may be particularly sensitive
to changes in annealing temperature. To assess whether the least
degenerate ML primers are similarly susceptible to amplifica-
tion conditions, we performed initial tests by varying the an-
nealing temperature in PCR. Although no noticeable change in
product ratios was observed, the T-RFLP fingerprinting method
may not have sufficient resolution to detect finer differences,
and further analysis using a different method or sample is re-
quired to confirm this preliminary observation.

In conclusion, all the mcrA primers were able to differentiate
peatland methanogen communities with depth and ash treat-
ment and identified the same taxa with minor differences. The
use of three primer sets revealed, however, that each primer pair
provided a quantitatively different community structure, em-
phasising the unreliability of quantitative conclusions based on
mcrA-PCR for other than comparative purposes. The poor per-
formance of the MCR set, frequently used in studies of rice field
methanogens [10,30], demonstrates how the utility of a primer
pair strongly depends on the studied environment. The short-
comings in amplification range of the ME primers concerning
Methanosarcinales left the ML pair of Luton et al. [33] as the
best performer in analysis of peatland mcrA communities.

Acknowledgements

We thank Jaak Truu for reading the manuscript. This work
was supported by the Academy of Finland, the Research Foun-
dation of the University of Helsinki and the Emil Aaltonen
Foundation.

References

[1] N. Banning, F. Brock, J.C. Fry, R.J. Parkes, E.R. Hornibrook, A.J. Weight-
man, Investigation of the methanogen population structure and activity in
a brackish lake sediment, Environ. Microbiol. 7 (2005) 947–960.

[2] K.B. Bartlett, R.C. Harriss, Review and assessment of methane emissions
from wetlands, Chemosphere 26 (1993) 261–320.

[3] N. Basiliko, J.B. Yavitt, P.M. Dees, S.M. Merkel, Methane biogeochem-
istry and methanogen communities in two northern peatland ecosystems,
New York State, Geomicrobiol. J. 20 (2003) 563–577.

[4] S.L. Bräuer, H. Cadillo-Quiroz, E. Yashiro, J.B. Yavitt, S.H. Zinder, Iso-
lation of a novel acidophilic methanogen from an acidic peat bog, Na-
ture 442 (2006) 192–194.

[5] F.J. Brockman, Nucleic-acid-based methods for monitoring the perfor-
mance of in situ bioremediation, Mol. Ecol. 4 (1995) 567–578.
[6] M. Cao, S. Marshall, K. Gregson, Global carbon exchange and methane
emissions from natural wetlands: Application of a process-based model,
J. Geophys. Res. (D Atmos.) 101 (1996) 14399–14414.

[7] H. Cadillo-Quiroz, S. Bräuer, E. Yashiro, C. Sun, J. Yavitt, S. Zinder,
Vertical profiles of methanogenesis and methanogens in two contrasting
acidic peatlands in central New York State, USA, Environ. Microbiol. 8
(2006) 1428–1440.

[8] H. Castro, A. Ogram, K.R. Reddy, Phylogenetic characterization of
methanogenic assemblages in eutrophic and oligotrophic areas of the
Florida Everglades, Appl. Environ. Microbiol. 70 (2004) 6559–6568.

[9] O.C. Chan, P. Claus, P. Casper, A. Ulrich, T. Lueders, R. Conrad, Ver-
tical distribution of structure and function of the methanogenic archaeal
community in Lake Dagow sediment, Environ. Microbiol. 7 (2005) 1139–
1149.

[10] K.J. Chin, T. Lueders, M.W. Friedrich, M. Klose, R. Conrad, Archaeal
community structure and pathway of methane formation on rice roots, Mi-
crob. Ecol. 47 (2004) 59–67.

[11] A. Dhillon, M. Lever, K.G. Lloyd, D.B. Albert, M.L. Sogin, A. Teske,
Methanogen diversity evidenced by molecular characterization of methyl
coenzyme M reductase A (mcrA) genes in hydrothermal sediments of the
Guaymas Basin, Appl. Environ. Microbiol. 71 (2005) 4592–4601.

[12] J. Ellermann, R. Hedderich, R. Bocher, R.K. Thauer, The final step in
methane formation. Investigations with highly purified methyl-CoM re-
ductase (component C) from Methanobacterium thermoautotrophicum
(strain Marburg), Eur. J. Biochem. 172 (1988) 669–677.

[13] P.E. Galand, H. Juottonen, H. Fritze, K. Yrjälä, Methanogen communities
in a drained bog: effect of ash fertilization, Microb. Ecol. 49 (2005) 209–
217.

[14] P.E. Galand, H. Fritze, K. Yrjälä, Microsite-dependent changes in
methanogenic populations in a boreal oligotrophic fen, Environ. Micro-
biol. 5 (2003) 1133–1143.

[15] P.E. Galand, S. Saarnio, H. Fritze, K. Yrjälä, Depth related diversity
of methanogen Archaea in Finnish oligotrophic fen, FEMS Microbiol.
Ecol. 42 (2002) 441–449.

[16] S. Guindon, F. Lethiec, P. Duroux, O. Gascuel, PHYML online—a web
server for fast maximum likelihood-based phylogenetic inference, Nucleic
Acids Res. 33 (2005) W557–W559.

[17] B.A. Hales, C. Edwards, D.A. Ritchie, G. Hall, R.W. Pickup, J.R. Saun-
ders, Isolation and identification of methanogen-specific DNA from blan-
ket bog peat by PCR amplification and sequence analysis, Appl. Environ.
Microbiol. 62 (1996) 668–675.

[18] S.J. Hallam, P.R. Girguis, C.M. Preston, P.M. Richardson, E.F. DeLong,
Identification of methyl coenzyme M reductase A (mcrA) genes associated
with methane-oxidizing Archaea, Appl. Environ. Microbiol. 69 (2003)
5483–5491.

[19] S.J. Hallam, N. Putnam, C.M. Preston, J.C. Detter, D. Rokhsar, P.M.
Richardson, E.F. DeLong, Reverse methanogenesis: testing the hypothesis
with environmental genomics, Science 305 (2004) 1457–1462.

[20] T.C.J. Hill, K.A. Walsh, J.A. Harris, B.F. Moffett, Using ecological di-
versity measures with bacterial communities, FEMS Microbiol. Ecol. 43
(2003) 1–11.

[21] L. Hoj, R.A. Olsen, V.L. Torsvik, Archaeal communities in High Arctic
wetlands at Spitsbergen, Norway (78 ◦N) as characterized by 16S rRNA
gene fingerprinting, FEMS Microbiol. Ecol. 53 (2005) 89–101.

[22] T. Huber, G. Faulkner, P. Hugenholtz, Bellerophon: A program to detect
chimeric sequences in multiple sequence alignments, Bioinformatics 20
(2004) 2317–2319.

[23] J.B. Hughes, J.J. Hellmann, T.H. Ricketts, B.J. Bohannan, Counting the
uncountable: statistical approaches to estimating microbial diversity, Appl.
Environ. Microbiol. 67 (2001) 4399–4406.

[24] F. Inagaki, U. Tsunogai, M. Suzuki, A. Kosaka, H. Machiyama, K.
Takai, T. Nunoura, K.H. Nealson, K. Horikoshi, Characterization of C1-
metabolizing prokaryotic communities in methane seep habitats at the
Kuroshima Knoll, southern Ryukyu Arc, by analyzing pmoA, mmoX,
mxaF, mcrA, and 16S rRNA genes, Appl. Environ. Microbiol. 70 (2004)
7445–7455.

[25] H. Juottonen, P.E. Galand, E.S. Tuittila, J. Laine, H. Fritze, K. Yrjälä,
Methanogen communities and Bacteria along an ecohydrological gradient



H. Juottonen et al. / Research in Microbiology 157 (2006) 914–921 921
in a northern raised bog complex, Environ. Microbiol. 7 (2005) 1547–
1557.

[26] D. Kemnitz, K.J. Chin, P. Bodelier, R. Conrad, Community analysis of
methanogenic Archaea within a riparian flooding gradient, Environ. Mi-
crobiol. 6 (2004) 449–461.

[27] O.R. Kotsyurbenko, K.J. Chin, M.V. Glagolev, S. Stubner, M.V. Siman-
kova, A.N. Nozhevnikova, R. Conrad, Acetoclastic and hydrogenotrophic
methane production and methanogenic populations in an acidic West-
Siberian peat bog, Environ. Microbiol. 6 (2004) 1159–1173.

[28] M. Kruger, A. Meyerdierks, F.O. Glockner, R. Amann, F. Widdel,
M. Kube, R. Reinhardt, R. Kahnt, R. Bocher, R.K. Thauer, S. Shima,
A conspicuous nickel protein in microbial mats that oxidize methane
anaerobically, Nature 426 (2003) 878–881.

[29] W.T. Liu, T.L. Marsh, H. Cheng, L.J. Forney, Characterization of micro-
bial diversity by determining terminal restriction fragment length poly-
morphisms of genes encoding 16S rRNA, Appl. Environ. Microbiol. 63
(1997) 4516–4522.

[30] T. Lueders, K.J. Chin, R. Conrad, M. Friedrich, Molecular analyses of
methyl-coenzyme M reductase alpha-subunit (mcrA) genes in rice field
soil and enrichment cultures reveal the methanogenic phenotype of a novel
archaeal lineage, Environ. Microbiol. 3 (2001) 194–204.

[31] T. Lueders, M. Friedrich, Archaeal population dynamics during sequential
reduction processes in rice field soil, Appl. Environ. Microbiol. 66 (2000)
2732–2742.

[32] T. Lueders, M.W. Friedrich, Evaluation of PCR amplification bias by
terminal restriction fragment length polymorphism analysis of small-
subunit rRNA and mcrA genes by using defined template mixtures of
methanogenic pure cultures and soil DNA extracts, Appl. Environ. Mi-
crobiol. 69 (2003) 320–326.

[33] P.E. Luton, J.M. Wayne, R.J. Sharp, P.W. Riley, The mcrA gene as an
alternative to 16S rRNA in the phylogenetic analysis of methanogen pop-
ulations in landfill, Microbiology 148 (2002) 3521–3530.

[34] E. Matthews, I. Fung, Methane emission from natural wetlands: Global
distribution, area, and environmental characteristics of sources, Global
Biogeochem. Cycles 1 (1987) 61–86.

[35] P. Merilä, P.E. Galand, H. Fritze, E.S. Tuittila, K. Kukko-oja, J. Laine,
K. Yrjälä, Methanogen communities along a primary succession transect
of mire ecosystems, FEMS Microbiol. Ecol. 55 (2006) 221–229.

[36] M. Metje, P. Frenzel, Effect of temperature on anaerobic ethanol oxidation
and methanogenesis in acidic peat from a northern wetland, Appl. Environ.
Microbiol. 71 (2005) 8191–8200.

[37] C.E. Morris, M. Bardin, O. Berge, P. Frey-Klett, N. Fromin, H. Girardin,
M.H. Guinebretiere, P. Lebaron, J.M. Thiery, M. Troussellier, Microbial
biodiversity: approaches to experimental design and hypothesis testing
in primary scientific literature from 1975 to 1999, Microbiol. Mol. Biol.
Rev. 66 (2002) 592–616.

[38] G. Muyzer, E.C. de Waal, A.G. Uitterlinden, Profiling of complex mi-
crobial populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction-amplified genes coding for 16S rRNA, Appl.
Environ. Microbiol. 59 (1993) 695–700.

[39] O. Nercessian, N. Bienvenu, D. Moreira, D. Prieur, C. Jeanthon, Diversity
of functional genes of methanogens, methanotrophs and sulfate reducers in
deep-sea hydrothermal environments, Environ. Microbiol. 7 (2005) 118–
132.

[40] C.J. Newberry, G. Webster, B.A. Cragg, R.J. Parkes, A.J. Weightman,
J.C. Fry, Diversity of prokaryotes and methanogenesis in deep subsurface
sediments from the Nankai Trough, Ocean Drilling Program Leg 190, En-
viron. Microbiol. 6 (2004) 274–287.

[41] M.F. Polz, C.M. Cavanaugh, Bias in template-to-product ratios in multi-
template PCR, Appl. Environ. Microbiol. 64 (1998) 3724–3730.

[42] K.J. Purdy, D.B. Nedwell, T.M. Embley, Analysis of the sulfate-reducing
bacterial and methanogenic archaeal populations in contrasting Antarctic
sediments, Appl. Environ. Microbiol. 69 (2003) 3181–3191.

[43] B. Ramakrishnan, T. Lueders, P.F. Dunfield, R. Conrad, M.W. Friedrich,
Archaeal community structures in rice soils from different geographical
regions before and after initiation of methane production, FEMS Micro-
biol. Ecol. 37 (2001) 175–186.

[44] M.S. Rappe, S.J. Giovannoni, The uncultured microbial majority, Annu.
Rev. Microbiol. 57 (2003) 369–394.

[45] F. Schwieger, C.C. Tebbe, A new approach to utilize PCR-single-strand-
conformation polymorphism for 16S rRNA gene-based microbial commu-
nity analysis, Appl. Environ. Microbiol. 64 (1998) 4870–4876.

[46] C.E. Shannon, W. Weaver, The Mathematical Theory of Communication,
Univ. of Illinois Press, Urbana, IL, 1963.

[47] E.H. Simpson, Measurement of diversity, Nature 163 (1949) 688.
[48] M.V. Sizova, N.S. Panikov, T.P. Tourova, P.W. Flanagan, Isolation and

characterization of oligotrophic acido-tolerant methanogenic consortia
from a Sphagnum peat bog, FEMS Microbiol. Ecol. 45 (2003) 301–315.

[49] E. Springer, M.S. Sachs, C.R. Woese, D.R. Boone, Partial gene-sequences
for the A subunit of methyl-coenzyme M reductase (mcrI) as a phyloge-
netic tool for the family Methanosarcinaceae, Int. J. Syst. Bacteriol. 45
(1995) 554–559.

[50] M.T. Suzuki, S.J. Giovannoni, Bias caused by template annealing in the
amplification of mixtures of 16S rRNA genes by PCR, Appl. Environ.
Microbiol. 62 (1996) 625–630.

[51] R.K. Thauer, Biochemistry of methanogenesis: A tribute to Marjory
Stephenson, Microbiology 144 (1998) 2377–2406.

[52] F. von Wintzingerode, U.B. Gobel, E. Stackebrandt, Determination of mi-
crobial diversity in environmental samples: pitfalls of PCR-based rRNA
analysis, FEMS Microbiol. Rev. 21 (1997) 213–229.

[53] A. Wagner, N. Blackstone, P. Cartwright, M. Dick, B. Misof, P. Snow,
G.P. Wagner, J. Bartels, M. Murtha, J. Pendleton, Surveys of gene fami-
lies using polymerase chain reaction: PCR selection and PCR drift, Syst.
Biol. 43 (1994) 250–261.


