ELSEVIER

FEMS Microbiology Ecology 42 (2002) 441-449

FEMS

MICROBIOLOGY
Ecology

www.fems-microbiology.org

Depth related diversity of methanogen Archaea in
Finnish oligotrophic fen

»Pierre E. Galand ?, Sanna Saarnio °, Hannu Fritze ¢, Kim Yrjdld &*

& Department of Biosciences, Division of General Microbiology, P.O. Box 56, University of Helsinki, FIN-00014 Helsinki, Finland
> Department of Biology, University of Joensuu, P.O. Box 111, FIN-80101 Joensuu, Finland
¢ Finnish Forest Research Institute, Vantaa Research Center, P.O. Box 18, FIN-01301 Vantaa, Finland

Received 18 June 2002; received in revised form 8 August 2002; accepted 12 August 2002

First published online 25 September 2002

Abstract

The annual rate of CHy release and potential CH4 production has recently been studied in the Salmisuo fen in eastern Finland but the
microbiota responsible for the CH4 production has not been examined. The diversity of the methane producing Archaea was analysed, at
different depths, in the most representative microsite (Eriophorum lawn) of the fen. Methanogen populations were studied using primers
amplifying a region of the methyl-coenzyme M reductase gene. PCR products were analysed by denaturing gradient gel electrophoresis
and restriction fragment length polymorphism (RFLP) analysis of clone libraries. A representative of each RFLP group was sequenced.
The study revealed a change of the methanogen populations with depth. Sequences from the upper layers of the fen grouped in a novel
‘Fen cluster’ and were related to Methanomicrobiales. Sequences retrieved from the deeper layers of the fen were related to

Methanosarcinales via the Rice Cluster-I.

© 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Carbon dioxide (CO,) and methane (CHy) are the two
main greenhouse gases responsible for global warming.
Although the methane concentration in the atmosphere
is low compared to that of carbon dioxide (1.745 ppm
versus 0.367 ppm), the ability of methane to absorb and
radiate energy back to Earth makes it 21 times more effi-
cient than CO; as greenhouse gas. The methane concen-
tration has increased with 151% since 1750 and is actually
still increasing [1]. Wetlands, including peatlands, are the
main source of natural methane emission with an esti-
mated 100-200 Tg per year [2]. Microbial activity is al-
most exclusively responsible for methane production both
from natural and human-engineered systems [3].

In Finland, the proportion of land covered by mires is
bigger than in any other country; mires or peatlands con-
stitute a third of the land area of Finland [4]. The exis-
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tence of peatlands is directly dependent on their water
inputs and outputs [5]. A global climate change will inevi-
tably induce hydrological changes and therefore threaten
these vulnerable ecosystems. As a consequence of the pre-
dicted rise of the CO, concentration in the atmosphere
and the average temperature on the globe, the methane
production in these ecosystems is expected to increase, if
other conditions (hydrology, vegetation etc.) remain rather
unchanged [6,7]. In order to understand the process lead-
ing to methane production, it is crucial to monitor the
methanogen organisms in these complex habitats.

The methanogens, which produce methane during the
anaerobic digestion of organic matter, belong exclusively
to the domain Archaea. Actually, 26 genera and more
than 80 species of methanogens have been recorded [8].
The methanogens utilise a limited number of substrates
with methyl coenzyme-M reductase (MCR) as their key
enzyme [9]. The MCR catalyses the reduction of methyl-
coenzyme M accompanied by release of methane [10]. The
biological activity correlated to the MCR gene is easy to
measure by determining the potential methane production
in soil samples. Unlike other enzymes in the methanogenic
metabolism, the MCR appears to be unique to the meth-
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anogens [11,12]. Parts of the MCR operon are also highly
conserved and all MCR operons appear to have evolved
from a common source [13,14]. This functional gene is
therefore a helpful tool for an ecological and phylogenetic
survey of a microbial population with known activity.

Molecular biology tools enable the study of microbial
diversity without a cultivation step. The diversity of meth-
anogens has previously been described in different habi-
tats, such as peat bogs [15-19] and rice field soils [20-22],
but never in boreal fens. In Finland, the dynamics of
methane release and production has been widely investi-
gated in the Salmisuo fen [6,7,23-25] but the diversity of
methane producing organisms has never been assessed. In
this study, we examined the methanogen biodiversity, at
different depths, in this well-characterised, undisturbed oli-
gotrophic fen.

2. Materials and methods
2.1. Environmental site and sample collection

Peat samples were collected in June 2001 from the
Salmisuo mire complex in eastern Finland (62°47'N,
30°56’E). The site is a minerogenic, oligotrophic low-sedge
Sphagnum papillosum pine fen. Four different types of mi-
crosites have been described at the Salmisuo fen: Eriopho-
rum lawn, Flark, Hummock and Carex lawn. They are
defined by their nutritional statuses and their average
water table level. Samples were taken from Eriophorum
lawns, the most common microsite covering 86% of the
mire surface. On the Eriophorum lawn microsite the water
level is mainly 5-20 cm below the peat surface and vege-
tation is dominated by Sphagnum mosses, Eriophorum vag-
inatum, Vaccinium oxycoccos and Andromeda polifolia (for
more details, see [7,24]). Three parallel peat profiles (E1-
E3), 20 cm distant from each other, were collected from
the microsite with a box sampler (8 X8Xx 100 cm). Soil
samples for DNA analyses and potential methane produc-
tion measurement were taken each 10 cm (*2 cm) of the
core (Table 1). All together the sampling resulted in 12
peat samples from which the measurements were taken.

2.2. Measurement of potential methane production

The potential CH4 production is the maximum produc-

tion measured in the laboratory under defined temperature
conditions. Fifteen millilitres of peat were added to 100-
ml, oxygen free, infusion bottles containing 30 ml of dis-
tilled water. The bottles were flushed with 99.96% nitrogen
in order to obtain anoxic conditions [23] and sealed with
butyl rubber septa. The glass vials were allowed to stand
at +4°C for 5 days to allow the gas present in the peat
core section to equilibrate with the headspace. The vessels
were then flushed with nitrogen and kept unshaken in the
dark for 170 h. The incubation temperature was +10°C (in
situ temperature). Four times during the incubation, sub-
samples were taken from the headspace for analysis of the
methane concentration. Volumes of 100 pl of gas, taken in
a Hamilton syringe, were injected into a Perkin-Elmer
Sigma II gas chromatograph equipped with a flame ion-
isation detector and a 1.5-m column packed with Porapak
Q 80:100 mesh. N, was used as a carrier gas at a flow rate
of 30 ml min~'. The injector, oven and detector temper-
atures were set at 35°C, 40°C and 350°C, respectively.
The rate of methane production was calculated from the
slope of the linear regression given by the CH,4 concentra-
tion increase over time. No non-linear (> <90%) cases
were found. After incubation, the peat samples were dried
to constant weight at 60°C and the methane production
was normalised to the dry weight of the peat samples.

2.3. DNA extraction

DNA was extracted directly from 0.25 g of peat samples
by chemical (detergent) and mechanical (bead beating) cell
lysis with the Soil DNA Isolation Kit (Mo Bio Laborato-
ries, Inc., Solana Beach, CA, USA), following the manu-
facturer’s suggested protocol. No further purifications
were needed. This extraction method has been shown to
hold high reproducibility and efficiency when compared
with other methods [26].

2.4. PCR amplification

The o-subunit of the MCR gene was used as molecular
marker to study the methanogen diversity. The o-, B- and
v-subunit genes constitute the MCR gene coding for the
key enzyme in all pathways for biogenic methane produc-
tion. The primer pair ME1-ME2 [27] was used to amplify
specifically a 760-bp-long region of the MCR a-subunit. A
40-nucleotide-long GC clamp was added to the forward

Table 1
Sampling site, water table depth (WT), peat temperature and average potential CH4 production, for three separate peat profiles, at the Salmisuo fen in
June 2001
Microsite and WT Sample depth Peat temperature Average potential CHy production
(cm below WT) (°C) (nmol g~! h™') and S.E.
Eriophorum lawns; WT: —6 cm —10 11.5 15.2 (3.6)
-20 10.8 17.4 (7)
-30 8.3 (5.1
—40 0.7 (0.4)
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primer to enable denaturing gradient gel electrophoresis
(DGGE) analysis [28]. The 50-ul PCR mixture contained
25 pmol of the appropriate primer pairs, 200 uM dNTPs,
1 U Red Hot polymerase (Advanced Biotechnologies, Ep-
som, UK), PCR reaction buffer and 3 ul of template (con-
centration determined empirically). Bovine serum albumin
(0.1 pg uI™!y was used to prevent PCR inhibition. The
reaction conditions were 30 cycles of 94°C for 45 s, 50°C
for 45 s, 72°C for 2 min. The PCR was performed using a
Gene Amp thermal cycler (Perkin Elmer, Inc., Wellesley,
MA, USA). Products were analysed on 1% agarose gels
with ethidium bromide staining.

2.5. DGGE fingerprinting

DGGE was performed on all 12 samples with a D-code
system (Bio-Rad, Inc., Hercules, CA, USA) following the
manufacturer’s instructions. Samples were loaded on 6%
(w/v) polyacrylamide gels in 1 X TAE buffer. The denatur-
ing gradients ranged from 40 to 56%. 100% denaturant
corresponds to 7 M urea and 40% (v/v) deionised form-
amide. The gel was run at 60°C, at a constant voltage of
160 V for 7 h. After electrophoresis, the gel was stained
for 30 min with SYBR Green I (1/10000 dilution; Molec-
ular Probes, Eugene, OR, USA) and digitised in UV light
using a Fluor-S Multilmager system (Bio-Rad, Inc., Her-
cules, CA, USA).

2.6. Cloning, restriction fragment length polymorphism
(RFLP) and sequencing of PCR product

Two gene libraries were constructed using DNA ex-
tracted and amplified from two depths (—10 and —40
cm) of the E2 sample. PCR products obtained with ME
primers (amplification described above) without GC clamp
were analysed by gel electrophoresis, purified with B-agar-
ase (New England BioLab, Beverly, MA, USA) and
cloned into a pGEM-T vector plasmid using JM109 com-
petent cells (Promega, Mannheim, Germany) according to
the manufacturer’s instructions. MCR insert sequences
were amplified directly with ME primers. Colonies dis-
persed in H,O were used as templates. The products
were digested with Mspl for RFLP analysis.

The method of Good was used to calculate the percent-
age of coverage of the clone libraries [29,30]. Forty-nine
and 52 clones were analysed from the depth of 10 and 40
cm, respectively.

The Shannon diversity index [31] was calculated as:

S
H/ = — E p,—ln(p,—)
i=1

where p; is the proportion of clones belonging to the ith
restriction group and S is the total number of restriction
groups.

Colonies showing distinct fingerprint patterns were se-

lected for sequencing. Plasmid DNA was isolated with the
GFX Micro Plasmid Prep Kit (Pharmacia Biotech Inc., N.
Peapack, NJ, USA) and sequenced using the vectors’ uni-
versal primers. To assess if the RFLP groups contain
closely related sequences, two representatives from each
of the biggest RFLP groups were sequenced and com-
pared by pairwise alignment.

In order to relate the results obtained by DGGE finger-
printing with those from RFLP analysis of clone libraries,
cloned MCR sequences representing each RFLP group
were re-amplified with GC clamp and run in DGGE. Ad-
ditionally, two bands from the total community DGGE
fingerprint (D1 and D4, Fig. 2) were cut and kept over-
night at 4°C in 20 pl H,O. Five microlitres of the suspen-
sion were used as template for PCR and the amplified
DNA product was cloned as described above. Twelve
clones containing the correct insert were analysed by
RFLP.

The MCR sequences obtained in this study were de-
posited in the EMBL database under accession Nos.
AJ489761-AJ489782.

2.7. Phylogenetic analysis

Sequences were compared to those in the EMBL data-
base using Fasta3 [32] at the European Bioinformatique
Institute (EBI) URL (www.ebi.ac.uk; Hinxton Hall, Cam-
bridge, UK). Amino acid sequences were inferred from the
ME nucleotide sequences. Sequences of approximately 250
amino acids were aligned using CLUSTAL W package
[33] and checked manually. A phylogenetic tree was esti-
mated using the PHYLIP package (v.3.57c; J. Felsenstein,
University of Washington, http://evolution.genetics.wash-
ington.edu/phylip.html). PROTDIST was used to compute
a distance matrix with Dayhoff PAM 001 as amino acid
replacement model. The distance matrix was estimated by
FITCH with global rearrangement of branches and ran-
domised species input order. Even though full sequences
should be used for phylogeny determination [34], partial
sequences can be used to determine the closest relatives of
unknown sequences [35,36]. The dendrogram was verified
by neighbour-joining and maximum parsimony methods.

3. Results and discussion
3.1. Potential CHy production

The water level and the peat temperature (Table 1),
measured in June 2001 during the sample collection,
were similar to previous data available for the Salmisuo
pine fen [24].

CHy4 production was detected in all peat samples but
one (E3, —40 cm, Fig. 1). Profiles E2 and E3 had the
highest potential production 10 cm below the water table
whereas profile E1 had its maximum at —20 cm. The sin-
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Fig. 1. Potential CH4 production at four different depths in three sepa-
rate peat profiles (E1, E2, E3) taken from the Eriophorum lawn at Sal-
misuo fen.

gularity of El is probably due to sampling bias. The char-
acteristic softness of the peat profile could have induced an
outstretching of the El peat colon. In all three profiles the
minimum rate of CHy production was detected in samples
taken from the depth of 40 cm (Fig. 1). All profiles
showed a maximum production in the upper water-satu-
rated layers and a decrease of the potential production
with depth. This trend is typical for mires and has been
shown in previous studies [23,37]. The highest potential
CHy production at the Eriophorum lawn varied from 18
to 30 nmol g h™!. Those rates are in a similar range as the
one measured earlier at the Salmisuo fen [23] and at two
different bogs [15,17].

In anoxic conditions with constant temperature, the po-
tential CHy production depends on substrate availability
in the peat column, activity of methane producing Ar-
chaea and the presence of possible substrate competitors
[8]. At the depth were potential methane production is
observed, the oxygen concentration in the peat was low
enough to enable methanogens activity. The presence of
O, through the peat profile is directly correlated to the
water level. When the water table fluctuates, the potential
CH,4 production follows that variation with lag [23]. The
average water table depth in the Eriophorum lawns has
been shown to have seasonal variations during the snow
free months of the year (May-September). The water table
is generally at its minimum during the hottest summer
months (July, August) and at its maximum with snow
melting during the beginning of the spring (May, June)
and autumn (September, October) [6,24,38]. At the sam-
pling time, in June, the water table had been at its max-
imum for several weeks, enabling methanogen activity in
the water saturated layers.

The observed potential CH4 production also shows that
the peat contains a sufficient amount of substrates (e.g.
acetate, hydrogen, carbon dioxide) to enable methane
production by Archaea at the incubation temperature
(+10°C). In the anoxic layers of the mire, the organic
matter (litter) is completely degraded in four steps: hydro-
lysis, acidogenesis, acetogenesis and methanogenesis [8].

Methanogens occupy the terminal position in the anaero-
bic decomposition chain and are dependent on the deg-
radation of complex organic compounds by chemohet-
erotrophic bacteria. The main carbon sources are an
accumulation of suitable carbon during autumn and early
winter (when the temperature is too low for high metha-
nogenic activity), a new anoxic degradation of litter when
the thawing of the peat begins and exudates of carbon
compounds from living plants [24].

Most of the degradation of organic matter occurs in the
surface of the mire. The low potential methane production
in the deeper layers of the peat can be explained by the
lack of suitable substrate or the presence of less favourable
substrate for the methanogens at those depths [39,40].
Additionally, lower potential CH4 production can also
be explained by the presence of other microorganisms out-
competing the methanogens. It has been, for example,
shown that homoacetogenic bacteria compete against hy-
drogenotrophic methanogens for the use of H, excreted by
fermentative bacteria [41,42].

3.2. Diversity analyses by DGGE

The depth related variation of the MCR gene diversity
was monitored by DGGE analysis. In Fig. 2, results from
three different profiles (E1, E2 and E3) are shown. In each
of the profiles, a difference in the banding pattern can be
seen between the upper layers (—10, —20 cm) and the
deeper layers (—30, —40 cm, Fig. 2). This difference is
characterised by a variation in the number of bands and
their relative intensity. More bands are present in the
deeper layers than in the upper ones (6-7 bands at —10
cm and 8-12 at —40 cm). Some bands are typically found
in the deep layer (D bands, Fig. 2), others are character-
istic for the upper layer (U bands, Fig. 2) and some are
found at all depth (UD bands, Fig. 2). The singularity of
the fingerprint observed in El is probably due to a sam-
pling bias (see explanations above).

The MCR gene diversity has not earlier been studied by
DGGE and the depth dependent variation of methanogen
communities has not been shown before. Some works have
been studying potential methanogen stratification with
depth, but none of them found depth related variations
in the diversity [17-19].

It has been shown that DGGE cannot detect popula-
tions whose abundance is less than 1% of the total com-
munity [43,44]. In order to enhance the precision of our
data for the comparison of community through the peat,
the PCR products from the two different depths were
cloned. The construction of a clone library also allows
sequencing of the MCR genes and determination of the
phylogenetic relationships between sequences.

3.3. Diversity analyses by RFLP of clone libraries

The two depths (—10 and —40 cm) chosen for the con-
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Fig. 2. DGGE of methanogen MCR sequences (760 bp). Sequences
from four different depths (—10, —20, —30, —40 cm) in three separate
peat profiles (E1, E2, E3) are shown. The urea—formamide gradient
ranges from 40 to 56%. Arrows marked U show bands representative
for the upper layers of the fen, arrows marked D show bands represen-
tative for the deeper part of the fen and arrows marked UD show
bands found at both depths.

struction of clone libraries represent high and low poten-
tial methane production (Fig. 2) and are characteristic for
a superior and deep layer methanogen community. Be-
cause the sequence diversity variation with depth was ob-
served in all three parallel samples by DGGE, those libra-
ries were thought to be representative for the Eriophorum
lawn.

Clones from the two libraries were screened and
grouped on the basis of their RFLP patterns. Twenty-
one unique RFLP patterns were found altogether and
plasmid DNA from each unique RFLP profile was ex-
tracted and sequenced. Additionally, a second representa-
tive from each of the six biggest RFLP groups (F, G, T, E,
J and N) was sequenced. The level of similarity (amino
acid) between the two representatives of each RFLP group
was 100% for five of the groups and 99.2% for one (N).
We therefore assume that sequences within each RFLP
group are closely related to each other. The clone libraries
had a coverage of 94% and 87% for E2-10 and E2-40,
respectively. It means that in a similar clone library of
infinite size, the clones obtained in this study will represent
94% and 87%, respectively, of the restriction groups of the
library.

The RFLP patterns given by the functional gene show a

clear difference between —10 and —40 cm (Fig. 3). Se-
quences amplified from the deeper layer show a much
higher number of RFLP patterns compared with the se-
quences from the upper layer. Moreover, the most com-
mon RFLP groups differ between the two depths. The
Shannon diversity index (H’) had a lower value for the
upper layer (1.25) than for the deeper layer (2.43). This
confirms the results obtained by DGGE fingerprint where
the largest diversity was observed at 40 cm below the
water table (Fig. 2). At this depth, 18 different patterns
are present with E, J and N being the most common group
of sequences (50% of all clones). At —10 cm, only seven
unique profiles are seen and F is the main group (60% of
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Fig. 3. RFLP analysis of MCR clone libraries. The sequences were ob-
tained from peat samples taken 10 and 40 cm below the water table.
Forty-nine and 52 clones were analysed from the depth of 10 and 40
cm, respectively. Letters in the legend represent the different RFLP
groups.
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all clones). The variation of the number of patterns with
depth may reflect a phenotypic adaptation to the biotic
and abiotic conditions found throughout different depths
of the fen.

The number of functional sequence groups found at the
Salmisuo fen could have been higher if the MCR primers
[14] would additionally been used. These primers amplify a
shorter segment of the MCR gene but have been shown to
have higher diversity coverage. They are known to detect
sequences within the families of Methanosaetaceae and
Methanobacteriaceae which the ME primers do not detect
[22]. Due to difficulties in consistently getting proper am-
plicons, the MCR primers were not used in our study.

Some orders of methanogens (Methanobacteriales and
Methanococcales) have been shown to contain, addition-
ally to the MCR, an isoenzyme called methyl coenzyme-M
reductase two (MCR-II) [45-47]. Since ME primers are
known not to amplify the sequence coding for MCR-II
[22], possible MCR-II sequences present in the samples
would not have been detected in this study. Consequently,
the high number of functional sequence groups found at
—40 cm cannot be explained by the possible presence of
MCR-II sequences.

Sequences representing each of the RFLP groups were
run in DGGE. Out of 21 sequences analysed, 18 appeared
within the gel. Five bands were situated in the upper part
of the gel, 13 in the lower part and the missing three
sequences probably migrated out of the gel. Many bands
migrated to positions very close to each other. RFLP anal-
yses of clones obtained from the fingerprint bands (Dl
and D4) revealed that several sequences can be present
in each band (up to six different RFLP patterns in one
band). This confirms that some sequences are immobilis-
ing at positions very close to each other and are not sep-
arated properly. The imperfect separation of the sequences
is a possible explanation for the difference observed be-
tween the diversity estimated by DGGE fingerprinting (up
to 12 different bands observed in the gel) and the one
obtained by RFLP analyses (21 different restriction
groups). This underlines the need to use an approach com-
bining DGGE fingerprinting and RFLP analyses.

3.4. Phylogenetic analysis

After sequencing a representative of each RFLP group,
a phylogenetic tree was constructed. The 21 sequences
obtained from the Salmisuo fen, from 10 and 40 cm depth,
group in six distinct clusters (Fig. 4). Four clusters (I-1V)
appear as a novel group of sequences with closest phylo-
genetic connection to members of the order Methanomi-
crobiales (Fig. 4). These MCR sequences are clearly dis-
tinct from other published ones with maximum sequence
similarity of amino acids ranging from =85% (sequence
D) to =87% (sequence K) to Methanospirillum hungatei.
This novel MCR cluster was named ‘Fen cluster’ (FC) and
was divided into four sub-groups (FC-I to FC-1V). Two

other clusters (V and VI) are related to sequences from
Rice cluster I (RC-I). This MCR group of sequences
retrieved from Italian rice field soils is related to the
Methanosarcinales and Methanomicrobiales [22]. With se-
quences related to two orders of Euryarchaeota, the phy-
logenetic diversity of the MCR gene observed at the Sal-
misuo fen is higher than the one earlier shown in an
English bog [18] but lower than diversity found in Italian
rice soil [22].

Sequences representing the deeper layers of the fen (re-
striction groups E, J, N) all group in clusters related to
RC-I, whereas the main sequences from the upper layer
are all gathered within the new FC group. Sequences from
three of the novel sub-clusters group according to the
depth they were retrieved from. FC-I contains only se-
quences from the deeper layer, FC-II contains only se-
quences retrieved from the upper layers of the fen and
FC-1V (which contains only one sequence) is from the
upper part of the fen (Fig. 4). This depth related, or de-
pendent, variation of functional gene diversity has not
been shown before in mires.

The major methanogen groups found, in our study, in
the upper part of the peat (restriction groups F, G, T)
form a branch with species belonging to Methanomicro-
biales. Since the order Methanomicrobiales consists of hy-
drogenotrophic methanogens, the methanogens most com-
monly found in the upper layers of the fen may belong to
a family forming methane by oxidising H, and reducing
CO,. Hydrogenotrophic methanogens receive their sub-
strate (H,) directly from fermentative bacteria and inter-
species transfers [48,49]. This nutritional reaction is ther-
modynamically the more favourable, in terms of free en-
ergies (AG’y), of those inducing methane synthesis [8]. It
has been shown that H, dependent methanogenesis dom-
inates in bogs and other studied environments [50]. Since
the maximum potential CH,4 production is observed in the
upper layer of the peat profiles and the organisms found at
that depth are related to H,/CO; utilising methanogens,
hydrogenotrophy could also be the main pathway for CHy
production in the Salmisuo fen.

The dominant groups (E, J, N) found in the deeper
layers are within the phylogenetic radiation of the order
Methanosarcinales via the RC-I group (Fig. 4). The level
of sequence similarity (amino acids) for this lineage is
=~83% to members of Methanosarcinales and =81%
to members of Methanomicrobiales. The relatively new
Methanosarcinales order [51] regroups acetotrophic and/
or methylotrophic methanogens. The organisms most
commonly found in the deeper part of the fen, in this
study, may then belong to the group using acetate as
methane precursor. The stratification of methanogens
with depth could be explained by the difference in temper-
ature found between the superior and deeper layers of the
peat profile (Table 1) [6]. Several studies have shown that
acetotrophic organisms have a lower optimal temperature
than hydrogenotrophic methanogens [52,53]. This could be
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Fig. 4. Phylogenetic dendrogram representing the relationship between MCR sequences, retrieved from boreal fen, and other related methanogenic Ar-
chaea. Sequences (bold face) were retrieved from libraries constructed with ME primers. The capital letter in the sequence name corresponds to the
RFLP pattern. The tree was constructed from inferred amino acid sequences using FITCH distance matrix analysis. Methanopyrus kandleri was used as

outgroup.

marks the main sequences found in the upper part of the peat and 0 marks the main sequences found in the deeper part. The scale bar

represents 10% sequence divergence. GenBank accession numbers are indicated for all sequences.

one reason explaining a dominance of methanogens re-
lated to Methanomicrobiales in the upper part of the
peat and acetate utilising methanogens, as Methanosarci-
nales, in the deeper part of the fen.

On the other hand, members of the RC-I have been
selectively enriched with H,/CO, as energy sources [22],
indicating that this group contains hydrogenotrophic

methanogens. The phylogenetic clusters IV and V, group-
ing sequences from the deeper part of the fen, are closely
related to RC-I. Methanogens from the deeper part of the
fen could therefore include hydrogenotrophs. Studies fo-
cusing on the physiology of these newly discovered fen
methanogens are needed in order to determine the nutri-
tional status of those organisms.
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4. Conclusion

(1) The study of the diversity of the functional MCR
gene in a lawn microsite of an undisturbed boreal fen
revealed a novel lineage of methanogens. The new ‘Fen
cluster’ was phylogenetically related to the order Metha-
nomicrobiales.

(2) The study showed a change in the methanogen pop-
ulations with depth. The genotypic diversity was much
higher at a depth of 40 cm than at a depth of 10 cm below
the water table.

(3) The main groups present in the upper layer were
most related to the order Methanomicrobiales. This order
is composed of hydrogen utilising methanogens.

(4) In the deeper layers of the fen the dominant groups
were most related to Methanosarcinales via the RC-I
group. Methanosarcinales use acetate as precursor but
members of RC-I have previously been enriched with
H,/CO,. The nutritional affiliation of the methanogens
found in the Salmisuo fen remains therefore unclear.
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