
Di¡erential detection of type II methanotrophic bacteria in
acidic peatlands using newly developed 16S rRNA-targeted

£uorescent oligonucleotide probes

Svetlana N. Dedysh a;b, Peter F. Dun¢eld b, Manigee Derakshani b, Stephan Stubner b,
Ju«rgen Heyer b, Werner Liesack b;�

a Institute of Microbiology, Russian Academy of Sciences, Moscow 117811, Russia
b Max-Planck-Institut fu«r terrestrische Mikrobiologie, Karl-von-Frisch-Str., D-35043 Marburg, Germany

Received 27 June 2002; received in revised form 15 October 2002; accepted 16 October 2002

First published online 20 November 2002

Abstract

Based on an extensive 16S rRNA sequence database for type II methanotrophic bacteria, a set of 16S rRNA-targeted oligonucleotide
probes was developed for differential detection of specific phylogenetic groups of these bacteria by fluorescence in situ hybridisation
(FISH). This set of oligonucleotides included a genus-specific probe for Methylocystis (Mcyst-1432) and three species-specific probes for
Methylosinus sporium (Msins-647), Methylosinus trichosporium (Msint-1268) and the recently described acidophilic methanotroph
Methylocapsa acidiphila (Mcaps-1032). These novel probes were applied to further characterise the type II methanotroph community that
was detected in an acidic Sphagnum peat from West Siberia in a previous study (Dedysh et al. (2001) Appl. Environ. Microbiol. 67, 4850^
4857). The largest detectable population of indigenous methanotrophs simultaneously hybridised with a group-specific probe targeting all
currently known Methylosinus/Methylocystis spp. (M-450), with a genus-specific probe for Methylocystis spp. (Mcyst-1432), and with an
additional probe (Mcyst-1261) that had been designed to target a defined phylogenetic subgroup of Methylocystis spp. The same subgroup
of Methylocystis was also detected in acidic peat sampled from Sphagnum-dominated wetland in northern Germany. The population size
of this peat-inhabiting Methylocystis subgroup was 2.0 A 0.1U106 cells g31 (wet weight) of peat from Siberia and 5.5A 0.5U106 cells g31

of peat from northern Germany. This represented 60 and 95%, respectively, of the total number of methanotroph cells detected by FISH
in these two wetland sites. Other major methanotroph populations were M. acidiphila and Methylocella palustris. Type I methanotrophs
accounted for not more than 1% of total methanotroph cells. Neither M. trichosporium nor M. sporium were detected in acidic Sphagnum
peat.
E 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.

Keywords: Fluorescent in situ hybridisation (FISH); Oligonucleotide probe; Type II methanotroph; Methylocystis sp. ; Acidic peatlands; Methylocapsa
acidiphila ; Methylocella palustris

1. Introduction

Methane-oxidising bacteria (MOB) colonise Sphagnum-
dominated acidic wetlands of the northern hemisphere and
reduce the potential £ux of methane from these environ-
ments to the atmosphere. The taxonomic identity of the
methanotrophs present in peatlands has remained elusive
for a long time. The approaches that have been used to
identify MOB in this acidic habitat have included analyses

of methanotroph-speci¢c phospholipid fatty acids
(PLFAs) [1], and analyses of total community DNA [2^
4] directly extracted from peat. The ¢rst approach showed
that both type I and type II MOB were present in peat.
However, the concentration of type II-speci¢c PLFAs
greatly exceeded the corresponding value for type I-specif-
ic PLFAs. Polymerase chain reaction-based retrieval of
methanotroph-speci¢c marker genes revealed clusters of
environmental 16S rDNA, pmoA, and mxaF sequences
that grouped closely to, but were distinct from, sequences
of cultured type II MOB. Recently, an e¡ective approach
based on the £uorescence in situ hybridisation (FISH)
technique [5,6] was applied to determine the abundance
of distinct phylogenetic groups of methanotrophs in a
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Sphagnum peat from West Siberia [7]. The set of metha-
notroph-speci¢c rRNA-targeted oligonucleotide probes
used in that study included probes with reported group
speci¢city for type I MOB (probes M-84 and M-705) or
for the Methylosinus/Methylocystis group of type II MOB
(probes MA-221 and M-450), as well as two probes
(Mcell-1026 and Mcell-181) for the acidophilic methano-
troph Methylocella palustris [8]. It was shown that acidic
peat is colonised mainly by type II MOB, namely by
M. palustris and an uncharacterised Methylocystis popu-
lation. These comprised approximately 40 and 60%, respec-
tively, of the total number of MOB cells detected by FISH.
The occurrence of an uncharacterised population of

peat-inhabiting Methylocystis spp. was concluded based
on con£icting cell counts obtained using two di¡erent
type II MOB-speci¢c probes, MA-221 [9] and M-450
[10]. The cell counts obtained with probe MA-221 were
only 104 type II MOB cells g31 (wet weight) of peat, while
the probe M-450 revealed more than 106 type II MOB
cells g31 of the same samples [7]. This discrepancy was
explained by the ¢nding that probe M-450 targets all cur-
rently known strains of Methylosinus and Methylocystis,
whereas the probe MA-221, originally described as group-
speci¢c, fails to detect many Methylocystis strains, and a
minority of Methylosinus strains [11]. Thus, it was as-
sumed that a subgroup of Methylocystis accounted for
most (about 99%) of the cells detected by probe M-450
in peat.
Until recently, the sequences of 16S rRNA genes of type

II MOB were quite poorly represented in public-domain
databases. This made it impossible to formulate probes
enabling the di¡erentiation between Methylocystis spp.
and Methylosinus spp. Even the most recently published
16S rRNA-targeted oligonucleotide probes detect these
methanotrophs only as a group [12]. This situation has
changed due to a comprehensive database of 16S rRNA
gene sequences recently obtained for a large collection of
Methylocystis and Methylosinus strains isolated from di-
verse environments [11]. Thus, the aim of this study was to
design a set of oligonucleotide probes for di¡erential de-
tection of bacteria within the Methylosinus/Methylocystis
group, and to apply these probes to further characterise
type II MOB populations in the acidic peat examined in
our previous study [7]. In addition, we extended the set of
methanotrophs detectable by FISH by developing oligo-
nucleotide probes speci¢c for another recently described
acidophilic methanotroph, Methylocapsa acidiphila [13].
Similar to M. palustris, this bacterium was isolated from
a Sphagnum peat bog, but it was targeted neither by the
Methylocella-speci¢c probe Mcell-1026 nor by any of the
group-speci¢c methanotroph probes applied in our pre-
vious study. The updated set of 16S rRNA-targeted oligo-
nucleotide probes was used to compare the abundance of
distinct subgroups of MOB in acidic peat sampled from
Sphagnum-dominated wetlands of two di¡erent geograph-
ical sites, West Siberia and northern Germany.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Methylosinus trichosporium OB3b (ATCC 35070T), M.
acidiphila strain B2 (DSM 13967T and NCIMB 13765T),
and M. palustris strain K (ATCC 700799T) were the type
strains used in this study. In addition, 11 Methylosinus and
Methylocystis strains isolated from various environments
[11] were selected as reference organisms for the adjust-
ment of the newly designed probes. These strains included:
M. trichosporium strain SM6 (IMV B-3060), Methylosinus
sporium strains SC8, SM27a, and 44/2, and Methylocystis
sp. strains 42/22, 51, 62/38a, H9a, 62/12, SD5, and SC2.
M. acidiphila B2 and M. palustris K were grown on twice
diluted nitrogen-free and nitrogen-containing M1 mineral
medium [8,13], respectively ; M. trichosporium OB3b was
grown on NMS medium [14], while all other methano-
trophs were cultivated on a basal salt-NH4Cl medium
(‘medium 10’) [11]. All methanotroph cultures were culti-
vated under a gas headspace containing 20% methane (vol/
vol). The cultures were shaken at 120 rpm and incubated
at 24‡C. Bradyrhizobium japonicum (DSM 30131T) and
Azorhizobium caulinodans (DSM 5975T) were used as
non-target control strains and were grown on media rec-
ommended by the DSMZ (Deutsche Sammlung von Mi-
kroorganismen und Zellkulturen, Braunschweig, Ger-
many) catalogue. To ensure constant exponential growth
and high cell ribosome content, all cultures were serially
transferred at least three times prior to harvesting.

2.2. Peat samples

Two Sphagnum peat samples from di¡erent geographi-
cal sites were examined in this study. The ¢rst one was a
peat sample used in our previous study [7]. It was collected
from 10^15 cm below the surface of an acidic peat (pH of
3.6^4.5) underlying a Sphagnum-Carex plant community
(Bakchar bog, Plotnikovo ¢eld station in West Siberia,
56‡N, 82‡E). The second sample was collected from 15
cm below the surface of Sphagnum peat (pH 4.2) on the
bank area of the dystrophic peat bog lake Kleine Fuchs-
kuhle (northeastern Germany, 53‡10PN, 13‡02PE). The
sampling depth in both sites was determined by the water
table level (WTL), i.e. the sampling was done from the
layer located just below WTL as this peat layer was shown
to be most abundantly inhabited by methanotrophs
[1,2].

2.3. Fixation procedure

2.3.1. Bacterial strains
Cells growing in the logarithmic phase were harvested

by centrifugation and resuspended in 0.5 ml of phosphate-
bu¡ered saline (PBS) (g l31 : NaCl, 8.0; KCl, 0.2;
Na2HPO4, 1.44; NaH2PO4, 0.2; pH 7.0). Cell suspensions
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were mixed with 1.5 ml of 4% (wt/vol) freshly prepared
paraformaldehyde solution (Sigma, Deisenhofen, Ger-
many) and ¢xed for 1.5 h at room temperature. The cells
were then collected by centrifugation (6600Ug for 1 min)
and washed twice with PBS to ensure removal of parafor-
maldehyde. The resulting pellet was resuspended in 0.5 ml
of 50% ethanol^PBS (vol/vol) and this cell suspension was
stored at 320‡C until use.

2.3.2. Peat samples
The cells were serially extracted from peat using a pre-

viously described procedure [7]. Two successive fractions
(peat water fraction and peat debris fraction obtained
after the ¢rst round of homogenisation and extraction)
were prepared with each Sphagnum sample, ¢xed as de-
scribed above and used for cell quanti¢cation. The total
number of cells in a peat sample was determined as a sum
of the corresponding cell numbers in peat water and peat
debris fractions.

2.4. Oligonucleotide probes

2.4.1. Methylosinus/Methylocystis group
The 16S rDNA sequence database of type II MOB used

for probe design was the one described by Heyer et al.
(2002). It consisted of strains isolated and described for
that study, along with most other public-domain sequen-
ces from type II MOB isolates. It included 19 sequences
from M. trichosporium strains, 22 from M. sporium strains,
and 54 from strains of the genus Methylocystis. Several of
the Methylosinus isolates for which 16S rDNA sequences
are available were not identi¢ed morphologically to the
species level, but in the present study were considered to
belong to either M. sporium or M. trichosporium based on
the observation that these species cluster into two distinct
phylogenetic groups [11].
The probe design tool of the ARB program package

(developed by O. Strunk and W. Ludwig; available online
at http://www.arb-home.de) was used to identify con-
served nucleotide sequence regions that were unique for
each of these three taxa and allowed their discrimination
from all non-target reference sequences in the public-do-
main 16S rRNA sequence database. The ¢nal selection of
suitable target sites was done using the in situ accessibility
map of Escherichia coli 16S rRNA [15]. According to stan-
dard nomenclature [16], two newly designed species-specif-
ic probes for detection of M. trichosporium and M. spo-
rium, and one genus-speci¢c probe for detection of all
representatives of the genus Methylocystis were designated
S-S-Msint-1268-a-A-18 (Msint-1268), S-S-Msins-0647-a-
A-18 (Msins-647), and S-G-Mcyst-1432-a-A-18 (Mcyst-
1432), respectively. For use in FISH these probes were
labelled with indocarbocyanine dye (Cy3). To provide fur-
ther evidence for correct target identi¢cation, each of these
three probes was used in combination with the Methylosi-
nus/Methylocystis group-speci¢c oligonucleotide probe

M-450 [10], labelled with 5(6)-carboxy£uorescein-N-hy-
droxysuccinimide ester (FLUOS).

2.4.2. M. acidiphila
An oligonucleotide probe was designed for speci¢c de-

tection of the recently described acidophilic methanotroph
M. acidiphila B2. This probe targeted positions 1032^1049
(based on the E. coli numbering system). It was designated
S-St-Mcaps-1032-a-A-18 (Mcaps-1032) and labelled with
Cy3. A second, FLUOS-labelled oligonucleotide probe,
AcidM-181, was used for simultaneous hybridisation of
cells along with Mcaps-1032. The probe AcidM-181 was
originally described as Mcell-181 and used for speci¢c de-
tection of M. palustris [7]. However, probe AcidM-181
targets both M. palustris and M. acidiphila B2 and, thus,
it was renamed S-*-AcidM-0181-a-A-18 (AcidM-181).

2.4.3. Peat-inhabiting subgroup of Methylocystis
The oligonucleotide probe targeting positions 1261^

1278 was developed to detect some of the Methylocystis
strains that escaped detection by the type II MOB group-
speci¢c probe MA-221, but were targeted by the type II
group-speci¢c probe M-450. The newly designed probe
was designated S-*-Mcyst-1261-a-A-18 (Mcyst-1261) and,
depending on the experimental setup, was applied in FISH
with Cy3 or Cy5 label. Similar to other probes developed
for the Methylosinus/Methylocystis group (see above),
Mcyst-1261 was used in combination with the FLUOS-
labelled group-speci¢c probe M-450 to guarantee the con-
¢dence of cell identi¢cation.

2.4.4. Other probes used in this study
Three probes with reported group speci¢city for either

type I MOB (M-84, M-705) or the Methylosinus/Methylo-
cystis group of type II MOB (M-450) [10], were labelled
with Cy3 and used in this study. We also used the Cy3-
labelled oligonucleotide probe Mcell-1026, which was de-
veloped for speci¢c detection of the acidophilic methano-
troph M. palustris [7]. Depending on the experimental set-
up, the bacterial probe EUB338 [17] was applied in FISH
with a Cy3 or FLUOS label. Oligonucleotide probes were
purchased from MWG Biotech (Ebersberg, Germany).
Probe sequences, target sites, formamide concentrations
in the hybridisation bu¡er, hybridisation temperature,
and NaCl concentrations in the washing bu¡er used for
FISH are given in Table 1.

2.5. Whole-cell hybridisation

Hybridisations were performed as described elsewhere
[7,18]. Brie£y, 2 Wl of the ¢xed cell suspension was spread
on a six-well Te£on-coated slide, air-dried, and dehydrated
by successive passages through an ethanol series (50, 80,
and 100% (vol/vol) for 3 min each). A 9-Wl aliquot of
hybridisation bu¡er (0.9 M NaCl, 20 mM Tris/HCl (pH
7.2), 0.01% sodium dodecyl sulphate (SDS), and formam-
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ide concentration as given in Table 1) was placed on each
spot of ¢xed cells. The slide was transferred to the equil-
ibrated hybridisation chamber and prehybridised for 30
min. Following prehybridisation, 1 Wl of £uorescent probe
solution (50 ng probe Wl31of double-distilled water) was
added to each spot and the slide was returned to the hy-
bridisation chamber for 2 h. Slides were then washed at
the appropriate hybridisation temperature for 10 min in
washing bu¡er (20 mM Tris/HCl, 0.01% SDS, NaCl con-
centration as given in Table 1) and rinsed with twice
distilled water. The slides were air-dried, stained with
the universal DNA stain 4P,6-diamidino-2-phenylindole
(DAPI, 2 WM) for 10 min in the dark, rinsed again with
distilled water, and ¢nally air-dried. Each well of the slide
was mounted with a drop of Citi£uor AF1 antifadent
(Citi£uor Ltd., Canterbury, UK), covered with a coverslip
and viewed immediately.

2.6. Optimisation of hybridisation conditions

Our previous study [7] had shown that the optimisation
of hybridisation conditions by the addition of formamide
to the hybridisation bu¡er [19] was not appropriate for

some methanotrophs. For example, the presence of form-
amide clearly inhibited the whole-cell hybridisation of
M. palustris with all £uorescent probes used, including
EUB338. In order to check whether the same e¡ect oc-
curred during the whole-cell hybridisation of M. acidiphila
B2 and other type II MOB, two di¡erent approaches were
used to optimise the hybridisation conditions: (i) gradu-
ally increasing the hybridisation stringency by the addition
of formamide to the hybridisation bu¡er in 5% (vol/vol)
steps as described by Manz et al. (1992); (ii) increasing the
hybridisation temperature from 30 to 70‡C in 5‡C steps
without formamide in the hybridisation bu¡er. In each
case hybridisation was performed with target organisms
as well as non-target organisms that displayed the smallest
number of mismatches within the target region (Table 2).

2.7. Counting of methanotroph cells by FISH

Cell counts of M. trichosporium, M. sporium, all Methy-
locystis spp. and the subgroup of peat-inhabiting Methylo-
cystis spp. were performed on slides with ¢xed peat ex-
tracts simultaneously hybridised with FLUOS-labelled M-
450 (universal to the Methylosinus/Methylocystis group)

Table 1
Oligonucleotide probes used in this study

Probe Speci¢city Probe sequence (5P^3P) Target sitea

(16S rRNA positions)
% FAb T

(‡C)c
NaCl
(mM)d

Reference

EUB338 Bacteria GCTGCCTCCCGTAGGAGT 338^355 0 46 900 [17]
M-450 Methylosinus/Methylocystis spp. ATCCAGGTACCGTCATTATC 450^470 30 46 112 [10]
M-84, M-705 type I MOB CCACTCGTCAGCGCCCGA 84^103 20 46 225 [10]

CTGGTGTTCCTTCAGATC 705^724
Mcell-1026 M. palustris GTTCTCGCCACCCGAAGT 1026^1043 0 45^50 900 [7]
AcidM-181 M. palustris+M. acidiphila TCTTTCTCCTTGCGGACG 181^198 0 45^50 900 [7]
Mcaps-1032 M. acidiphila CACCTGTGTCCCTGGCTC 1032^1049 0 45^50 900 this study
Msint-1268 M. trichosporium TGGAGATTTGCTCCGGGT 1268^1285 20 46 225 this study
Msins-647 M. sporium TCTCCCGGACTCTAGACC 647^664 30 46 112 this study
Mcyst-1432 all Methylocystis spp. CGGTTGGCGAAACGCCTT 1432^1449 0 50 900 this study
Mcyst-1261 peat-inhabiting subgroup of

Methylocystis spp.
TTGCTCGAGGTCGCCCTT 1261^1278 0 50^55 900 this study

aPosition numbers refer to the E. coli 16S rRNA sequence.
bPercent formamide in the hybridisation bu¡er.
cTemperature of hybridisation.
dConcentration of sodium chloride in the washing bu¡er.

Table 2
Reference strains used for stringency adjustment of the newly designed oligonucleotide probes

Probe Target organism(s) Reference strain(s)

Positive control Negative control (no. of mismatches)

Msint-1268 M. trichosporium M. trichosporium strains OB3b, SM6 Methylocystis spp. strains 62/12, SD5, H9a (2); M. palustris K
(2)

Msins-647 M. sporium M. sporium strains SC8, SM27a, 44/2 M. trichosporium strains OB3b, SM6 (1); Methylocystis spp.
strains 42/22, 51, H9a, 62/12, SD5, SC2 (1)

Mcyst-1432 all Methylocystis spp. Methylocystis spp. strains 42/22, 51,
H9a, 62/12, SD5, SC2, 62/38a

M. trichosporium strains OB3b, SM6 (1); M. sporium strains
SC8, SM27a, 44/2 (1)

Mcyst-1261 peat-inhabiting subgroup of
Methylocystis spp.

Methylocystis spp. strains 51, SC2,
42/22, 62/38a

Methylocystis spp. strains 62/12, SD5, H9a (1); M. palustris K
(2)

Mcaps-1032 M. acidiphila B2 M. acidiphila B2 B. japonicum (2)
AcidM-181 M. palustris+M. acidiphila B2 M. palustris, M. acidiphila B2 A. caulinodans (1)
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and the corresponding group-speci¢c Cy3-labelled probes
(i.e. Msint-1268, Msins-647, Mcyst-1432, or Mcyst-1261).
The numbers of M. acidiphila and M. palustris cells were
determined on preparations that were simultaneously hy-
bridised with the FLUOS-labelled group-speci¢c probe
AcidM-181 and the corresponding Cy3-labelled probes
Mcaps-1032 and Mcell-1026, respectively. In addition,
the number of cells stained with the bacterial probe
EUB338, type I MOB probes (M-84 and M-705) and the
Methylosinus/Methylocystis group-speci¢c probe M-450
were determined. Cell counting was performed on 100
randomly chosen ¢elds of view (FOV) for each test sam-
ple, which was su⁄cient for a statistically valid quanti¢-
cation of methanotrophs in a peat sample [7]. The number
of target cells per gram of wet peat was determined from

the area of the sample spot, the FOV area, the volume of
the ¢xed sample used for hybridisation, and the volume of
the peat water extracted from the sample.

2.8. Total cell counts

Total cell counts from peat samples were obtained using
DAPI staining (see above). Dilutions that resulted in ap-
proximately 20^200 cells per FOV were used. The total cell
number in 100 randomly chosen FOV was determined as
described above.

2.9. Microscopy

Slides with di¡erent mixtures of target and non-target

Fig. 1. Maximum-likelihood phylogenetic tree showing the relative positions of 16S rRNA gene sequences of type II MOB (Methylosinus/Methylocystis
group), acidophilic methanotrophs M. acidiphila and M. palustris, and the non-MOB Beijerinckia indica, A¢pia genospecies 6, R. acidophilus, and two
sequences (UP1, UP3) retrieved from soil by cultivation-independent methods. The selection of species and tree construction is exactly as described by
Heyer et al. [11]. The brackets indicate the scope of each of the newly designed oligonucleotide probes (Msint-1268, Msins-647, Mcyst-1432, Mcyst-
1261, and Mcaps-1032) and of the previously developed M-450 probe with group speci¢city for all Methylosinus/Methylocystis spp. Arrows indicate the
three strains not detected by the species-speci¢c or genus-speci¢c probes Msint-1268, Msins-647, and Mcyst-1432. The root was composed of 24 sequen-
ces from (non-methanotrophic) K-Proteobacteria. The distance bar represents 0.1 substitution per nucleotide position.
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methanotroph cells as well as peat samples hybridised with
the newly designed probes were examined by confocal la-
ser-scanning microscopy with a Leica DMR XE micro-
scope, 63Uoil immersion lenses, and TCS NT 1.6.582 soft-
ware. The cell counts in peat samples were carried out
with a Zeiss Axioplan 2 microscope (Carl Zeiss, Oberko-
chen, Germany) equipped with the following ¢lter sets:
HQ light ¢lter AHF/AF 41001 (AHF Analysentechnik,
Tu«bingen, Germany) for FLUOS-labelled probes (excita-
tion 460^500 nm, emission 510^560 nm), AHF/F 41007
for Cy3-labelled probes (excitation 510^560 nm, emission
572.5^642.5 nm), and Zeiss Filter 02 for DAPI staining
(excitation 365 nm, long pass emission 420 nm).

3. Results and discussion

3.1. Design of oligonucleotide probes

The public-domain 16S rRNA sequence data set for
type II MOB has been greatly expanded by the recent
description of a large culture collection [11]. Based on
this data set, and on the public-domain 16S rRNA data-
base of the ARB program package, three oligonucleotide
probes were designed for the di¡erential detection of the
three major monophyletic subgroups within the Methylo-
sinus/Methylocystis group: Methylocystis spp., M. tricho-
sporium, and M. sporium. Thus, the newly designed probes
included a genus-speci¢c probe for Methylocystis (Mcyst-
1432) and two species-speci¢c probes for M. trichosporium
(Msint-1268) and M. sporium (Msins-647) (Fig. 1, Table
1).
The sequence of the Mcyst-1432 probe matched 53 of 54

currently available sequences from isolates of the genus
Methylocystis. The single exception was strain F10V2a.
The probe showed one mismatch (G:U at position 1444)
with the 16S rRNA sequences of several M. trichosporium
and M. sporium strains, and with Rhodoblastus acidophilus.
All other non-target reference sequences displayed at least
two mismatches to this probe.
A detailed analysis of the 16S rRNA database of type II

MOB and reference organisms showed that it is not pos-
sible to design a probe that speci¢cally targets all repre-
sentatives of the genus Methylosinus. Instead, two separate
probes were developed, one targeting 18 of 19 known
strains of M. trichosporium (strain KS21 was the excep-
tion) and the other targeting 21 of 22 known strains of
M. sporium (Methylosinus sp. LW2 was the exception).
The combination of these two probes coupled to the
same £uorophore allowed detection of all Methylosinus
spp. (excepting the two strains noted above). The probe
with intended target speci¢city for M. trichosporium,
Msint-1268, displayed at least two mismatches to 16S
rRNA sequences of all other non-target reference sequen-
ces from cultured organisms. The probe with intended
target speci¢city for M. sporium, Msins-647, exhibited

one mismatch to the 16S rRNA sequences of all Methyl-
ocystis strains (T:C at position 652) and strains of M.
trichosporium (C:A at position 648).
An additional oligonucleotide probe, Mcyst-1261, was

designed to detect a subcluster of Methylocystis strains
(Fig. 1, Table 1). This subcluster contains 16S rRNA se-
quences that were absent from the public-domain data-
bases until recently. As a consequence, many of the cur-
rently existing type II MOB group-speci¢c probes (except
M-450) contain mismatches to sequences of these strains
of Methylocystis [11]. Based on the con£icting data ob-
tained with the probes MA-221 and M-450 [7], we as-
sumed that this subgroup might contain acidophilic/acid-
tolerant Methylocystis spp., and furthermore might ac-
count for most (about 99%) of the cells detected by probe
M-450 in native peat.
We have also designed a probe with intended target

speci¢city for the recently described acidophilic methano-
troph M. acidiphila B2 (Mcaps-1032, Table 1). Mcaps-
1032 matched the sequence of the only known isolate of
M. acidiphila (strain B2), while all other non-target refer-
ence sequences from cultured organisms displayed at least
two mismatches to this probe.
The speci¢city of each newly designed probe was also

con¢rmed in silico using the probe match tool of the Ri-
bosomal Database Project [20]. The organisms whose 16S
rRNA sequences exhibited the next smallest number of
mismatches in the target region of the newly designed
probes were chosen as negative control strains for optimi-
sation of the probe hybridisation conditions (Table 2).

3.2. Optimisation of hybridisation conditions

We ¢rst attempted to determine optimal hybridisation
conditions for all newly designed probes by increasing the
concentration of formamide in the hybridisation bu¡er
according to Manz et al. [19]. The range of formamide
concentrations used was from 0 to 40%, in 5% increments.
This approach worked well with the two species-speci¢c
probes designed for M. trichosporium and M. sporium,
Msint-1268 and Msins-647. Speci¢c detection was
achieved at a concentration of 20 and 30% formamide in
the hybridisation bu¡er, respectively (Table 1). The com-
bined use of both probes labelled with the same £uores-
cent dye at 20% formamide in the hybridisation bu¡er
allowed detection of all representatives of the genus Me-
thylosinus.
In contrast to whole-cell hybridisation of Methylosinus

strains, the approach based on the use of formamide was
not applicable for M. acidiphila B2 and for some of the
Methylocystis strains. Similar to the e¡ect observed earlier
for M. palustris K [7], the addition of formamide to the
hybridisation bu¡er strongly inhibited the whole-cell hy-
bridisation of M. acidiphila B2 with all £uorescent probes
tested, Mcaps-1032, AcidM-181, and EUB338 (data not
shown). In contrast, without formamide in the hybridisa-
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tion bu¡er but at the same stringency conditions achieved
by raising the temperature, all cells were properly stained
with the same probes. The same e¡ect was observed for
some representatives of Methylocystis (strains 51, H9a, 62/
38a, 62/12) isolated from freshwater environments, i.e.
boggy waters, oligotrophic and eutrophic lakes. Interest-
ingly, the use of formamide did not show any negative
e¡ect on whole-cell hybridisation of Methylocystis strains
isolated from brackish water (strains 42/22 and 33/26).
Thus, formamide was not further applied for the whole-
cell hybridisations of M. acidiphila B2 and cultures of
Methylocystis, and the optimal hybridisation conditions
were determined by increasing the hybridisation temper-
ature in 5‡C steps. The optimal hybridisation temperature
ranges that provided high target speci¢city were 45^50‡C
for Mcaps-1032, 50‡C for Mcyst-1432, and 50^55‡C for
Mcyst-1261.

3.3. Analysis of cell mixtures of di¡erent type II MOB

Most newly designed probes showed high signal inten-
sities of comparable value for all target strains used in this
study (see Table 2). Only the genus-speci¢c probe for
Methylocystis (Mcyst-1432) gave a signal of slightly less
intensity, but this was still su⁄cient enough to enable re-
liable target cell detection. The target speci¢city of the
probes Msint-1268, Msins-647, Mcyst-1432, and Mcyst-
1261 was con¢rmed using di¡erent two- and three-compo-
nent cell mixtures of methanotrophs from the Methylosi-
nus/Methylocystis group: (i) M. trichosporium+M. spo-
rium, (ii) M. trichosporium+Methylocystis sp., (iii) M.
sporium+Methylocystis sp., (iv) M. trichosporium+M. spo-
rium+Methylocystis sp. Each of these cell mixtures was
prepared in three to four combinations using di¡erent
strains of the same methanotroph species (see Section
2.1). Application of each probe allowed clear discrimina-
tion of the target population from cells of other type II
MOB in each of these cell mixtures (Fig. 2).

3.4. Identi¢cation of indigenous type II MOB populations in
Sphagnum peat

Each of the probes developed for speci¢c detection of
the type II MOB subgroups, Msint-1268, Msins-647, and
Mcyst-1432, was applied to a Sphagnum peat sample from

West Siberia, which had been analysed in a previous study
[7]. The aim was to more precisely identify a methano-
troph population that had been detected by the group-
speci¢c probe M-450, but not detected with probe M-
221. While M-450 targets all known type II MOB of the
genera Methylosinus and Methylocystis, M-221 targets
only 11 of 19 M. trichosporium strains in our database,
20 of 22 M. sporium strains, and eight of 54 Methylocystis
strains.
No cells were detected in acidic peat with the two spe-

cies-speci¢c probes for M. trichosporium (Msint-1268) and
M. sporium (Msins-647). In contrast, hybridisation with
the Methylocystis-speci¢c probe Mcyst-1432 detected a
population that was as numerous (1.8 A 0.1U106 cells
g31 of wet peat) as the methanotrophic population de-
tected in our previous study with the M-450 probe (Table
3). Moreover, the same number of cells was detected with
the probe Mcyst-1261, which was newly designed to spe-
ci¢cally target a de¢ned subgroup of Methylocystis strains
(Fig. 1). We presume that this subgroup contains acido-
philic/acid-tolerant strains. To check whether this pre-
sumed acidophilic/acid-tolerant population of Methylocys-

Table 3
The number of DAPI-stained cells detected by FISH with EUB338 and with di¡erent methanotroph-speci¢c oligonucleotide probes in acidic peat of
two Sphagnum-dominated peatlands of di¡erent geographic location

Sampling site location Number of DAPI-stained cells,
NU108 g31 of wet peat

Number of cells detected with di¡erent oligonucleotide probes (g31 of wet peat)a

EUB338,
NU108

M-450,
NU106

Mcyst-1432,
NU106

Mcyst-1261,
NU106

Mcaps-1032,
NU105

Mcell-1026,
NU105

M-84+M-
705, NU104

West Siberia 4.5 A 0.4 2.9A 0.3 1.8 A 0.1 1.8 A 0.1 2.0 A 0.1 1.4 A 0.5 11.9A 1.1 0.2A 0.2
North Germany 1.7 A 0.2 0.5A 0.1 5.7 A 0.6 5.5 A 0.6 5.5 A 0.5 1.4 A 0.9 0.6 A 0.4 6.1A 3.6

aNo cells were detected with Msint-1268 and Msins-647 probes.

Fig. 2. Three-component cell mixture of M. trichosporium OB3b,
M. sporium SM27a, and Methylocystis sp. 62/12 hybridised with the spe-
cies-speci¢c probe Msint-1268-Cy3 (red) and Mcyst-1261-Cy5 (blue) in
parallel to the group-speci¢c probe for all Methylosinus/Methylocystis
spp., M-450-FLUOS (green). Target cells of methanotrophs hybridised
with two group-speci¢c probes and showed up as orange-yellow (M. tri-
chosporium OB3b) or green-blue (Methylocystis sp. 62/12), while the
reference cells (M. sporium SM27a) hybridised only with the group-spe-
ci¢c probe M-450 and showed a green colour. The scale bar is 10 Wm.
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tis spp. might also be abundant in other Sphagnum peat-
lands, we have examined an acidic peat in northern Ger-
many. In this sample FISH with the M-450 probe detected
an even more abundant population of type II methano-
trophs (5.7 A 0.6U106 cells g31 of wet peat). The cell
counts with probes Mcyst-1432 and Mcyst-1261 were
nearly identical to those with the M-450 probe (Table 3).
Final proof that the majority of MOB cells detected in
peat belonged to this de¢ned subgroup of presumably
acidophilic/acid-tolerant Methylocystis spp. was obtained
by parallel hybridisation of both peat samples with Cy3-
labelled probe M-450 and Cy5-labelled probe Mcyst-1261.
Examination by confocal laser-scanning microscopy
showed that all target cells were stained with both £uoro-
phores (Cy3 and Cy5), indicating simultaneous hybridisa-
tion of target cells with both oligonucleotide probes (Fig.
3).

3.5. Detection of M. acidiphila in Sphagnum peat by FISH

The preparations obtained with native peat samples

were hybridised with the Cy3-labelled probe Mcaps-1032
in conjunction with FLUOS-labelled EUB338 and stained
with DAPI (Fig. 4). The microscopic examination revealed
that cells of M. acidiphila were present in both peat sam-
ples used in this study. The population sizes of this acid-
ophilic methanotroph were 1.4 A 0.5U105 and 1.4 A 0.9U
105 cells g31 of wet peat in samples from West Siberia and
northern Germany, respectively.

3.6. Comparison of methanotroph community structure in
Sphagnum wetlands of di¡erent geographic location

In our previous study we were able to determine the
major methanotroph populations in acidic peat sampled
from a West Siberian wetland. The indigenous methano-
trophs in that sample were represented mainly by type II
MOB, while type I MOB accounted for less than 0.1% of
the total methanotroph cells detected by FISH [7]. In this
study, we also examined a Sphagnum peat sample from
northern Germany. The peat samples from both sites
had almost the same pH (4.2). The number of type I

Fig. 3. a: In situ hybridisation of a Sphagnum peat sample with two oligonucleotide probes, M-450 and Mcyst-1261, marked with Cy3 (red) and Cy5
(blue), respectively. Methanotroph cells hybridised with both probes and showed up as pink-coloured cells. The scale bar is 10 Wm. b: Intensity pro¢les
of the £uorophores determined in a transect through three target cells (indicated by line in a), showing high and equal signal intensities for the probes
M-450 and Mcyst-1261.

Fig. 4. Speci¢c detection of M. acidiphila in a peat sample by FISH. Pictured are epi£uorescence micrographs of in situ hybridisation with probes
Mcaps-1032 labelled with Cy3 (a) and EUB338 labelled with FLUOS (b), and the phase-contrast image (c). The scale bar (10 Wm) applies to all images.
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MOB cells detected with probes M-84 and M-705 in the
peat sample from northern Germany was more than one
order of magnitude higher than that detected in the West
Siberian peat sample (6.1 A 3.6U104 cells g31 of wet peat,
Table 3). Nevertheless, this accounted for only 1% of total
methanotrophs detected by FISH. Thus, indigenous meth-
anotrophic populations in both wetland sites were repre-
sented mainly by type II MOB.
The numerically largest MOB group, accounting for 60

and 96% of total methanotroph cells detected by FISH in
peat from Siberia and Germany, respectively, was Methy-
locystis spp., belonging speci¢cally to a phylogenetic sub-
group of Methylocystis detectable by probe Mcyst-1261. A
large population size of these bacteria in both acidic wet-
lands suggests an acidophilic or, at least, acid-tolerant
nature of these organisms. However, at present it is not
possible to draw any ¢nal conclusions because none of the
cultured strains used for design and evaluation of target
speci¢city of probe Mcyst-1261 were isolated from acidic
Sphagnum wetlands. The cultivated representatives of this
phylogenetic subgroup of Methylocystis spp. were isolated
on neutral media (pH 7.0^7.4) from di¡erent environmen-
tal samples of generally neutral pH, such as lake sedi-
ments, freshwaters, and brackish waters [11]. Thus, the
phenotypic and physiological characterisation of Methylo-
cystis spp. inhabiting acidic peatlands requires the isola-
tion of the organisms in pure culture.
Two other populations of type II MOB detected in both

wetland sites were M. acidiphila and M. palustris. M. acidi-
phila was enumerated in both samples at greater than 105

cells g31 of peat. This accounted for 5 and 2% of total
methanotroph cells detected by FISH in peat from Siberia
and Germany, respectively. In contrast, the population
sizes of M. palustris were signi¢cantly di¡erent in Sphag-
num peat from West Siberia (106 cells g31 of peat) and
northern Germany (104 cells g31 of peat) (Table 3). An
explanation for such a profound di¡erence might be that
the probe Mcell-1026 targets the only described species of
Methylocella, namely M. palustris, while the Sphagnum
wetland around lake Kleine Fuchskuhle might be inhab-
ited by some other, yet unknown, species of Methylocella.
The same assumption might be true for the probe Mcaps-
1032, which has been developed based on the only existing
isolate of the genus Methylocapsa. Thus, the possibility
that some unknown species of acidophilic Methylocella
and Methylocapsa still escaped detection by FISH with
the currently available set of oligonucleotide probes can-
not be excluded. The total numbers of methanotrophs
detected in our study were 3.1 A 0.2U106 and
5.7 A 0.4U106 cells g31 (wet weight) of peat in Sphagnum
peat samples from West Siberia and northern Germany,
respectively. However, these values refer to single-time,
single peat soil depth sample measurements. Signi¢cant
variations in methanotroph community structure and
abundance might occur in di¡erent subsites and depths
as well as on a seasonal scale. In addition, some environ-

mental factors (variation in temperature, aeration condi-
tions, substrate availability) might also have a strong im-
pact on population dynamics of di¡erent MOB in acidic
peatlands.
In summary, this study has extended the set of rRNA-

targeted oligonucleotide probes available for speci¢c de-
tection and enumeration of MOB in environmental sam-
ples by FISH. The major emphasis was given to di¡er-
ential detection of type II MOB, as they represent the
dominant methanotroph population in acidic Sphagnum
peatlands of di¡erent geographic locations. The applica-
tion of the newly developed oligonucleotide probes al-
lowed us to more closely identify the numerically largest
group of indigenous methanotrophs. These belonged to a
phylogenetically de¢ned subcluster of Methylocystis spp.
Future studies will address questions concerning the phe-
notypic traits of this novel subgroup of Methylocystis spp.
and the environmental factors that have a major impact
on their population dynamics in situ.
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