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1 Methane is one of the most important greenhouse
gases, and its content in the atmosphere is determined
by the global balance between its production and oxi�
dation. Despite the fact that the СН4 concentration in
the atmosphere is 200 times lower than the concentra�
tion of CO2, the processes of methane turnover have
aroused considerable scientific interest, which can be
attributed to its significant greenhouse effect. Calcula�
tions suggest that a twofold increase in CH4 content in
the atmosphere may cause a global increase in temper�
ature of 0.2–0.4°С [1]. The activity of methanotrophic
communities inhabiting aerobic soils is the only
known biological mechanism for the oxidation of
atmospheric methane, which determines the key role
of these microorganisms in the regulation of the global
methane budget [2]. It was established that soils from
various ecosystems absorb atmospheric methane [3–
6], and the net methane sink is 20–60 Tg СН4 per year
or about 10% of the global methane sink [7].

To assess the functional role of methanotrophs in
natural ecosystems, the data on their numbers and
diversity are required. Previous investigations of meth�
anotrophic microorganisms inhabiting aerobic soils
were based on cultivation [8] and application of
immune sera [9], as well as on various molecular tech�
niques for analysis of the fragments of the ribosomal
(16S rRNA) and functional (pmoA, mmoX, and mxaF)
marker genes of methanotrophs [5, 10–12].

1 Corresponding author; e�mail: irinakravchenko@inbox.ru

In all known methanotrophs, except for Methylo�
cella, the first stage of methane metabolism (oxidation
to methanol) is carried out by the membrane�bound
methane monooxygenase (pMMO). Phylogenies
based on the sequence analysis of the pmoA gene
encoding the α subunit of this enzyme are virtually the
same as those based on the 16S rRNA gene analysis.
Thus, pmoA sequences may be efficiently used for
determining the taxonomic position of methane�oxi�
dizing organisms to the genus, and sometimes to the
species, level [11]. Analysis of the pmoA gene fragment
is widely used to assess the diversity of methanotrophs
in various natural ecosystems, including methane�oxi�
dizing aerobic soils. Methanotrophic bacteria of the
genera Methylocystis, Methylosinus, Methylomonas,
Methylobacter, Methylomicrobium, Methylococcus, and
Methylocaldum [5, 9, 10, 12], as well as the specific
nonculturable methanotrophs that form the clusters
USCα and USCγ [5, 10], were detected in the studied
aerobic soils by molecular biological techniques. It is
assumed that the latter are specialized oligotrophic
organisms that are able to grow only due to the oxida�
tion of atmospheric methane. The sequences of the
acidophilic methanotroph Methylocapsa acidiphila
[13] are closest to the pmoA sequences of the represen�
tatives of the cluster USCα (“forest sequence clus�
ter”).

The goal of the present work was to apply molecu�
lar biological techniques to characterization of the
methane�oxidizing enrichment cultures that were iso�
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lated from aerobic soils of a forest biocenosis and two
agrocenoses.

MATERIALS AND METHODS

Isolation and maintenance of enrichment cultures.
Enrichment cultures of methane�oxidizing microor�
ganisms were isolated from the gray forest soil of a for�
est biocenosis and the arable soil of the winter wheat
agrocenosis (Pushchino, Moscow oblast), as well as
from the loamy arable soil of the corn agrocenosis
(Melle, Belgium). Detailed characteristics of these
sites are presented in [6] and [14], respectively. To
obtain primary enrichment cultures, aliquots (0.1 g) of
soil were placed in 500�ml serum vials with 50 ml of
mineral medium [15] and incubated under static con�
ditions in the air : methane atmosphere (95 : 5) at 22°С
for 4–8 weeks. Subsequent transfers of the obtained
cultures were carried out under the same conditions;
the inoculum dose was 5% (vol/vol). By the beginning
of the experiments, three stable (more than 50 trans�
fers, homogeneous growth of mixed colonies on agar�
ized media, microscopic control) enrichment cultures
were isolated from the forest (FS) and arable soils of
Russia (AS) and Belgium (BS).

Determination of methane�oxidizing activity. The
cells of 7�day enrichments were harvested by centrifu�
gation at 4°С and washed three times with fresh
medium with agitation in order to remove dissolved
methane. Then, the suspension with OD600 = 0.6 ±
0.02, equivalent to about 108 cells/ml, was prepared
using the same medium. The aliquots (10 ml) of the
suspension and chloramphenicol solution (to the final
concentration of 50 μg/l) were transferred to 120�ml
vials and injected with methane at mixing ratios of 10,
20, 50, 100, and 200 ppm (14, 28, 70, 140, and 280 nM
СН4, respectively). Each measurement was performed
in five replicates. During 14 days of incubation, СН4
was measured at 12� to 24�h intervals using a Kristall
2001 gas chromatograph (Russia) equipped with a
flame ionization detector. The rate of methane oxida�
tion was estimated by linear regression of methane
mixing ratios versus time. The kinetic parameters of
methane oxidation (km) were calculated using the
Michaelis–Menten equation.

Fluorescence in situ hybridization. Detection of
methanotrophs in enrichment cultures was carried out
by fluorescence in situ hybridization (FISH). Fixation
of the samples with a paraformaldehyde solution and
hybridization of the samples with fluorescently labeled
oligonucleotide probes were carried out at 46°С
according to the protocol described in [16]. The mix�
ture of universal probes EUB 338mix was used for
detection of representatives of the domain Bacteria
[17]. For specific detection of type II methanotrophs,
the probe M�450 (30% formamide in the hybridiza�
tion buffer) was used; type I methanotrophs were
detected using a mixture of the probes M�84 and M�
705 (20% formamide) [18]. The set of Cy3�labeled oli�

gonucleotide probes applied in this study was synthe�
sized by Syntol Co. (Russia). The total number of bac�
terial cells was determined in slides stained with a
solution of DAPI, a DNA�specific fluorescent dye.
The cells that responded positively to the probes were
enumerated under an AxioImager D1 epifluorescence
microscope (Carl Zeiss, Germany) equipped with
Zeiss 20 and Zeiss 49 light filters for the Cy3�labeled
probes and DAPI, respectively, with subsequent con�
version per 1 ml of enrichment culture.

DNA extraction and amplification of the pmoA and
16S rRNA gene fragments. DNA was extracted from
the cells using a Wizard Genomic DNA Purification
Kit (Promega, United States) according to the manu�
facturer’s protocol with minor modifications. For the
enhancement of microbial DNA yield from dormant
bacterial cells, the cells were treated with the lysing
buffer at high temperature (80°С) and agitation.

PCR amplification of the pmoA gene was per�
formed using a system consisting of the degenerate oli�
gonucleotide primers A189F (5'�GGNGACTGG�
GACTTCTGG�3') and A682R (5'�GAASGCN�
GAGAAGAASGC�3') [19]. Further separation of the
amplicons by DGGE was performed using the A189F
primer containing a G+C clamp (5'�CGC CCG CCG
CGC CCC GCG CCC GTC CCG CCG CCC CCG
CCC CGG�3') [20]. The reaction mixture (25 μl)
contained the following: 1× PCR buffer ((NH4)2SO4,
17 mM; Tris⎯HCl, 67 mM; MgCl2, 2 mM; pH 8.8),
50 mmol of each dNTP, 25 pmol of each primer, and
0.6 U of Taq DNA�polymerase (Helicon Co., Russia).
The PCR cycle parameters were as follows: 94°C for
3 min; 94°C for 30 s and 62°C for 30 s, 20 cycles with
a subsequent decrease in temperature by 1°C every
new cycle; 72°C for 45 s; and final elongation for
5 min at 72°C. Amplification was performed on a
MyCycler thermal cycler (BioRad, United States).

For amplification of the 16S rRNA gene fragments
of methanotrophs, two�round nested PCR amplifica�
tion was carried out in accordance with the protocol
described in [21]. Initially, the primers targeting the
specific 16S rRNA gene fragments of type I and type II
methanotrophs (MB10γ and MB9α, respectively) and
the universal primer P518,were used. The PCR prod�
ucts obtained were then used as a template for ampli�
fication with the universal primers P338�G+C and
P518.

Analysis of the PCR products was carried out by
electrophoresis in 1.2% agarose gel stained with ethid�
ium bromide. PCR fragments were isolated and puri�
fied using the Wizard PCR Preps kit (Promega, United
States) according to the manufacturer’s recommenda�
tions.

Denaturing gradient gel electrophoresis, cloning,
and sequencing. Amplicon separation by denaturing
gradient gel electrophoresis (DGGE) was carried out
using the DCode Universal Mutation Detection Sys�
tem (BioRad, United States) at a constant tempera�
ture of 60°C. The pmoA gene fragments (three repli�
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cates) were separated at a constant voltage of 200 V in
a denaturing gradient (formamide and urea, 35–60%)
for 6 h. The 16S rRNA gene fragments (two replicates)
were separated at 40 V in a denaturing gradient from 50
to 65% for 16 h. Each repeat of DGGE analysis was an
individual amplification product. The gels were
stained with ethidium bromide (pmoA) or SYBR Gold
(16S rRNA genes) and digitalized with a Gel Doc gel
imaging and documentation system (BioRad, United
States). The similarity coefficients between the sam�
ples stained with SYBR Gold were calculated using the
TREECONW software package. Dominant bands
were eluted; the solutions were purified and used to
determine the nucleotide sequences.

Cloning of the pmoA gene fragments was performed
using the pGEM�T easy vector system I (Promega,
United States) in competent E. coli DH10B cells. For
each clone library, 50 colonies exhibiting a positive
reaction (white) were randomly chosen. PCR analysis
of the colonies was carried out using the universal plas�
mid primers M13F and M13R. To determine which
colony contained an insert, agarose gel electrophoresis
was carried out.

Sequencing of the PCR products was performed in
the service laboratory using the Big Dye Terminator v.3
sequencing kit (Applied Biosystems Inc., United
States). The clones and DGGE bands with pmoA frag�
ments were sequenced using the A682R primer;
DGGE bands containing the 16S rRNA fragments
were sequenced with the universal primers P338 and
P518. Nucleotide sequence analysis was conducted in
an ABI Prism 3100 automatic sequencer (Applied
Biosystems Inc., United States).

Analysis of nucleotide sequences. Preliminary anal�
ysis of the obtained nucleotide sequences of the gene
fragments was performed using the NCBI BLAST
software package [http://www.ncbi.nlm.nih.gov/
BLAST]. The ORF Finder software package
[http://www.ncbi.nlm.nih.gov/gorf/gorf/html] was
used for translation of the nucleotide sequences of the
pmoA gene fragments. The nucleotide sequences and
the deduced amino acid sequences of the studied
genes were edited and aligned with the appropriate
sequences from the closest relatives using the BioEdit
software package [http://jwbrown.mbio.ncsu.
edu/BioEdit/bioedit.html]. The phylogenetic tree was
constructed on the basis of deduced amino acid
sequences of the pmoA gene fragments by the methods
implemented in the TREECONW software package
[http://www.uia.ac.be/u/yvdp/treeconw. html].

Deposition of the nucleotide sequences. The pmoA1
and pmoA2 gene fragments obtained in this work were
deposited in the GenBank under accession numbers
FJ805256, FJ805257, FJ807557, and FJ807558.

RESULTS AND DISCUSSION

Methane�oxidizing activity of enrichment cultures.
To obtain enrichment cultures, they were cultivated in
an atmosphere of a gas mixture containing methane
(5% by volume). The methane concentration was four
to ten times lower than that usually required for the
isolation of enrichment cultures of methanotrophs.
The authors are aware of only one work in which an
enrichment culture of methanotrophic bacteria was
isolated from aerobic soil at an ultralow (less than
0.03%) methane content in the gas phase [22]. The
ability of the obtained cultures to oxidize methane at
low methane concentrations (close to the atmospheric
ones) was tested. All three cultures were found to have
a high�affinity activity for methane oxidation. The
rates of methane oxidation (at the initial concentra�
tion of 10–12 ppm) by the suspensions with a density
of 108 cells/ml were 0.12, 0.09, and 0.07 ng
CH4/(ml h) for the FS, BS, and AS cultures, respec�
tively (Fig. 1a). After 48�h cultivation, the residual
methane concentration in the gas phase decreased to
0.34, 3.5, and 1.7 ppm for the cultures FS, AS, and BS,
respectively. The FS culture oxidized atmospheric
methane at a CH4 concentration of 1.8 ppm (Fig. 1b);
after 48�h cultivation, the residual methane concen�
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Fig. 1. Dynamics of methane oxidation at the initial con�
centration in the gas phase of 10⎯12 ppm (a) by the AS (1),
BS (2), and FS (3) enrichment cultures, and (b) of the oxi�
dation of atmospheric methane at a CH4 concentration of
1.8 ppm by the FS enrichment culture.
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tration decreased to 0.3 ppm, which is probably the
threshold level for this culture.

To define the Michaelis constant (km), the rates of
methane oxidation at various initial methane concen�
trations were determined; the curves (an example of
which for the FS culture is shown on Fig. 2) were plot�
ted using the results obtained. The km values were
54.2 ± 21.3, 103.6 ± 34.8, and 176.8 ± 29.4 nM CH4 for
the FS, BS, and AS cultures, respectively. For all
known collection cultures of type I and type II meth�
anotrophs, the km values were in the micromolar range
and varied between 0.8 and 66 μM СН4 [23]. At the
same time, the high�affinity microbial communities of
aerobic soils are known to oxidize atmospheric meth�
ane; their km values are in nanomolar concentrations
in the order of 10–280 nM СН4 [2, 24]. The enrich�
ment cultures under study exhibited high affinity for
methane and the ability to oxidize atmospheric meth�
ane despite the fact that their isolation and mainte�
nance were carried out at a high (5%) methane con�
centration. The values of the Michaelis constant for
the enrichment cultures were in the nanomolar range
and were comparable to those for aerobic soils. How�
ever, as the methane content in the gas phase
increased, the methane�oxidizing activity increased as
well; the km values within a methane concentration
range of 1000–5000 ppm were comparable to those for
pure cultures of methanotrophic bacteria (data not
presented). To determine which microorganisms have
a high affinity for methane, molecular analysis of
methanotrophic bacteria present in the enrichment
cultures was carried out.

The results of the detection of methanotrophic bac�
teria by FISH are shown in Table 1. The number of
DAPI�stained cells varied from 3.3 × 107 to 4.25 ×
107 cells/ml, whereas the percentage of metabolically
active bacteria bound to the eubacterial probe (EUB
338mix) was 52.8–55.7%. Type I methanotrophs
(probe M�84 + M�705) were scarce in the enrichment
cultures and did not exceed 3–10 × 103 cells/ml,
whereas the number of II type methanotrophs (probe
M�450) ranged from 1.6 to 2.4 × 107 cells/ml. The per�
centages of type II methanotrophs among the meta�
bolically active eubacteria of the FS, AS, and BS cul�
tures were 87.3, 80.9, and 99.5%, respectively. The
predominance of methanotrophic bacteria whose
immune characteristics were similar to those of Meth�
ylocystis parvus was detected in the FS culture by the
immunofluorescence assay (data not presented).

To study the species composition of methan�
otrophic bacteria in the enrichment cultures, a com�
prehensive molecular analysis based on the PCR
amplification of the fragments of phylogenetic and
functional genes of methanotrophic bacteria was per�
formed with subsequent amplicon separation by
DGGE or creation of a clone library.

PCR–DGGE analysis of the 16S rRNA gene frag�
ments. Figure 3 shows the results of DGGE separation
of amplicons from the ribosomal gene fragments of

methanotrophic bacteria (Figs. 3a, 3b), as well as data
obtained by cluster analysis of specific band profiles
(fingerprints) (Figs. 3c, 3d). Comparative analysis of
the fingerprints generated using the primers targeting
types I and II methanotrophs (Figs. 3b and 3d, respec�
tively) revealed a high level of similarity between the
AS and BS cultures isolated from the soil samples col�
lected from two agrocenoses (60 and 70%, respec�
tively), but not between these cultures and the FS cul�
ture (from forest soil). The sequence analysis of spe�
cific DGGE bands revealed the presence of
methanotrophic bacteria which are closest to mem�
bers of the genus Methylocella (98% similarity) in the
AS culture. All other sequences showed high similarity
(97–99%) with nonmethanotrophic representatives of
the phyla Alpha� and Gammaproteobacteria (Table 2). It
was found that the AS culture contained sequences
that were most closely related to those of Pseudomonas,
Kaistobacter, and Stenotrophomonas the sequences
detected in the FS culture were closest to those of Kai�
stobacter, Brevundimonas, Flexibacter, and Stenotro�
phomonas; and the sequences detected in the BS cul�
ture were closest to those of Pseudomonas. This
approach turned out to be inefficient for the assess�
ment of the biodiversity of methanotrophs in enrich�
ment cultures. To our opinion, the possible reasons for
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rate of methane oxidation by the FS enrichment culture
and the initial substrate concentration.

   

Table 1. Cell numbers in enrichment methanotrophic cul�
tures determined by in situ hybridization using fluorescently
labeled oligonucleotide probes and DAPI staining

Culture FS AS BS

Staining/hybridization Cell number, 107 cells/ml

DAPI 3.30 ± 1.5 3.85 ± 1.5 4.25 ± 1.6

EUB338 mix 1.86 ± 0.84 2.03 ± 0.8 2.37 ± 0.9

M�450 1.63 ± 0.9 1.64 ± 0.7 2.35 ± 1.2

Cell number, 103 cells/ml

M�84 + M�705      3 ± 1.3      8 ± 1    11 ± 2.5
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this may include the small size (approximately 200 bp)
of the fragment and low specificity of the primers that
were used for the first round of amplification. At the
same time, this technique was effectively used for
analysis of the community composition of methan�
otrophic bacteria in the soils of Belgium when apply�
ing various fertilizer [25] and herbicide systems [26].

PCR–DGGE analysis and analysis of pmoA clone
libraries. Another approach is based on the amplifica�
tion of the gene fragment coding for the membrane�
bound methane monooxygenase. Figure 4 shows the
results of amplicon separation by DGGE. The num�
ber of specific DGGE bands was from four to six for
each culture, which may indicate a low diversity of
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Fig. 3. Profiles of the 16S rRNA gene fragments of the enrichment cultures AS, BS, and FS obtained by DGGE separation using
the MB10γ (a) and MB9α (b) primer systems and the results of the cluster analysis of the Alpha� (c) and Gammaproteobacteria (d)
fingerprints.

Table 2. Results of the BLAST analysis of the nucleotide sequences of DGGE bands

Enrichment 
culture  Primer system Closest relative 

(GenBank accession number) Similarity, % Taxonomic position

FS MB10γ Stenotrophomonas maltophilia strain 
KNUC391 (EU239104)

99 Gammaproteobacteria

MB9α Brevundimonas sp. (AM421787) 97 Alphaproteobacteria

Ochrobactrum sp. (DQ486960) 98

Flexibacter sp. (EU910887) 92

AS MB10γ Stenotrophomonas maltophilia strain 
KNUC391(EU239104)

99 Gammaproteobacteria

Pseudomonas sp. (DQ357694) 99

MB9α Methylocella tundrae (AJ563929) 98 Alphaproteobacteria

Kaistobacter sp. (FJ436424) 98

BS MB10γ Pseudomonas sp. (AM886097) 99 Gammaproteobacteria

Pseudomonas sp. (FJ424487)  97
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methanotrophs in the enrichment cultures. Separa�
tion of the PCR product from the pure culture of the
methanotrophic bacterium Methylosinus trichospo�
rium 40 (PC variant) produced a single band (band 1).
Similar bands were obtained in all variants of analysis
of the enrichment cultures, which may indicate the
inevitable presence of representatives of the genus
Methylosinus. The sequence analysis of these bands
from the AS (band 2) and BS (bands 8 and 9) cultures
confirmed this suggestion. In the FS culture (band 5),
the presence of methanotrophic bacteria most closely
related to Methylocystis was detected. We failed to
reamplify band 10 of the BS culture, while the results
of sequence analysis indicated that band 6 of the FS
culture was chimerical. Interestingly, amplification
replicates differed in the presence of minor compo�
nents. For instance, the sequence (band 7) closest to
that of the pmoA2 gene fragment of Methylocystis par�
vus was detected in the FS culture for only one repli�
cate (lane 7). In one replicate of the AS culture
(lane 4), the pmoA2 gene sequence was detected
(band 4) and the sequence of band 3 exhibited similar�
ity to the pmoA1 sequences of “Methylosinus acidophi�
lus”.

Denaturing gradient gel electrophoresis allows
rapid and efficient identification of dominant micro�
organisms within microbial communities [20]; how�
ever, minor components may be overlooked. To gain
more detailed insight into the species composition of
methanotrophic bacteria, molecular cloning of pmoA
fragments was applied. The nucleotide sequences

obtained were divided into four sequence types (95–
100% similarity). Analysis of the obtained clone
libraries demonstrated that the majority of clones in
the FS enrichment culture (95% clones in the clone
library) contained inserts with sequences that showed
high similarity to the pmoA1 and pmoA2 gene frag�
ments of the methanotrophic bacterium Methylocystis
sp. SC2 (98 and 100%, respectively) (Table 3). In the
clone libraries of the AS and BS cultures, all identified
sequences were closest to those of methanotrophic
bacteria belonging to the genus Methylosinus. The
similarity to the known organisms was low (92% for
clones of sequence type 1 and the pmoA1 of Methylosi�
nus trichosporium KS21 and 96% for clones of
sequence type 4 and the pmoA2 of Methylosinus spo�
rium). All clones of sequence type 1 were minor com�
ponents of the FS culture clone library.

The results of phylogenetic analysis are shown in
Figure 5. The deduced sequences of the type 3 clones
and the DGGE band 7 obtained for the FS culture
from the forest soil revealed the greatest similarity to
the PmoA2 sequences of Methylocystis sp. SC2. This
culture isolated from a contaminated water�bearing
stratum was used as a model object in which the pres�
ence of two significantly different genes, pmoA1 and
pmoA2 (59.3–65.6% similarity with respect to the pro�
tein sequences) [27], forming a single gene cluster was
detected for the first time. It was recently established
that the pmoA2 gene is responsible for the synthesis of
the active center of the enzyme with a high affinity for
methane [28]. Hence, in the case of the FS culture,
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Fig. 4. Profiles of the pmoA gene fragments of the three enrichment cultures obtained by DGGE separation. The bands that were
used for further sequence analysis are designated with arrows and numerals. Lane designations: 1, DGGE marker for Methylosi�
nus trichosporium OB5b (INMI 40 = UNIQEM 77); 2, 3, enrichment culture AS; 5, 6, 7, enrichment culture FS; 8, 9, 10, enrich�
ment culture BS.
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methane oxidation at ultralow atmospheric CH4 con�
centrations occurs due to the activity of a methan�
otrophic bacterium of the genus Methylocystis with the
pmoA2 gene. Moreover, type 2 sequences and those of
the DGGE band 4 displayed the highest similarity to
the pmoA1 gene fragments of “Methylocystis aldrichii,”
Methylocystis sp. SC2, and Methylocystis parvus. It is
likely that Methylocystis parvus is the closest validly
described relative of strain SC2 and the dominant
methanotrophic bacterium from the FS culture, as
demonstrated by the results of molecular and serolog�
ical analyses of the enrichment cultures.

Molecular analysis of the enrichment cultures iso�
lated from two arable soils revealed the predominance
of methanotrophic bacteria of the genus Methylosinus,
most closely related to Ms. sporium, Ms. trichosporium,
and “Ms. acidophilus.” DGGE analysis of the pmoA

gene fragments (band 4) from the AS enrichment cul�
ture revealed sequences that fall into the pmoA2 cluster
(Fig. 5) but are distant from the known sequences. It
was previously demonstrated that some Ms. sporium
and Ms. trichosporium strains possess the pmoA2 gene
[29]; hence, the obtained sequences may belong to a
Methylosinus species from the enrichment culture.

Our studies demonstrated that the enrichment cul�
tures isolated from aerobic soils have a high affinity to
methane. Bacteria of the genera Methylocystis (mixed
forest soil) and Methylosinus (soil from the two agro�
cenoses) carrying the genes encoding the synthesis of
the active center of two membrane�bound methane
monooxygenases were the main methanotrophic
components of these cultures. The presence of two
enzymes with different levels of affinity for methane
explains the fact that these microorganisms are able to

Table 3. The percent ratio between methanotrophic microorganisms in the enrichment cultures calculated on the basis of clone
library analysis

Sequence type 
(gene) Closest relative (GenBank accession number) Similarity, %

Clone number (%) in the clone library

BS AS FS

1 (pmoA1) Methylosinus trichosporium, KS21 (AJ431388) 92 37(95) 37(95) 2(5)

2 (pmoA1) Methylocystis sp. SC2 (CAE47800) 100 0 0 19(53)

3 (pmoA2) Methylocystis sp. SC2 (CAE48352) 98 0 0 15(42)

4 (pmoA2) Methylosinus sporium (CAD66446) 96 2(5) 2(5) 0

0.05 band 2
band 9

band 8
type 1

Methylosinus trichosporium AJ868409
Methylosinus trichosporium AAA87220
band 1

“Methylosinus acidophilus” DQ076755
band 3

Methylosinus sporium CAD30370

Methylosinus sp. LW4 AAG13077
Methylosinus sporium ABD13902

Methylocystis heyerii AM283546
Methylocystis parvus U31651
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Fig. 5. Phylogenetic tree constructed on the basis of the deduced amino acid sequences of the pmoA gene fragments. The
GenBank accession numbers of gene fragment sequences are given. Scale bar, five amino acid substitutions for each 100 amino
acid residues. The numerals show the significance of the branching order as determined by bootstrap analysis of 500 alternative
trees (only bootstrap values above 50 were considered as significant). 
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adapt to various methane concentrations. This gives
them an advantage in aerobic soils over other methan�
otrophs that do not have pmoA2 and, as a conse�
quence, are not able to oxidize atmospheric methane.
The predominance of bacteria belonging to the genus
Methylocystis in the methane�oxidizing microbial
communities of forest soils had been previously
revealed by immunoassay methods [9], which allowed
us to assume that the methanotrophic bacteria of the
studied enrichment cultures play a key role in this pro�
cess. Further studies will include molecular analysis of
the composition of the methanotrophic community in
the gray forest soil from which the enrichment cultures
were isolated.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda�
tion for Basic Research (project nos. 07�05�00463 and
08�04�92218_NSFC) and the INTAS (YSF 2001/2�
22) for S.A. Bykova.

REFERENCES

1. Rasmussen, R.A. and Khalil, A.K., Atmospheric
Methane (CH4): Trends and Seasonal Cycles, J. Geo�
phys. Res., 1981, vol. 86, no. 10, pp. 9826⎯9832.

2. Conrad, R., Soil Microorganisms as Controllers of
Atmospheric Trace Gases (H2, CO, CH4, N2O and
NO), Microbiol. Rev., 1996, vol. 60, pp. 609⎯640.

3. Boeckx, P., Van Cleemput, O., and Villarvo, I., Meth�
ane Oxidation in Soils with Different Textures and
Land Use, Nut. Cyc. Agroecosys, 1997, vol. 49,
pp. 91⎯95.

4. Chan, A.S.K. and Parkin, T.B., Methane Oxidation
and Production Activity in Soils from Natural and
Agricultural Ecosystems, J. Environ. Qual., 2001,
vol. 30, pp. 1896⎯1903.

5. Knief, C., Lipski, A., and Dunfield, P.F., Diversity and
Activity of Methanotrophic Bacteria in Different
Upland Soils, Appl. Environ. Microbiol., 2003, vol. 69,
pp. 6703⎯6714.

6. Semenov, V.M., Kravchenko, I.K., Kuznetsova, T.V.,
Bykova, S.A., Dulov, L.E., Gal’chenko, V.F.,
Pardini, G., Gispert, M., Boeckx, P., and Van Cleem�
put, O., Seasonal Dynamics of Atmospheric Methane
Oxidation in Gray Forest Soils, Mikrobiologiya, 2004,
vol. 73, no. 3, pp. 50⎯57 [Microbiology (Engl. Transl.),
vol. 73, no. 3, pp. 356⎯362].

7. King, G.M., Ecological Aspects of Methane Oxida�
tion, a Key Determinant of Global Methane Dynam�
ics, Adv. Microb. Ecol., 1992, vol. 12, pp. 431⎯468.

8. Hütch, B.W., Methane Oxidation, Nitrification and
Counts of Methanotrophic Bacteria in Soils from a
Long�Term Fertilization Experiment (Ewiger Roggen�
bau at Halle), J. Plant. Nutr. Soil. Sc, 2001, vol. 164,
no. 1, pp. 21⎯28.

9. Kravchenko, I.K., Semenov, V.M., Kuznetsova, T.V.,
Bykova, S.A., Dulov, L.E., Gal’chenko, V.F., Par�
dini, G., Gispert, M., Boeckx, P., and Van Cleemput, O.,
Physicochemical and Biological Factors Affecting

Atmospheric Methane Oxidation in Gray Forest Soils,
Mikrobiologiya, 2005, vol. 74, no. 2, pp. 255⎯260
[Microbiology (Engl. Transl.), vol. 74, no. 2,
pp. 216⎯220].

10. Kolb, S., Knief, C., Dunfield, P.�F., and Conrad, R.,
Abundance and Activity of Uncultured Methan�
otrophic Bacteria Involved in the Consumption of
Atmospheric Methane in Two Forest Soils, Environ.
Microbiol., 2005, vol. 7, pp. 1150⎯1161.

11. Heyer, J., Galchenko, V.F., and Dunfield, P.F., Molec�
ular Phylogeny of Type II Methane Oxidizing Bacteria
Isolated from Various Environments, Microbiology
(UK), 2002, vol. 148, pp. 2831⎯2846.

12. Bourne, D.G., McDonald, I.R., and Murrell, J.C.,
Comparison of pmoA PCR Primers Sets as a Tool for
Investigation Methanotrophs Diversity in Three Dan�
ish Soils, Appl. Environ. Microbiol., 2001, vol. 67,
pp. 3802⎯3809.

13. Dedysh, S.N., Khmelenina, V.N., Suzina, N.E., Trot�
senko, Y.A., Semrau, J.D., Liesack, W., and
Tiedje, J.M., Methylocapsa acidiphila gen. nov., sp.
nov., a Novel Methane�Oxidizing and Dinitrogen�Fix�
ing Acidophilic Bacterium from Sphagnum Bog, Int. J.
Syst. Evol. Microbiol., 2002, vol. 52, pp. 251⎯261.

14. Bykova, S., Boeckx, P., Kravchenko, I., Galchenko, V,
and Van Cleemput, O., Impact of Fertilization Type
and CH4 Concentration on Methane Oxidation and
Methanotrophic Diversity in Arable Soils, Biol. Fertil.
Soils., 2006, vol. 43, no. 3, pp. 341⎯348.

15. Slobodova, N.V., Kolganova, T.V., Bulygina, E.S.,
Kuznetsov, B.B., Turova, T.P., and Kravchenko, I.K.,
Comparative Characterization of Methanotrophic
Enrichments by Serological and Molecular Methods,
Mikrobiologiya, 2006, vol. 75, no. 3, pp. 397⎯403
[Microbiology (Engl. Transl.), vol. 75, no. 3,
pp. 336⎯342].

16. Stahl, D.A. and Amann, R., Nucleic Acid Techniques
in Bacterial Systematics, in Development and Applica�
tion of Nucleic Acid Probes, Stakebrandt, E. and Good�
fellow, M., Eds., Chichester: Wiley, 1991, pp. 205⎯248.

17. Daims, H., Bruhl, A., Amann, R., Schleifer, K.�H.,
and Wagner, M., The Domain�Specific Probe EUB338
Is Unsufficient for the Detection of All Bacteria: Devel�
opment of a More Comprehensive Probe Set, Syst.
Appl. Microbiol., 1999, vol. 22, pp. 434⎯444.

18. Eller, G., Stubner, S., and Frenzel, P., Group�Specific
16S rRNA Targeted Probes for the Detection of Type I
and Type II Methanotrophs by Fluorescence in situ
Hybridisation, FEMS Microbiol. Letts., 2001, vol. 198,
pp. 31⎯37.

19. Holmes, A.J., Costello, A., Lidstrom, M.E., ang Mur�
rell, G.C., Evidence that Particulate Methane
Monooxygenase and Ammonia Monooxygenase may
be Evolutionarily Related, FEMS Microbiol. Lett.,
1995, vol. 132, pp. 203⎯208.

20. Muyzer, G., de Waal, E.C., and Uitterlinde, A.G., Pro�
filing of Complex Microbial Populations by Denaturing
Gradient Gel Electrophoresis Analysis of Polymerase
Chain Reaction�Amplified Genes Coding for 16S
RRNA, Appl. Environ. Microbiol., 1993, vol. 59,
pp. 695⎯700.



114

MICROBIOLOGY  Vol. 79  No. 1  2010

KRAVCHENKO et al.

21. Boon, N., De Windt, W., Verstraete, W., and Top, E.M.,
Evaluation of Nested PCR�DGGE (Denaturing Gra�
dient Gel Electrophoresis) with Group�Specific 16S
rRNA Primers for the Analysis of Bacterial Communi�
ties from Different Wastewater Treatment Plants,
FEMS Microbiol. Ecol., 2002, vol. 39, pp. 101⎯112.

22. Dunfield, P.F., Liesack, W., Henckel, T., Knowles, R.,
and Conrad, R., High�Affinity Methane Oxidation by a
Soil Enrichment Culture Containing a Type II Metha�
notroph, Appl. Environ. Microbiol., 1999, vol. 65, no. 3,
pp. 1009⎯1014.

23. Joergensen, I. and Degn, H., Mass Spectrometric
Measurements of Methane and Oxygen Utilization by
Methanotrophic Bacteria, FEMS Microbiol. Letts.,
1981, vol. 64, pp. 331⎯335.

24. Gulledge, J. and Schimel, J.P., Low�Concentration
Kinetics of Atmospheric Methane Oxidation in Soil
and Mechanism of NH4

+  Oxidation, Appl. Environ.
Microbiol., 1998, vol. 64, pp. 4291⎯4298.

25. Seghers, D., Top, E.M., Reheul, D., Bulcke, R.,
Boeckx, P., Verstraete, W., and Siciliano, S., Long�
Term Effects of Mineral Versus Organic Fertilizers on
Activity and Structure of the Methanotrophic Commu�

nity in Agriculture Soil, Environ. Microbiol., 2003,
vol. 51, pp. 867⎯877.

26. Seghers, D., Verthe, K., Reheul, D., Bulcke, R., Sicil�
iano, S.D., Verstraete, W., and Top, E.M., Effect of
Long�Term Herbicide Applications on the Bacterial
Community Structure and Function in an Agricultural
Soil, FEMS Microbiol. Ecol., 2006, vol. 46, no. 2,
pp. 139⎯146.

27. Dunfield, P.F., Tchawa Yimga, M., Dedysh, S.N.,
Berger, U., Liesack, W., and Heyer, J., Isolation of a
Methylocystis Strain Containing a Novel pmoA�Like
Gene, FEMS Microbiol. Ecol., 2002, vol. 41, pp. 17⎯26.

28. Baani, M. and Liesack, W., Two Isozymes of Particulate
Methane Monooxygenase with Different Methane
Oxidation Kinetics Are Found in Methylocystis sp.
Strain SC2, Proc Natl. Acad. Sci. USA, 2008, vol. 105,
no. 29, pp. 10203⎯10208.

29. Tchawa Yimga, M., Dunfield, R.F., Riske R., Heuer J.,
and Liesask W., Wide Distribution of a Novel pmoA�
Like Gene Sopy among Type II Methanotrophs, and its
Expression in Methylocystis strain SC2, Appl. Environ.
Microbiol., 2003, vol. 69, no. 9, pp. 5593⎯5602.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


