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Methane is one of the most important greenhouse
gases. It accumulates thermal radiation 20 times more
effectively than CO2, therefore having an active influ�
ence over the global climate. Investigations carried out
over the last decade revealed a new natural source of
methane, which is released into the atmosphere as a
component of magmatic juvenile gases from fractures
of the Earth’s crust and is actively emitted into the
atmosphere from areas of geothermal activity [1].
Methane emission from this “geological” source
(which has not been previously considered as part of
the global methane pool) comprises, according to a
recent assessment, about 10% of the total methane
emission, being second only to CH4 emission from bog
soils [2].

The Uzon caldera (Kamchatka, Russia) is a unique
area of contemporary volcanism. Hydrothermal activ�
ity was detected within a narrow east�west oriented
zone along the central line of the caldera. In the Uzon

caldera, there are four hydrothermal fields, Zapad�
noye, Severnoe, Vostochnoe and Oranzhevoe, as well
as Lake Fumarol’noe. In these fields, there are numer�
ous boiling gryphons, mud pools, small volcanoes, and
hot platforms with steam and water vents and temper�
atures varying from 45 to 98°C. About 160 groups of
thermal springs with temperatures up to 98°C inhab�
ited by different communities of thermophiles are
presently known. Russian microbiologists obtained
priority data on the activity and composition of the
communities of litho� and organotrophic thermo�
philic bacteria and archaea inhabiting the high�tem�
perature springs of the Uzon caldera [3]; the majority
of microbiological studies were carried out in the Vos�
tochnoe thermal field.

Until recently, high�temperature prokaryotic com�
munities inhabiting the regions of intense volcanic and
geothermal activity were considered to be incapable of
methane oxidation due to high temperatures and sul�
fur gas concentrations, as well as to low pH values and
oxygen concentrations, which were considered unfa�
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vorable for the known species of methanotrophic bac�
teria [4]. Recent investigations demonstrated the in
situ methane consumption [5, 6] and methanotrophic
activity in the hydrothermal fields of the Mediterra�
nean [7]. The extremely acidophilic and thermophilic
methanotrophic representatives of the phylum Verru�
comicrobia were isolated from hot springs in Italy [8]
and New Zealand [9]. However, data on the composi�
tion of the methanotrophic communities of these eco�
systems are scarce.

Microorganisms inhabiting the hot springs of
Kamchatka and utilizing methane and/or other C1

compounds are poorly studied. From one of the Kam�
chatka hot springs with an acidic pH (3.5), methane�
oxidizing microorganisms of the phylum Verrucomi�
crobia were isolated [10]; however, any other data on
the methanotrophic bacteria inhabiting the hot
springs of Kamchatka are lacking in literature.

In the course of our 2008 expedition to the Uzon
caldera, molecular biological investigation revealed
the presence of methanotrophs in water and mat sam�
ples collected from five hot springs near Lake Fuma�
rol’noe [11]. In 2010, molecular biological analysis of
the samples collected from 36 hydrothermal springs
located in different zones of the Uzon caldera was car�
ried out in order to determine the numbers of metha�
notrophs and the composition of methanotrophic
communities.

MATERIALS AND METHODS

Subject of study. In the course of our expedition to
the Uzon caldera (July, 2010), samples of sedimentary
material were collected from the vents of 36 hot springs
with temperatures and pH ranging from 37°C to
86.6°C and from 2.6 to 6.8, respectively, located in the
thermal fields Vostochnoe, Oranzhevoe, and Sever�
noe, as well as near the Izvilistyi stream and the lakes
Fumarol’noe and Khloridnoe. The physicochemical
parameters (temperature, pH, and Eh) were deter�
mined at the moment of sampling using a pH�420 por�
table pH meter (Aquilon, Russia).

DNA extraction and PCR analysis of methanotro�
phs. The total DNA was extracted using a Wizard
Genomic DNA Purification Kit (Promega, United
States) according to the manufacturer’s protocol with
minor modifications. To enhance the yield of micro�
bial DNA from bacterial cells, the cells were treated
with the lysing buffer at high temperature (80°C) and
agitation. The pmoA gene fragments encoding the
β subunit of the membrane�bound methane monoox�
ygenase (MMO), the key enzyme of methane oxida�
tion, were amplified using a system consisting of the
degenerate oligonucleotide primers A189F (5'�GGN
GAC TGG GAC TTC TGG�3') and A682R (5'�GAA
SGC NGA GAA GAA SGC�3') [12]. Further separa�
tion of the amplicons by DGGE was performed using
two�round nested PCR amplification; for the second
round of amplification, the direct A189F primer con�

taining a GC clamp (5'�CGC CCG CCG CGC CCC
GCG CCC GTC CCG CCG CCC CCG CCC CGG�3')
[13] and the reverse mb661 primer (5'�CCG GMG
CAA CGT CYT TAC C�3') [14] were used. The first�
round PCR product was used as a template for the sec�
ond round of amplification. 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), 5 pmol of each dNTP, 25 pmol of each
primer, and 0.6 U of Taq DNA polymerase (Helicon
Co., Russia). The reaction mixture was supplemented
with dimethyl sulfoxide (DMSO, 5%) to facilitate
amplification of GC�rich fragments for DGGE. 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 sub�
sequent decrease in temperature by 0.5°C every new
cycle; 72°C for 45 s; 94°C for 30 s, 52°C for 30 s, 72°C
for 45 s, 15 cycles; and final elongation for 5 min at
72°C (first round); 94°C for 2 min; 94°C for 1 min,
55°C for 1.5 min, 72°C for 1 min, 25 cycles; and final
elongation for 5 min at 72°C (second round). Ampli�
fication was performed on a MyCycler thermal cycler
(BioRad, United States).

Analysis of the PCR products was carried out by
electrophoresis in 1.2% agarose gel stained with ethid�
ium bromide. The gel slabs were digitalized with a Gel
Doc gel imaging and documentation system (BioRad,
United States). PCR fragments for further study were
extracted and purified using the QiaQuick Gel Extrac�
tion Kit (Qiagen, United States) according to the
manufacturer’s recommendations.

Real�time quantitative PCR. The end�point PCR
reaction mixture (25 μL) contained the following:
1× BioTaq DNA polymerase buffer ((NH4)2SO4,
17 mM; Tris�HCl, 67 mM; MgCl2, 2 mM; pH 8.8),
12 pmol of each dNTP, 20 pmol of each primer, 1.5 U
of BioTaq DNA polymerase (Dialat Ltd., Russia), and
25 ng of DNA template. The PCR cycle parameters
were as follows: 94°C for 5 min; 94°C for 1 min, 56°C
for 1 min, 72°C for 1 min, 30 cycles; and final elonga�
tion for 5 min at 72°C. PCR amplification was per�
formed on a Mastercycler Gradient amplifier (Eppen�
dorf, Germany).

Analysis of PCR products was carried out by elec�
trophoresis in 1% agarose gel at 6 V cm–1. The results
of electrophoresis were digitized using a BioDocII
documentation system (Biometra, Germany).

The obtained PCR fragment was purified using the
QIAquick�spin PCR purification kit (Qiagen, Hilden,
Germany). The concentration of the PCR product
was determined on a NanoDrop ND�1000 spectro�
photometer (Thermo Scientific, United States). The
calibration curve was obtained using a series of repli�
cate dilutions of the PCR product containing from 108

to 102 copies/μL.
Real�time PCR reaction mixture (25 μL) con�

tained 1× PCR buffer B, Taq DNA polymerase, de�
oxynucleoside triphosphates, glycerol, Tween 20, the
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intercalating dye SYBR Green I and the passive refer�
ence dye ROX (Syntol Co., Russia), and 5 pmol of
each primer and DNA template. Amplification was
performed in a CFX96TM DNA amplifier (Bio Rad,
United States). The PCR cycle parameters were as fol�
lows: polymerase activation, 95°C for 3 min; 95°C for
30 s, 56°C for 30 s, and 62°C for 1 min, 40 cycles.

The number of gene copies in the studied speci�
mens was calculated on the basis of the calibration
curve and the PCR product concentration. All reac�
tions were performed in triplicate.

In situ hybridization with fluorochrome�labeled oli�
gonucleotide probes (FISH). The specimens (2 mL)
were sonicated at 22 kHz for 40 s in order to ensure
desorption of microbial cells from the sediment parti�
cles. Fixation of the samples with a paraformaldehyde
solution and hybridization with fluorochrome�labeled
oligonucleotide probes were carried out at 46°C
according to the protocol described in [15]. For spe�
cific detection of type II methanotrophs, the probe
M�450 (5'�ATC CAG GTA CCG TCA TTA TC�3')
(30% formamide in the hybridization buffer) was used;
type I methanotrophs were detected using a mixture of
the probes M�84 (5'�CCA CTC GTC AGC GCC
CGA�3') and M�705 (5'�CTG GTG TTC CTT CAG
ATC�3') (20% formamide) [16]. The mixture of the
universal probes EUB 338mix (EUB338 I, 5'�GCT
GCC TCC CGT AGG AGT�3' Eubacteria; EUB338
II, 5'�GCA GCC ACC CGT AGG TGT�3' Plancto�
mycetales; EUB338 III, 5'�GCT GCC ACC CGT
AGG TGT�3' Verrucomicrobiales) was used for detec�
tion of representatives of the domain Bacteria [17].
The set of Cy3�labeled oligonucleotide probes applied
in this study was synthesized by Syntol Co. (Russia).

Denaturing gradient gel electrophoresis and
sequencing. Amplicon separation by denaturing gradi�
ent gel electrophoresis (DGGE) was carried out using
the DCode Universal Mutation Detection System
(BioRad, United States) at a constant temperature of
60°C. The pmoA gene fragments were separated at a
constant voltage of 200 V in a denaturing gradient (for�
mamide and urea, 35–60%) for 6 h. The gel slabs were
stained with ethidium bromide and digitalized with a
Gel Doc gel imaging and documentation system (Bio�
Rad, United States). The specific dominant bands
were excised; DNA was eluted, purified, and used as a
template for reamplification. After reamplification,
the obtained PCR product was purified using the
QiaQuick Gel Extraction Kit (Qiagen, United States)
according to the manufacturer’s recommendations,
and used for determination of the pmoA gene frag�
ments.

Sequencing of the PCR products was performed in
the service laboratory using the Big Dye Terminator v3
sequencing kit (Applied Biosystems Inc., United
States). After reamplification, the obtained PCR
products were sequenced with the primer mb661.
Nucleotide sequence analysis was conducted in an

ABI Prism 3100 automatic sequencer (Applied Bio�
systems Inc., United States).

Analysis of nucleotide sequences was performed
using the NCBI BLAST software package
(http://www.ncbi.nlm.nih.gov/BLAST). Translation
of the pmoA gene fragments was performed using the
BioEdit software package (http://jwbrown.mbio.
ncsu.edu/BioEdit/bioedit.html). The nucleotide
sequences and the deduced amino acid sequences
were edited and aligned with the appropriate
sequences from the closest relatives using the same
software package.

The phylogenetic tree was constructed on the basis
of deduced amino acid sequences of the pmoA gene
fragments by the methods implemented in the TREE�
CONW software package (http://bioc�www.uia.ac.be/
u/yvdp/treeconw.html).

Deposition of the nucleotide sequences. The
obtained nucleotide sequences of the pmoA genes were
deposited in GenBank under accession numbers
JQ513935–JQ513944.

RESULTS

Studied area, hot springs. The studied hot springs
were located in different zones of the Uzon caldera;
most of them were found in the Vostochnoe field
(18 springs), near Lake Fumarol’noe (6 springs), and
near the Izvilistyi stream (8 springs). The properties of
the studied springs are listed in Table 1.

The Vostochnoe field of the Uzon caldera has been
studied in greatest detail. Numerous long�term inves�
tigations, including microbiological studies, were car�
ried out. All the studied hot springs are characterized
by low acidity (pH 5.3–6.8), high temperatures
(48.7–86.6°C), and a mildly reducing environment
(Eh from +24 to –107 mV). Near the Izvilistyi stream,
six acidic springs (pH 2.6–3.8) with temperatures
ranging from 40.6 to 69.2°C were studied. The redox
status of the spring may be described as transient with
the unstable geochemical regime and variable con�
tents of hydrogen sulfide and oxygen. The third group
of hot springs near Lake Fumarol’noe is characterized
by low acidity, temperatures ranging from 56.1 to
65°C, and the transient redox status. One of these hot
springs, Ryzhik, is characterized by transient condi�
tions (+ 43 mV) and lower temperature (39°C).

Some springs in the Oranzhevoe and Severnoe
fields are slightly acidic, high�temperature (65 and
70°C), and with reducing conditions (–37 and
⎯2 mV). Hot springs near Lake Khloridnoe have dif�
ferent temperatures (37 and 64.1°C); however, they
are slightly acidic and are characterized by the tran�
sient redox status.

Enumeration of methanotrophic bacteria by quanti�
tative PCR and FISH. The presence of bacterial 16S
rRNA genes in all the studied hot springs was detected
by real�time PCR using the DNA extracted from sed�
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iment samples as the template. In hot springs with
neutral or slightly acidic pH, their number reached
108–109 copies/mL irrespective of the temperature. At
the same time, in the samples taken from the springs
located near the Izvilistyi stream (pH 2.6–2.8), it was
significantly lower, not exceeding 105 copies/mL sedi�
ment.

In 10 out of the 36 studied springs, the number of
copies of the pmoA gene, the most widely used molec�
ular marker of methane oxidation, exceeded the
detection level (3–6 × 103 copies/ mL) (Table 2). The
highest and the lowest numbers of gene copies differed
by three orders of magnitude; the highest values (2.8
and 1.1 × 107 pmoA copies/mL) were detected in the
Kul’turnyi and Kvadrat springs, respectively. In other
springs, these values were considerably lower, ranging
from 2.8 × 106 to 4.0 × 104 pmoA copies/mL.

The presence of methanotrophic Gammaproteo�
bacteria in 8 springs was revealed by FISH using the
probe M�84 + M�705 (Table 2). Type II methanotro�
phs (Alphaproteobacteria) were not detected in any of
the studied springs. The numbers of methanotrophs
varied within a wide range, from 1.3 × 104 cells/mL in
the Glaz Drakona spring to 3.5 × 106 cells/mL sedi�
ment in the Sbornyi spring. The shares of methanotro�
phs in the bacterial communities of these springs
(probe EUB 338 mix) reached 0.57% and 35%,
respectively.

PCR–DGGE analysis of the pmoA gene fragment.
For sediment samples collected in springs Izvilistyi
(Izl5), Kometa (Km17), Sbornyi (Sbl8), Kul’turnyi
(Ku19), Terra (T20), Stroma (S21), Kvadrat (Kv22),
and Glaz Drakona (DY23), the product of the pmoA
gene fragment of the expected size was amplified, and
the amplicon mixture was separated by DGGE. The
number of specific bands for each sample ranged from
1 to 3, indicating the low diversity of methanotrophic
bacteria. The only exception was the Stroma spring,
for which 8 well�defined separate bands in the poly�
acrylamide gel slabs were obtained. However, after
reamplification and sequence analysis of these bands,
all the sequences obtained were found to be identical
(100% similarity of the deduced protein sequences)
and exhibited high similarity with Methylothermus
subterraneus sequences.

Phylogenetic analysis revealed the presence of
methanotrophs most closely related to ‘Methylother�
mus’ HB (figure), a thermophilic methanotroph which
had been lost in pure culture [18], but significantly dif�
ferent from it (less than 90% similarity), in four springs
located near Lake Fumarol’noe (Kul’turnyi, Terra,
Stroma, and Kvadrat). In the samples collected in the
Kul’turnyi and Kvadrat springs, methanotrophs exhib�
iting high similarity to the thermophilic methan�
otrophic HB strain were detected [18]. One of the two
methane�oxidizing microorganisms identified in the
Terra spring was found to be a quite distant relative of
the HB strain and of the validly described methanotro�

Table 1. Properties of the studied hot springs

Sample 
no. Site, spring name pH T, °C Eh, mV

Vostochnoe field

1 Treshchinnyi 5.6 86.6 –90

2 Zavarzina 5.6 56.7 –30

3 Tsyklop 6.3 59.3 –41

4 Termofil’nyi 5.9 73.2 –107

5 Feniks 6.8 63.0 –8

6 Molochnyi 6.3 67.4 +14

7 Entselad 5.8 48.7 –56

8 Fobos 5.9 50.3 –60

9 Venera 6.1 59.6 –8

10 Vertoletnyi 5.9 64.5 –56

11 Deimos�1 6.5 49.6 +24

12 Zheltyi 5.2 66.8 –64

31 Deimos�2 6.2 65.3 ND

32 Yupiter 5.7 50.8 ⎯13

33 Mars 5.9 63.1 –7

34 Zatsepina 6.2 78.8 –40

36 Saturn 5.2 76.3 ND

37 Prem’er 5.3 70.6 –93

Izvilistyi stream

13 Rodzher 5.0 69.7 +98

14 Geizeritovyi 5.1 85.7 –42

15 Izvilistyi stream 
(30 m from the vent)

2.6 40.6 +242

16 Mutnyi 3.8 69.1 +123

17 Kometa 2.8 51.1 +165

18 Sbornyi 2.7 54.2 +286

Lake Fumarol’noe

19 Kul’turnyi 5.2 63.0 +280

20 Terra 6.2 65.0 +273

21 Stroma 5.3 56.1 +205

22 Kvadrat 6.3 64.5 +178

23 Glaz Drakona 6.2 59.8 ND

24 Ryzhyk 6.6 39.0 +43

Oranzhevoe field

25 Atsyclik 6.0 65.0 –37

 Severnoe thermal field

26 Lokon 6.0 70.0 –2

Thermal site “Razvilka” near Lake Khloridnoe

27 Tsytron 3.4 64.1 +60

28 Izvilistyi stream 
(near the boardwalk)

3.1 46.7 +203

Thermal field near Lake Khloridnoe

29 Kholodnyi 6.2 37.0 +153

30 Tretiy 5.3 64.1 +150

Note: ND, not determined.
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phs of the genus Methylothermus. Methylothermus sub�
terraneus isolated from a subsurface geothermal water
stream in a Japanese gold mine [19] was the closest rel�
ative of the methanotroph detected in the Stroma
spring (S21). In the samples collected in the Terra and
Glaz Drakona springs, the sequences T20�10 and
DY23�25 most closely related to uncultured bacteria

of the genus Methylomonas (less than 65% similarity)
were detected, which has not been previously demon�
strated for high�temperature springs.

Our experiments with the primers A189F and
A682R and a low annealing temperature (in order to
reduce the primer specificity) [8] did not reveal the

Table 2. Quantitative characteristics of the microbial community obtained by direct microscopic counts and real�time PCR

Spring
Number of cells/mL sediment* Number of gene copies/mL sediment*

DAPI EUB338 mix M�84 + M�705 16S rRNA  pmoA 

Kul’turnyi (2.40 ± 0.22) × 107 (9.70 ± 0.39) × 106 
(40.4%)**

(1.50 ± 0.46) × 106 

(15.5%)***
(10.57 ± 1.26) × 108 (2.83 ± 0.25) × 107

Terra (1.10 ± 0.39) × 107 (4.20 ± 1.40) × 106 

(38.2%)
(5.0 ± 1.9) × 105  

(11.9%)
(30.43 ± 0.08) × 107 (1.12 ± 0.28) × 105

Stroma (3.30 ± 0.56) × 107 (1.00 ± 0.16) × 107 
(30.3%)

(1.90 ± 0.61) × 106 
(19.0%)

(8.47 ± 0.71) × 108 (2.76 ± 0.25) × 106

Kvadrat (3.60 ± 0.45) × 107 (2.10 ± 0.33) × 107 
(58.3%)

(2.00 ± 0.49) × 106 
(9.5%)

(2.42 ± 0.02) × 108 (1.13 ± 0.20) × 107

Izvilistyi (3.30 ± 0.12) × 107 (2.00 ± 0.07) × 107 
(60.6%)

(7.00 ± 0.34) × 
105(3.5%)

(9.50 ± 2.40) × 105 (4.67 ± 0.19) × 104

Kometa (3.30 ± 0.34) × 107 (1.40 ± 0.16) × 107 

(42.4%)
(1.50 ± 0.61) × 106 

(10.7%)
(2.00 ± 1.13) × 105 (2.17 ± 0.08) × 104

Sbornyi (1.70 ± 0.22) × 107 (1.00 ± 0.15) × 107 
(58.8%)

(3.50 ± 1.10) × 105 
(35.0%)

(5.00 ± 0.98) × 104 (0.20 ± 0.00) × 104

Note: *Average ± standard deviation; ** % of the total number of microorganisms; *** % of the number of metabolically active eubac�
teria.

Methylomonas methanica MC09 (AEF98753)
uncultured bacterium (ACS 72334)

Km17�18
DY23�25

Iz15�23
T20�10

Sb18�21
Methylovulum miyakonense (AB501285)

Methylosoma difficile (DQ119047)
Methylobacter tundripaludum (AJ414658)

Methylomicrobium japanense (AB253367)
Methylosarcina lacus (AY007286)

Methylocaldum gracile (U89301)
Methylocaldum tepidum (U89304)

Methylococcus capsulatus str. Bath (NC_002977)
Methylohalobius crimeensis (AJ581836)

Km17�22

Methylothermus thermalis (AY829010)
Methylothermus subterraneuss (AB536748)

S21�05
T20�11

Kv22�14
Ku19�04

thermophilic methanotroph HB (U89302)

Methylocapsa acidiphila (AJ278727)
Methylosinus trichosporium (AJ868409)
Methylocystis parvus (U31651)

Crenothrix polyspora (DQ295904)
Methylacidiphilum infernorum V4 (NC_010794)

100
99

78
54

90

97

77

93

63

68
74 56

100 100

100

100
100

100

86 53

0.10 61

Phylogenetic tree constructed on the basis of the deduced amino acid sequences of the pmoA gene fragments. The sequences
determined in the present work are in boldface. The GenBank accession numbers of the gene fragment sequences obtained are
given in parentheses. Scale bar: ten amino acid substitutions per 100 amino acid residues. The numerals show the significance of
the branching order as determined by bootstrap analysis of 100 alternative trees (only bootstrap values above 50% are shown). 



MICROBIOLOGY  Vol. 81  No. 5  2012

INVESTIGATION OF THE METHANOTROPHIC COMMUNITIES OF THE HOT SPRINGS 611

presence of methane�oxidizing Verrucomicrobia in the
studied high�temperature springs with high acidity
(Izvilistyi, Kometa, and Sbornyi). At the same time,
the presence of methane�oxidizing Gammaproteobac�
teria was detected in these three hot springs. In all of
these springs, the gammaproteobacterium Methy�
lomonas methanica was found to be the closest cultiva�
ble relative of the isolated methanotrophs (sequences
Izl5�23, Kml7�18, and SM8�21) (figure). In the
Kometa spring, another methane�oxidizing microor�
ganism (Km 17�22) exhibiting the highest similarity
with Methylobacter tundripaludum was detected [20]
(figure).

DISCUSSION

On Earth, biogenic methane is produced mainly by
methanogenic archaea at the final stages of decompo�
sition of organic matter under anaerobic conditions.
In natural high�temperature ecosystems, other mech�
anisms of methane production are possible, such as
abiogenous, based on the reaction of H2 with CO, and
thermogenous, when methane is the result of the
physical processes of organic matter decomposition
[21]. Usually, methane content in geothermal gases is
0.01–1% [22]; however, sometimes it may be much
higher. For instance, as was reported earlier, the con�
tent of methane in the geothermal systems of New
Zealand is 1–11% and sometimes as high as 27% [23].

Methane influx into the atmosphere from different
terrestrial ecosystems depends on the activity of meth�
ane�oxidizing microorganisms, which form the so�
called “methane filter”. Before the beginning of our
studies, data on methane oxidation and methan�
otrophic microorganisms in the Uzon caldera were
scarce. The presence of methane�oxidizing Gam�
maproteobacteria in neutral hot springs near Lake
Fumarol’noe [11] and of the methane�oxidizing bac�
terium Methylacidiphilum of the phylum Verrucomi�
crobia in the acidic hot spring [10] was revealed. At the
same time, various thermal phenomena occur in the
Uzon caldera, differing in the temperature and the
mineral composition, which makes it reasonable to
assume that the methanotrophic communities inhab�
iting the caldera may vary in composition and activity.

Our studies revealed the presence of dissolved
methane in all the hot springs studied. All samples
were therefore analyzed by real�time PCR for the
presence of the pmoA gene, the molecular marker of
methane oxidation. Despite the presence of methane,
methanotrophs were detected only in 8 hot springs.
The springs where methanotrophic bacteria were
detected fall into two groups, namely neutral high�
temperature hydrotherms near Lake Fumarol’noe and
acidic springs with moderate temperatures located
along the Izvilistyi stream. The results obtained corre�
late with the data on the methane�oxidizing activity
determined by the radioisotope method (V. Gal�
chenko, unpublished data).

The hydrotherms near Lake Fumarol’noe in which
methanotrophic bacteria were detected are character�
ized by a slight variability in temperature and pH (56–
65°C; pH 5.2–6.3). Both real�time PCR and direct
microscopic counting confirmed that the cell count
was high. The total number of bacterial cells (DAPI
staining) was 1.1–3.6 × 10 cells/mL. The number of
the 16S rRNA gene copies was 3–30 times greater,
which may result from the high number of gene copies.
On average, bacteria have four 16S rRNA gene copies
per cell [24]; however, it is possible that thermophilic
microorganisms may have more 16S rRNA gene cop�
ies per cell. For all springs, high numbers of the pmoA
gene copies (up to 2.8 × 107 mL) were demonstrated.

The use of the FISH method allowed us to carry
out a more differentiating analysis of methanotrophs
from the sampled sediments. It was demonstrated that
methanotrophs were represented only by the Gam�
maproteobacteria (probe M�84 + M�705), while the
number of type II methanotrophs was below the
detection limit. These results correlate with the pub�
lished data on the predominance of type I methan�
otrophs in high�temperature habitats. Methylococcus
capsulatus was the first thermotolerant methanotroph
isolated in pure culture [25]. Later, other thermotoler�
ant and moderately thermophilic microorganisms
classified into the genus Methylocaldum were isolated
[26]. The thermophilic HB strain growing in a temper�
ature range from 40 to 72°C with a growth optimum at
62–65°C was isolated in 1999 from a hot spring in
Hungary [27]. The authors suggested that it should be
described as a new genus Methylothermus, but, unfor�
tunately, the strain was lost during description. The
first microorganism of the genus Methylothermus was
validly described in 2005. At present, this genus con�
sists of two species, Methylothermus thermalis [28] and
Methylothermus subterraneus [19].

Despite the similar values of the hydrothermal
parameters and numbers of microorganisms, assess�
ment of the diversity of methanotrophs using the pmoA
gene revealed substantial differences. To explain the
possible reasons for this diversity, three hot springs—
Stroma, Glaz Drakona, and Kul’turnyi—were com�
pared (Table 3). In two of them, Stroma and Kul’tur�
nyi, members of the genus Methylothermus were
detected. However, these microorganisms exhibited
high similarity with different representatives of this
genus. For instance, a methanotrophic bacteria most
closely related to ‘Methylothermus’ HB isolated from a
hot spring in Hungary was detected in the Kul’turnyi
spring characterized by a high temperature and a low
mineralization of water. At the same time, another
methanotroph most closely related to Methylothermus
subterraneus was detected in the Stroma spring with a
high sulfate content. In the Glaz Drakona spring, only
methanotrophs displaying the highest similarity to
uncultured representatives of Methylomonas were
detected. This spring differs from the other two by the
high level of mineralization, especially by the contents
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of chloride, sodium, and potassium ions, as well as by
the presence of mineral nitrogen compounds (ammo�
nium and nitrate).

In the three springs with low pH values (pH 2.6–
2.8; 40.6–54.2°C), the total number of microorgan�
isms and the proportion of methanotrophs determined
by means of FISH were as high as those detected in the
hot springs located near Lake Fumarol’noe. Low
numbers of gene copies (especially of the 16S rRNA
gene copies) are noteworthy. This phenomenon may
be due to the mineral composition of the studied
springs. It is quite possible that in the course of DNA
extraction from the sediment samples some compo�
nents (fluorescent bacterial proteins or salts) were not
completely removed and probably had an adverse
effect on the real�time PCR background.

We failed to detect any methanotrophs of the phy�
lum Verrucomicrobia in the studied acidic springs. It is
possible that either their numbers were lower than the
PCR detection limit, or the pmoA gene sequence dif�
fered from that of the Proteobacteria to the extent that
the existing primer systems could not be used even
when the procedure for decreasing the primer speci�
ficity was applied.

The presence of methanotrophic Gammaproteo�
bacteria in the ecosystems with extremely low pH has
not been previously reported. According to the pub�
lished data, there is only one type I methanotroph iso�
lated from an acidic habitat [29]. This microorganism
inhabiting Sphagnum peat bogs with pH below 4.3 has
not been validly described yet; however, its affiliation
to the genus Methylomonas was demonstrated.

The results obtained made it possible to expand the
range of data on the diversity of methanotrophs inhab�
iting extreme ecosystems, including the hot springs of
the Uzon caldera (Kamchatka). The low level of sim�
ilarity between the microorganisms detected and the
previously described methanotrophs suggests that they
belong to new species and genera. Further studies will
include description of the new thermophilic methane�

oxidizing microorganisms, as well as analysis of their
physiological and biochemical properties.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda�
tion for Basic Research (project nos. 08�04�00164�a
and 10�04�10127�k).

REFERENCES

1. Methane and Climate Change, Reay, D., Smith, P., and
van Amstel, A., Eds., London: Earthscan, 2010.

2. Etiope, G. and Ciccioli, P., Earth’S Degassing: A Miss�
ing Ethane and Propane Source, Science, 2009,
vol. 323, no. 5913, p. 478.

3. Mardanov, A.V., Gumerov, V.M., Beletsky, A.V., Pere�
valova, A.A., Karpov, G.A., Bonch�Osmolovskaya, E.A.,
and Ravin, N.V., Uncultured Archaea Dominate in the
Thermal Groundwater of Uzon Caldera, Kamchatka,
Extremophiles, 2011, vol. 15, no. 3, pp. 365–372.

4. Bender, M. and Conrad, R., Effect of CH4 Concentra�
tions and Soil Conditions on the Induction of CH4 Oxi�
dation Activity, Soil Biol. Biochem., 1995, vol. 27,
pp. 1517–1527.

5. Castaldi, S. and Tedesco, D., Methane Production and
Consumption in an Active Volcanic Environment of
Southern Italy, Chemosphere, 2005, vol. 58, pp. 131–
139.

6. D’Alessandro, W., Bellomo, S., Brusca, L., Fiebig, J.,
Longo, M., Martelli, M., Pecoraino, G., and
Salerno, F., Hydrothermal Methane Fluxes from the
Soil at Pantelleria Island (Italy), J. Volcanol. Geotherm.
Res., 2009, vol. 187, pp. 147–157.

7. D’Alessandro, W., Bruscal, L., Kyrlakopoulos, K.,
Martelli, M., Michas, G., Papadakis, G., and
Salerno, F., Diffuse Hydrothermal Methane Output
and Evidence of Methanotrophic Activity within the
Soils at Sousaki (Greece), Geofluids, 2011, vol. 11,
pp. 97–107.

8. Pol, A., Heijmans, K., Harhangi, H.R., Tedesco, D.,
Jetten, M.S., and Op den Camp, H.J., Methanotrophy

Table 3. Physicochemical properties, mineral composition of the water, and methanotrophs detected in the springs near Lake
Fumarol’noe

Spring/coordinate 
position T, °C pH Ion content, mg/L Methanotrophs

Cl– Mg2+ Ca2+ Na+ K+

 Stroma
N 54°29.854′
E 159°59.477′

56.1 5.3 36.6 0 223 27 15 16.1 1.8 0 Methylothermus 
subterraneus

Kul’turnyi
N 54°30.115′
E 159°59.279′

63.0 5.2 35 0 28 1.2 7.4 4 0.9 0 ‘Methylothermus’ 
HB

Glaz Drakona
N 54°29.885′
E 159°59.468′

59.8 6.2 249 0.9 51 5.7 14.8 385 28.3 2.2 Methylomonas sp.

NO3
−

SO2
4
− NH4

+



MICROBIOLOGY  Vol. 81  No. 5  2012

INVESTIGATION OF THE METHANOTROPHIC COMMUNITIES OF THE HOT SPRINGS 613

Below pH 1 by a New Verrucomicrobia Species, Nature,
2007, vol. 450, pp. 874–878.

9. Dunfield, P.F., Yuryev, A., Senin, P., Smirnova, A.V.,
Stott, M.B., Hou, S., Ly, B., Saw, J.H., Zhou, Z.,
Ren, Y., Wang, J., Mountain, B.W., Crowe, M.A.,
Weatherby, N.V., Bodelier, P.L.E., Liesack, W., Feng, L.,
Wang, L., and Alam, M., Methane Oxidation by an
Extremely Acidophilic Bacterium of the Phylum Verru�
comicrobia, Nature, 2007, vol. 450, pp. 879–882.

10. Islam, T., Jensen, S., Registad, L.J., Larsen, Ø., and
Birceland N.�K., Methane Oxidation at 55°C and pH 2
by a Thermoacidophilic Bacterium Belonging to Verru�
comicrobia Phylum, Proc. Natl. Acad. Sci. USA, 2008,
vol. 105, pp. 300–304.

11. Dvoryanchikova, E.N., Kizilova, A.K., Men’ko, E.V.,
Kravchenko, I.K., and Gal’chenko, V.F., Molecular
Detection of Methanotrophic Bacteria in the Hot
Springs of the Uzon Caldera, Kamchatka, Microbiol�
ogy, 2011, vol. 80, no. 6, pp. 867–869.

12. Holmes, A.J., Costello, A., Lidstrom, M.E., and Mur�
rell, G.C., Evidence That Particulate Methane
Monooxigenase and Ammonia Monooxigenase May
Be Evolutionarily Related, FEMS Microbiol. Lett.,
1995, vol. 132, pp. 203–208.

13. 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.

14. Dumont, C.G. and Murrell, J.C., Stable Isotope Prob�
ing–Linking Microbial Identity to Function, Nature
Rev. Microbiol., 2005, vol. 3, pp. 499–504.

15. Stahl, D.A. and Amann, R., Nucleic Acid Techniques
in Bacterial Systematic, in Development and Application
of Nucleic Acid Probes, Stakebrandt, E. and Goodfel�
low, V., Eds., Chichester: Wiley, 1991, pp. 205–248.

16. 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
Hybridization, FEMS Microbiol. Lett., 2001, vol. 198,
pp. 31–37.

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

18. Bodrossy, L., Kovács, K.L., McDonald, I.R., and Mur�
rell, J.C., A Novel Thermophilic Methane�Oxidizing
γ�Proteobacterium, FEMS Microbiol. Lett., 1999,
vol. 170, pp. 335–341.

19. Hirayama, H., Suzuki, Y., Abe, M., Miyazaki, M.,
Makita, H., Inagaki, F., Uematsu, K., and Takai, K.,
Methylothermus subterraneus sp.nov., a Moderately
Thermophilic Methanotrophic Bacterium from a Ter�
restrial Subsurface Hot Aquifer in Japan, Int. J. Syst.
Evol. Microbiol., 2011, vol. 61, pp. 2646–2653.

20. Wartiainen, I., Hestnes, A.G., McDonald, I.R., and
Svenning, M.M., Methylobacter tundripaludum sp. nov.,
a Methane�Oxidizing Bacterium from Arctic Wetland
Soil on the Svalbard Islands, Norway (78°C), Int. J.
Syst. Evol. Microbiol., 2006, vol. 56, pp. 109–113.

21. Fiebig, J., Woodland, A.B., Spangenberg, J., and
Oschmann, W., Natural Evidence for Rapid Abiogenic
Hydrothermal Generation of CH4, Geochim. Cosmo�
chim. Acta, 2007, vol. 71, pp. 3028–3039.

22. Etiope, G. and Klusman, R.W., Geologic Emissions of
Methane to the Atmosphere, Chemosphere, 2002,
vol. 49, pp. 777–789.

23. Giggenbach, W., Variations in the Chemical and Isoto�
pic Composition of Fluids Discharged from the Taupo
Volcanic Zone, New Zealand, J. Volcanol. Geotherm.
Res., 1995, vol. 68, pp. 89–116.

24. Klappenbach, J.A., Dumbo, J.M., and Schmidt, T.M.,
rRNA Operon Copy Numbers Reflects Ecological
Strategies of Bacteria, Appl. Environ. Microbiol., 2000,
vol. 66, pp. 1328–1333.

25. Foster, J.W. and Davis, R.H., A Methane�Dependent
Coccus, with Notes on Classification and Nomencla�
ture of Obligate, Methane�Utilizing Bacteria, J. Bacte�
riol., 1966, vol. 91, pp. 1924–1931.

26. Bodrossy, L., Holmes, E.M., Holmes, A.J., Kovacs, K.L.,
and Murrell, J.C., Analysis of 16S rRNA and Methane
Monooxygenase Gene Sequences Reveals a Novel
Group of Thermotolerant and Thermophilic Metha�
notrophs, Methylocaldum gen. nov., Arch. Microbiol.,
1997, vol. 168, pp. 493–503.

27. Bodrossy, L., Kovacs, K.L., McDonald, I.R., and Mur�
rell, J.C., A Novel Thermophilic Methane�Oxidizing
γ�Proteobacterium, FEMS Microbiol. Letts., 1999,
vol. 170, pp. 335–341.

28. Tsubota, J., Eshinimaev, B., Khmelenina, V.N., and
Trotsenko, Y.A., Methylothermus thermalis gen. nov., sp.
nov., a Novel Moderately Thermophilic Obligate
Methanotroph from a Hot Spring in Japan, Int. J. Syst.
Evol. Microbiol., 2005, vol. 55, pp. 1877–1884.

29. Kip, N., Ouyang, W., van Winden, J., Raghoebarsing, A.,
van Niftrik, L., Pol, A., Pan, Y., Bodrossy, L.,
van Donselaar, E.G., Reichart, G.J., Jetten, M.S., Dam�
sté, J.S., and Op den Camp, H.J., Detection, Isolation,
and Characterization of Acidophilic Methanotrophs from
Sphagnum Mosses, Appl. Environ. Microbiol., 2011,
vol. 77, pp. 5643–5654.


