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Abstract—Methane emission from the following types of tundra soils was studied: coarse humic gleyey loamy
cryo soil, peaty gleyey soil, and peaty gleyey midloamy cryo soil of the arctic tundra. All the soils studied were
found to be potential sources of atmospheric methane. The highest values of methane emission were recorded
in August at a soil temperature of 8—10°C. Flooded parcels were the sources of atmospheric methane throughout
the observation period. The rates of methane production and oxidation in tundra soils of various types were
studied by the radioisotope method at 5 and 15°C. Methane oxidation was found to occur in bog water, in the
green part of peat moss, and in all the soil horizons studied. Methane production was recorded in the horizons
of peat, in clay with plant roots, and in peaty moss dust of the bogey parcels. At both temperatures, the methane
oxidation rate exceeded the rate of methane production in all the horizons of the mossy-lichen tundra and of
the hillock tundra with flat-bottom depressions. Methanogenesis prevailed only in a sedge—peat moss bog at
15°C. Bacterial enrichment cultures oxidizing methane at 5 and 15°C were obtained. Different types of meth-
anotrophic bacteria were shown to be responsible for methane oxidation under these conditions. A representa-
tive of type I methylotrophs oxidized methane at 5°C, and Methylocella tundrae, a psychroactive representative
of an acidophilic methanotrophic genus Methylocella, at 15°C.
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psychroactive microorganisms.

The increase in the methane concentration in the
atmosphere is due to the natural sources of this green-
house gas rather than to anthropogenic sources [1].
Continental amphibial landscapes that spread over vast
areas and which are most pronounced in countries with
cold and temperate climates are the principal natural
sources of methane. Biogenic methane is the result of
the activity of methanogenic archaea [2, 3]. The anaer-
obic methanogenic and the aerobic methanotrophic
communities form an interdependent system of biolog-
ical methane turnover; its imbalance determines the
emission of biogenic methane into the atmosphere [4].
Nowadays a vast array of data exists on methane emis-
sion from the moisturized northern soils of both the West-
ern and the Eastern hemispheres [5—10]. Methane produc-
tion rates are known to be the highest in soils of northern
latitudes; they can reach 46.8 [7], 107 mg/(m? day), and
higher values [10]. Some authors maintain that tundra
soils are responsible for 25% of the total methane emis-
sion from natural sources [11]. A study of the methane
cycle processes under low temperatures and of the fac-
tors affecting methane emission from tundra soils is
therefore of current interest.

Investigation of the biological processes of the
methane cycle was performed for West Siberian tundra
soils [12]. Data exist on methane oxidation in tundra
bog soil and on and on immunofluorescent determina-

tion of the species composition of methane oxidizing
microorganisms [13]. Certain reconnaissance qualita-
tive and quantitative characteristics of methane produc-
tion and consumption are available for the soils of the
Arctic tundra of European Russia [6]. The first known
psychrophilic methanotroph Methylobacter psychro-
philus was isolated from polar Ural tundra soil [14].
The conditions under which the ratio of the processes of
the methane cycle changes in favor of its formation or
consumption are as yet poorly known.

The main objective of our work was to study the
functioning of the microbial communities involved in
the methane cycle in Russian Arctic tundra soils and to
identify the bacteria comprising the bacterial oxidative
filter. Among our tasks were determination of CH,
emission from tundra soil, measurement of the methane
production and oxidation rates in different soil hori-
zons, and obtaining enrichment cultures of methane
oxidizing bacteria.

MATERIALS AND METHODS

The area of investigation was located in the Arctic
tundra, dwarf birch subzone, 20 km south of Vorkuta
near Tal’nik Station. This zone is characterized by pro-
nounced topographic diversity, including elevated
areas, streams, depressions, and lowland bogs. The
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most characteristic ecotopes of this tundra zone were
chosen for our work: (1) mounded tundra, (2) sedge—
peat moss bog, (3) hillock tundra with flat-bottom
depressions.

(1) Mounded tundra was a typical, mossy—lichen
bushy parcel of dwarf birch tundra. The vegetation was
dense and consisted of the bilberry Vaccinium myrtil-
lus, the mosses Polytrichum uniperinum and Aulacom-
nium turgidum, and the lichens Cetraria islandica and
Cladonia rangiferina. A hummock (parcel 1) at
67°019.807" N and 63°044.269” E, and a swampy hol-
low nearby (parcel 2) were chosen as investigation
sites. The soil type of this part of the tundra was coarse
humic gleyey loamy cryo soil.

(2) Sedge—peat moss bog. The vegetation consisted
of the sedge Carex sp., the cotton grass Eriophorum
angustifolium, and mosses, among which the peat moss
Sphagnum fuscum dominated. The investigation sites
were water-covered bog edge (parcel 3) at 67°019.797" N
and 63 063°044.278" E; hummock (parcel 4) at
67°019.802" N and 063°044.302" E; and swampy hol-
low (parcel 5) at 67°019.802" N and 063°044.302" E.
The soil was peaty gleyey.

(3) Hillock tundra with flat-bottom depressions. The
investigation site was a domed elevation of soil covered
with peat moss (Sphagnum sp.) on a channel slope (par-
cel 6) at 67°019.760" N and 063°044.257" E. The soil
was peaty—gleyey—midloamy—cryo soil.

Analyses were performed in June, August, and Sep-
tember, 2002. These periods corresponded to the begin-
ning, middle, and end of the vegetative period in the
tundra and differed in weather conditions. The daily
average temperature in June was 6°C, in August, it was
16°C, and in September, 10°C. The degree of mineral-
ization of the soil solutions did not change significantly
with temperature: 13—-15 mg/1 at 18°C and 8-10 mg/1 at
6°C, thus corresponding to ultrafreshwater conditions.

Total methane emission from the soil surface was
determined by the static chamber method. The cham-
bers were made from 5-1 plastic vessels. The base of the
vessel was removed, and the neck was sealed with a
rubber stopper and closed with a plastic screw cap with
a sampling hole. The chamber was inserted 10-12 cm
deep into the soil and left unstoppered for 20—30 min to
remove the methane extruded during chamber inser-
tion. Afterwards the chamber was sealed and air sam-
ples were taken with a syringe at the onset of incubation
and every subsequent 30 min. Gas samples were
injected into penicillin bottles filled with a 10% NaCl
solution and stored until analysis. The samples were
analyzed using a Khrom-3 gas chromatograph (Russia)
equipped with a flame ionization detector. Methane
emission was calculated from the measured methane
concentration in the air of the chamber using a linear
approximation.

The rates of microbial methane oxidation and pro-

duction in bog water and soil samples were determined
using the radioisotope method with NaH'“CO;, and
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l4C-acetate at 5 and 15°C. The sampling order was as
follows: moss—lichen mixture; the green, chlorophyll-
containing part of the moss; moss or moss—lichen dust;
peated moss dust; peat; clay with plant roots; clay.
From 3 to 20 cm? of soil from respective horizons was
introduced into penicillin bottles or into cut plastic
syringes and sealed with gas-tight rubber stoppers.
Using syringes, 0.2 ml of sterile solutions of labeled
substrates in distilled water were injected: '“CH,,
2 uCi; NaH“COs;, 10 uCi; “C-acetate, 10 uCi. The
samples were incubated directly in soil for one day.
During radioisotope experiments, in June and August,
the average daily soil temperature was 5 and 15°C,
respectively. After incubation, the samples were fixed
with 2 N KOH solution. The subsequent sample treat-
ment was performed according to the scheme described
previously [15, 12].

The temperature, pH, and redox potential of the soil
horizons were determined using a WTW-330 portable
ionometer (Germany).

Soil temperature was determined 10 cm below the
surface.

The level of ground water was determined as the
distance between the soil surface and the top of the
water horizon.

The total amount of mineral salts in soil solutions
was measured using a DIST WP 1 salinometer.

For enrichment cultures, soil samples were col-
lected as monoliths from the vegetation and down to
10 cm below the top of the gley layer, cooled to 4°C,
and brought to the laboratory.

The ability of soil microflora to oxidize methane
was studied with soil samples at 5 and 15°C. Soil sus-
pensions were prepared from samples of the soil mono-
lith layers, according to the scheme of in situ study of
bacterial activity: green moss; moss dust; moss—lichen
mixture; peated moss—lichen and moss dust; peat; clay
with plant roots; clay. Soil samples were transferred to
500-ml vials and covered with low-mineral-salt medium
[16]. The medium-to-sample ratio was 10 : 1. The vials
were hermetically sealed, evacuated and filled with a
(30 : 70) air-methane mixture. The methane concentra-
tion in the gas phase was monitored during incubation.

Methane was determined using an LKhM-80 gas
chromatograph equipped with a catharometer. Argon
was used as the carrier gas, and Porapak Q was used as
the sorbent.

Enrichment cultures of methanotrophic bacteria
were obtained from soil samples for which active meth-
ane oxidation had been determined. Cell morphology
was studied using an Amplival phase-contrast micro-
scope (Germany). Ultrathin sections were prepared
after fixation by the standard procedure.

Identification of methanotrophic bacteria in enrich-
ment cultures was performed by hybridization with 16S
rRNA-targeted specific fluorescent oligonucleotide
probes according to the procedure described in [17].
2005
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Table 1. Methane emission from tundra soils at the beginning, middle, and end of the vegetation season
June August September
Object Soil tem- | Ground CH, Soil tem- | Ground CH, Soil tem- | Ground CH,
perature, water emission, | perature, water emission, | perature, water emission,
°C level, cm mg/(m2 h) °C level, cm mg/(m2 h) °C level, cm mg/(m2 h)
Mounded tundra
Soil: coarse humic gleyey loamy cryo soil
Hummock 2.6 20 0.05 9 40 0.15 10 70 ND
Swampy hollow 6.5 6 0.07 8 26 0.23 8 50 0.12
Sedge—sphagnum bog
Soil: peaty gley soil
Bog edge 8 F 0.13 9 F 1.27 10 F 1.21
Hummock 5.6 27 0.07 10 37 0.38 10 57 ND
Swampy hollow 5.8 F 0.08
Hillock tundra with flat-bottom depressions
Soil: peaty gleyey mid-loamy cryo soil
Slope 39 5 0.06 9 20 0.21 9 30 0.12

Note: ND, emission not detected; F, completely flooded parcels.

The group-specific probes developed for detection of
type I and II methanotrophs, M-84+M-705 and M-450,
respectively [18], as well as some species-specific
probes: Mcell-1026, Mcaps-1032, and Mcell-143,
which were developed for detection of the acidophilic
methanotrophs Methylocella palustris, Methylocapsa
acidiphila, and Methylocella tundrae [17, 19], were
used for hybridization. The Cy3 dye was used as a flu-
orescent label. The samples were analyzed using an
Axioplan-2 epifluorescent microscope (Germany).

RESULTS AND DISCUSSION

To estimate the intensity of microbial processes of
the methane cycle in tundra soils, CH, emission was
measured, the concentration of methane and its
homologs in different soil horizons was determined,
and the rates of methane production and oxidation by
the microflora of soil samples were estimated. Methane
emission was measured in June, August, and Septem-
ber. These periods differed in weather conditions, in
temperature, and in the groundwater level (Table 1). In
June, at an average daily temperature of 6°C, methane
emission was insignificant in all parcels. Under soil
temperatures of 2.6-6.5°C and high level of ground
waters, methane emission on hummocks, on the slope, and
in the swampy hollow was 0.05-0.08 mg CH,/(m? h). The
highest value of 0.13 mg CH,/(m? h) was recorded in a
completely flooded parcel of a sedge—sphagnum bog at
8°C. In August, when the average daily temperature
was 16°C and the soil temperature increased to 8-
10°C, the level of the water horizon decreased and the
rate of methane emission to the atmosphere increased
in all parcels: three- to fivefold on hummocks and
swampy hollows and by an order of magnitude at the
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edge of the bog. Compared to August, the soil temper-
ature in September hardly changed. The groundwater
level was at the lowest mark for the entire period of
investigation; the sedge—sphagnum bog, however,
remained completely flooded. Under these conditions,
CH, emission decreased twofold in the tundra swampy
hollow and on the slope of the hillock tundra with flat-
bottom depressions; on the hillocks it was absent alto-
gether. In the bog, the methane emission rate did not
change significantly between August and September.
The results of direct measurements of methane flow to
the atmosphere using the chamber method have thus
demonstrated that the tundra soils studied, i.e., coarse
humic—gleyey loamy—cryo soil, peaty—gleyey soil, and
peaty—gleyey—midloamy—cryo soil, can act as sources
of atmospheric methane. The rate of CH, emission
from these soils was determined in situ by the condi-
tions of temperature and moisture. The highest rates of
methane emission were observed in August, when the
soil temperature was 8—10°C and the groundwater level
was high. The flooded parts of the sedge—sphagnum
bog remained methane sources throughout the entire
period of investigation. Decreased methane emission in
September was probably a result of the activation of the
methane oxidizing community of the bacterial filter
under conditions of improved aeration.

In order to determine the in situ localization of the
microbial communities performing methane transfor-
mations in tundra soils, the rates of methane production
and oxidation by samples of the same soil horizons
were measured at 5 and 15°C (Table 2). Methane oxi-
dation was detected in bog water; in a combined sample
of bog water and Sphagnum fuscum; in the green parts
of Sphagnum sp. of the hillock tundra with flat-bottom
depressions; in all soil horizons. No CH, oxidation was
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Table 2. Methane oxidation and production rates in the tundra soil horizons at 15 and 5°C

Location/soil Horizon Hori Horizon .CHT‘ CH, .CH? CH,
horizon depth, cm orizon pH tempeora— oxidation, production, oxidation, | production,
ture, °C w/(1 day) ul/(1 day) ul/(1 day) ul/(1 day)
Experimental temperature, °C 15 5
Mounded tundra
Hummock (parcel no. 1)
Moss, lichen 0-1 3.71 12.5 ND ND ND ND
Peaty moss—lichen dust 2.5-12.5 3.95 8.8 0.025 ND 0.372 ND
Peat 12.5-16 4.89 2.6 0.95 0.122 (13.8) 0.118 0.001
Clay with plant roots 16-18 4.7 2.4 1.085 0.13 (3.0) 0.116 0.001
Swampy hollow (parcel no. 2)
Moss, lichen 0-0.5 — — — — ND ND
Peaty moss—lichen dust 0.5-1.5 - - - - 0.135 ND
Peat 1.5-3 5.17 6.5 - - 0.075 0.001
Peat with clay 3-35 - - 0.029 0.003
Brown clay with plantroots| 3.5-6.0 5.16 5.5 - - 0.014 0.002
Gray clay Below 6.0 4.56 4.4 - - ND ND
Sedge—sphagnum bog
Water 5.0 11.0 1.360 ND - -
Water with moss plants 5.2 11.5 - - 1.305 ND
Bog edge (parcel no. 3)
Green moss parts 4.5 11 0.139 ND 0.360 ND
Moss dust 5.1 10 0.233 ND 0.567 ND
Peaty moss dust 5.1 10 1.672 6.51 (1.3%) 1.193 0.012
Peat - - 2.295 31.33 (7.7%) - -
Clay with plant roots 4.7 4.159 53.54 (0.1%) - -
Hummock (parcel no. 4)
Green moss parts 0-2 42 14.1 0.002 ND 0.238 ND
Moss dust 2-5 3.85 11.1 0.006 ND 0.018 ND
Peaty moss dust 5-10 4.23 6.7 0.04 ND 0.098 0.037
Peat 10-14 0.182 53.05 (5.6) - -
Clay with plant roots 14-18 4.46 5.6 0.074 0.930 (0.1) 0.004 0.002
Swampy hollow (parcel no. 5)
Green moss 0-3 4.79 10.7 - - 0.006 ND
Moss dust 5-10 4.6 6.5 0.002 ND 0.152 ND
Peaty moss dust 10-15 0.132 34.87 (1.2%) - -
Peat 15-29 0.237 55.94 (6.3%) - -
Hillock tundra with flat-bottom depressions

Hummock (parcel no. 6)
Green moss 0-1 3.8 154 - - 0.003 ND
Moss dust 1-13 3.5 13.0 - - 0.004 ND
Peaty moss dust 13-18 3.5 10.5 - - 0.1 0.002
Peat 18-20 39 2.2 - - 0.028 0.018
Note: In parentheses, the contribution of aceticlastic methanogenesis (%) to the total methane production is indicated. “—,” not determined;

ND, not detected.
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detected in the samples of lichens Cetraria islandica
and Cladonia rangiferina and the mosses Polytrichum
sp. and Aulacomnium sp. of the moss—lichen tundra.
Methane production occurred in the layers of peat, peat
with clay, clay with plant roots; in the bogey parcels, it
also occurred in peaty moss dust. The highest rates of
the processes of the methane cycle were found in the
peat layer and in clay with plant roots.

In all of the studied soil horizons of the parcels of
mounded tundra and of hillock tundra with flat-bottom
depressions, methane oxidation rates exceeded the
rates of methane production, both at 5 and 15°C.
Methanogenesis prevailed only in the boggy parcels
and only at 15°C. The rates of methane oxidation in bog
water and in the combined water—sphagnum sample
were approximately the same at 5 and 15°C, namely,
1360 and 1305 ul CH,/(1 day), respectively.

Thus, microbial production and consumption of
methane occurred in the tundra soil horizons at temper-
atures of 2.2—-15.4°C, pH 3.5-5.2, and mineral salt con-
centrations of 8—15 mg/l. At 5°C, methane oxidation
prevailed over methane production in all horizons of
tundra soil, indicating the existence of a psychrophilic
bacterial oxidative community. High rates of methane
oxidation, as compared to methane production rates,
can be due to the oxidation of both newly produced
methane and the methane deposited in soil. The meth-
ane-oxidizing community is probably first activated
after defreezing of tundra soils and it consumes the
methane released from the soil. For methanogenic
archaea to become active, a considerable decrease of
the medium redox potential (Eh) is required. At soil
temperatures of 2.6—6.5°C, Eh values were positive for
all the sampling sites and varied from +100 to
+460 mV. With the warming of the soil to 8—10°C and
enhancement of oxidative microbial processes, the
redox potential at a depth of 10—15 cm decreased to —50
or —100 mV, thus promoting the activation of anaerobic
processes, including methanogenesis. It is noteworthy
that, unlike 5°C, at 15°C not only methane formation
from carbon dioxide, but also aceticlastic methanogen-
esis, was detected; its contribution to the net methane
production was the highest in the peat layer.

The presence of methane and its homologs was
studied in soil samples from different soil horizons
(Table 3). Methane was detected in all of the samples,
including samples of the mosses Polytrichum sp. and
Aulacomnium sp., and of the lichens C. islandica and
C. rangiferina, although methanogenic activity was
absent in these horizons. Together with methane, its
heavier homologs, ethane and a propane—butane mix-
ture, were also detected. The presence of homologs
usually indicates an abiogenic origin of methane and its
penetration from deeper layers. The highest levels of
ethane, butane, and propane, however, were found in
the horizons of peat and peaty moss—lichen dust. The
concentrations of C, and C; 4 gases decreased in the
lower gley horizon. Clay with its dense structure and
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small pore volume is probably less capable of accumu-
lating gases released from soil than are the porous peat
and moss dust. Biogenic processes leading to the for-
mation of methane homologs can be another possible
explanation to the elevated concentrations of the C,—C,
gases in these horizons; the mechanism of these pro-
cesses requires special investigation.

To determine the principal bacterial agents respon-
sible for methane oxidation in the tundra soil horizons
at 5 and 15°C, methane oxidation by soil samples was
investigated, and enrichment cultures of methane-oxi-
dizing bacteria were obtained.

Both at 5 and at 10°C, methane oxidation was
detected in suspensions prepared from samples of moss
dust, moss—lichen dust, of peaty moss dust, peaty
moss-lichen dust, peat, and clay with plant roots (Table 4).
These findings are in good accordance with the results
of field investigations. No methane oxidation occurred
in clay samples, unlike clay with plant roots; this may
be an indirect indication of the bacterial relations with
the root system. Unlike radioisotope experiments, no
methane oxidation was detected in vitro in the green
parts of Sphagnum sp. and Sphagnum fuscum; this is in
accordance with our previous results [20] and may be
due to differences in sample treatment and to the high
sensitivity of the radioisotope method. In the case of in
situ analysis, sphagnum was impregnated with water,
and, actually, it was its methane-oxidizing activity that
was detected.

At both temperatures, the methane-oxidizing activ-
ity of the soil samples in vitro was considerably higher
than that of the soil horizons as measured in situ. This
is possibly a result of the in vitro experimental proce-
dure, when all the incubation mixtures were supple-
mented with approximately the same amount of meth-
ane, much higher than its natural concentration. This
setup demonstrates the potential methane-oxidizing
ability of the community. It should be mentioned that
soil suspensions oxidize methane more actively at 5°C
than at 15°C.

The most active soil samples were used for the iso-
lation of methanotrophic bacteria. Two enrichment cul-
tures of psychrotolerant methane-oxidizing bacteria
were obtained, NK-1 and NK-2. The NK-1 enrichment
culture was obtained from a clay and plant root suspen-
sion. During culture growth, flocks were formed, con-
taining both a morphologically characteristic methan-
otrophic organism and rosette-forming rod-shaped bac-
teria (Fig. la). The methanotrophic cells were big
cocci, 2-2.5 um (Fig. 1b). Small stacks of membranes
located in the peripheral zone of the cytoplasm were
found in ultrathin sections (Fig. 1c, 1d). We earlier
detected organisms of similar morphology in tundra
sphagnum peats [20]. The enrichment culture NK-1
oxidized methane both at 5 and 15°C, although with
different rates and dynamics (Fig. 2a). While at 5°C
culture growth and methane oxidation began on the
third—fourth day, at 15°C the lag phase duration before
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Table 3. Concentrations of hydrocarbon gases in the tundra soil horizons

Amount, ul/1
Location; soil horizon Depth, cm
Methane Ethane Propane and butane
Mounded tundra
Hummock
Moss, lichen, moss—lichen dust 0-2.5 4.13 0.92 0.69
Peaty moss—lichen dust 2.5-12.5 5.85 7.34 0.69
Peat 12.5-16 4.02 4.25 0.17
Gley layer 16-19 2.07 0.34 0.00
Swampy hollow
Moss and lichen 0-0.5
Moss-lichen dust 0.5-1.5
Peat 1.5-3 3.90 3.10 0.34
Peat and clay 3-5 2.07 0.57 0.00
Brown clay 5-8 1.95 0.23 0.00
Gray clay 5-8 6.31 0.34 0.00
Sedge—sphagnum bog
Water and sphagnum 0-1 0.96 0.11 0.00
Water 10 0.77 0.08 0.00
Hummock
Moss 0-5 2.18 0.80 0.46
Moss dust 5-10 2.07 0.57 0.23
Peaty moss dust 10-14 1.95 0.57 0.12
Brown clay 14-17 2.64 0.57 0.23
Swampy hollow
Moss with water 0-3 5.62 1.26 0.34
Moss 10-12 9.87 0.46 0.12
Hillock tundra with flat-bottom depressions
Moss 0-1 23 1.61 0.34
Moss dust 1-13 1.84 0.80 0.12
Peaty moss dust 13-18 2.07 1.26 0.46
Peat 18-20 2.64 2.07 0.34

the onset of growth and methane oxidation was
12—-15 days. At 5°C, the maximum rate of methane oxi-
dation was 0.18 mmol CH,/(1 h), and the total amount
of oxidized methane was 143 mmol CH,/1 culture. At
15°C, the maximum rate of methane oxidation was
twice as less, and the amount of oxidized methane
under these conditions was 52.4 mmol CH,/I culture.
Culture NK-1 oxidized methane in a wide pH range,
4.8-7.5. The temperature of 5°C and pH range 6.2-6.8
were optimal for this consortium. It retained stability in
the course of numerous transfers, but the standard tech-
niques did not result in isolation of a pure culture of the
methanotrophic component of this community.

In order to identify the methanotrophic component
of this enrichment culture, we used fluorescent oligonu-
cleotide probes designed for the detection of type I and

IT methanotrophs and for a number of acidophilic meth-
anotrophs (see Materials and Methods). Only a combi-
nation of probes M-84 + M-705, complementary to
sites of 16S rRNA sequences specific for type I metha-
notrophs, resulted in specific staining of the coccoid
cells.

The NK-2 enrichment culture obtained from
peaty moss dust consisted of rods of different sizes.
It growth was homogeneous. The growth of NK-2
and the dynamics of methane oxidation were differ-
ent at 5 and 15°C (Fig. 2b). At both 5 and 15°C,
methane consumption began without a noticeable lag
phase, at rates of 0.086 and 0.07 mmol CH,/(1 h),
respectively. At 5°C, however, methane oxidation
became slower by the 12th day and stopped after 36
days. The rate of CH, oxidation by this culture at
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Table 4. Methane oxidation by soil suspensions, p/(1 day)

Hillock tundra
) Mounded tundra Sedge—sphagnum bog with flat-bottom
Location depressions
Parcel no. 1 Parcel no.2 | Parcel no.3 | Parcel no.4 | Parcel no.5 Parcel no. 6
Temperature, °C 15 5 15 5 15 5 15 5 15 5 15 5

Green part of moss ND ND ND ND ND ND ND ND
Moss and lichen ND ND ND ND

Moss dust 232 | 204 | 145 | 151 | 123 | 281 | 174 19.9
Moss-lichen dust 135 | 17.8 | 10.7 | 19.0

Peaty moss dust
Peaty moss—lichen dust | 204 | 219 | 17.8 7.3
Peat 209 | 27.1 | 184 | 36.8
Clay and plant roots 158 | 31.2 | 13.6 | 345
Clay ND | ND | ND | ND

25.6 | 33.6 | 13.6 | 19.8 | 10.8 | 395 | 14.7 | 20.3

247 | 402 | 17.4 | 23.77 | 105 | 40.0 | 20.5 | 28.6
143 | 21.1 195 | 275
ND ND

Note: ND, not detected.

15°C increased significantly by the 24th day and by
the 36th day reached the maximum level, 2.5 times
higher than that at 5°C. The optimum for NK-2 was
the temperature of 15°C and the pH range 5.5-6.0.

Analysis of this culture with fluorescent oligonucle-
otide probes revealed its affiliation with Methylo-
cella tundrae, a recently identified species of acido-
philic methanotrophs [21].

Fig. 1. Methanotrophic component of enrichment culture 1: (a) in consortium with rod-shaped bacteria (1100x); (b) a methan-
otrophic cell (chromium spray-coating; bar, 1 um); (c, d) ultrathin sections of the methanotroph (bar, 1 um).
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Fig. 2. Methane oxidation by methanotrophic enrichment cultures: (a) NK-1; (b) NK-2 (/) at 5 and (2) 15°C.

The present paper demonstrates that the bacterial
community of tundra soil includes representatives of
various groups of methanotrophic bacteria, which are
responsible for methane oxidation at different values of
pH and temperature. Type I methanotrophic organisms
oxidized methane at 5°C and neutral acidity values of
the soil solution. At 15°C and under acidic conditions,
methane oxidation was carried out by a psychrotolerant
representative of acidophilic methanotrophic bacteria
of the genus Methylocella, Methylocella tundrae.
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