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Abstract—Acidic Sphagnum peat bogs cover aconsiderable part of theterritory of Russiaand are an important
natural source of biogenic methane, which is formed in their anaerobic layers. A considerable portion of this
methane is consumed in the aerobic part of the bog profile by acidophilic methanotrophic bacteria, which com-
prise the methane filter of Sphagnum peat bogs and decrease CH, emission to the atmosphere. For along time,
these bacteria escaped isolation, which became possible only after the elucidation of the optimal conditions of
their functioning in situ: pH 4.5-5.5; temperature, from 15 to 20°C; and low salt concentration in the solution.
Imitation of these conditions and rejection of earlier used media with a high content of biogenic elements
allowed methanotrophic bacteria of two new genera and species—Methylocella palustris and Methylocapsa
acidiphila—to beisolated from the peat of Sphaghum peat bogs of European northern Russiaand western Sibe-
ria. These bacteria are well adapted to the conditions in cold, acidic, oligotrophic Sphagnum peat bogs. They
grow in apH range of 4.2—7.5 with an optimum at 5.0-5.5, prefer moderate temperatures (15-25°C) and media
with alow content of mineral salts (200-500 mg/l), and are capable of active dinitrogen fixation. Design of flu-
orescently labeled 16S rRNA—targeted oligonucleotide probes for the detection of Methylocella palustris and
Methylocapsa acidiphila and their application to the analysis of sphagnum peat samples showed that these bac-
teria represent dominant populations of methanotrophs with a density of 10°-10° cells/g peat. In addition to
Methylocella and Methylocapsa populations, one more abundant population of methanotrophs was revealed
(108 cells/g peat), which were phylogenetically close to the genus Methyl ocystis.

Key words: acidophilic methanotrophic bacteria, Sohagnum peat bogs, Methylocella palustris, Methylocapsa

acidiphila, fluorescently labeled 16S rRNA—targeted oligonucl eotide probes.

1. SETTING UP THE PROBLEM

Methane is one of the most important greenhouse
gases; due to the high rate of its accumulation in the
atmosphere (up to 1% per year [1]), it attracts close
attention from researchers representing various fields
of science. Two methane sources are considered most
significant for the global methane budget: natural bogs
and waterlogged soils and a'so rice paddies [14]. The
significance of each of these sources varies depending
on the geographical region. The areas occupied by rice
paddies are mainly located in southeastern Asia; fens
mainly occur in tropical regions, ombrotrophic and
mesotrophic bogs occupy large areasto the north of 60° N.
The contribution of these northern bogsto the budget of
atmospheric CH, is especially considerable for Russia,
Scandinavia, Canada, and the north of the United States
[2, 4-6]. The largest area, 161 million ha, is occupied
by bogs in Russia, and most of these bogs are in west-
ern Siberia, where they cover 80% of the territory [7].
Field measurements of methane emission from bogs of
western Siberia showed that it is significant, varying
from 0.5to 40 mg CH,-C/(h m?) [8-10]. Methane emis-
sion from fensisusually insignificant. Maximum emis-
sion values have been recorded in ombrotrophic and
mesotrophic Sphagnhum peat bogs, which represent the
dominant type of northern wetlands.

One of the key features of Sohagnum peat bogs is
their high acidity. The pH values of the peat water vary
from 3 to 4.5 in ombraotrophic Sphagnum peat bogs and
from 4 to 5.5 in mesotrophic bogs. In addition, these
habitats are ultrafresh or are very poor in mineral sats.
Asaresult of lack of contact with groundwater, the con-
tent of mineral salts in ombrotrophic bogs does not
exceed 50 mg/l of peat water; this determines its
extremely low buffering capacity. This habitat is also
characterized by the prevalence of low temperatures.
Even in summer, the temperature of surface layers of
peat does not exceed 15°C. In addition, the microbial
communities of northern bogs are subjected to cyclic
processes of freezing and thawing and occur in afrozen
state for about half the year. Thus, Sophagnum peat bogs
are a type of extreme environment, characterized by
(i) high acidity (pH 3.0-5.5), (ii) low buffering capac-
ity, (iii) low content of mineral salts, and (iv) prevalence
of low temperatures. These are conditions under which
the microbial processes of methane production and
consumption proceed; their balance determines the
value of methane emission.

This review focuses on methanotrophic bacteria
forming the methane-oxidizing filter [11], which inter-
cepts the methane produced in the anaerobic layers of
Sphagnum peat bogs on its way to the atmosphere. As
distinct from the methanotrophic communities of neu-
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Table 1. Recognized genera of methanotrophic bacteria and their growth pH ranges

Growth pH range of -

Genus Type Known representatives Year of description Reference
Methylomonas I 5585 1970 [33]
Methylobacter I 5585 1970 [33]
Methylococcus I 5585 1970 [33]
Methylosinus I 5585 1970 [33]
Methylocystis I 5585 1970 [33]
Methylomicrobium I 55-11.0 1995 [34]
Methylosphaera I 6.0-8.5 1997 [35]
Methylocaldum I 6.5-8.5 1997 [36]
Methylosarcina I 5.0-9.0 2001 [37]
Methylocella I 45-7.0 2000 [38]
Methylocapsa I 4.2-7.2 2002 [39]

tral and weakly akaline rice paddies [12—-15] and fens
[16], represented by well-studied type | and type Il
methanotrophs, the methanotrophic communities of
Sphagnum peat bogs remained unstudied for a long
time. The importance of their investigation is deter-
mined by the global distribution of acidic Sphagnum
peat bogs, which are the dominant terrestrial ecosys-
tems of the boreal zone of the northern hemisphere and
alandscape very typical of Russia.

Regularities observed in methane oxidation pro-
cesses in sphagnum peat. Despite the long list of
apparently unfavorable ecotopic factors, methane con-
sumption in sphagnum peat proceeds at an extremely
high rate [17—24]. In the presence of acetylene, known
to be a specific inhibitor of methanotrophs [25, 26], no
methane consumption by peat occurs [24, 27], which
confirms the role of microorganisms in this process.
The maximum of potential methane-oxidizing activity
in the vertical profile of Sohagnum peat bogs usually
coincides with the water table level or occurs several
centimeters below [19-23, 28]. It is here that the
boundary between aerobic and anaerobic zones is
located and the ratio of the available substrate (CH,) to
oxygen is optimal: below, the concentration of O,
decreases abruptly, and above the water table level, this
tendency is observed for CH,. All these data suggest
the existence in Sphagnum peat bogs of an active meth-
ane-consuming microbial community. Thiscommunity
iswell adapted to existence in an acidic, cold environ-
ment. Canadian researchers showed that the pH opti-
mum of methane consumption by sphagnum pesat isin
the acidic range of pH 5-6, and the incubation of sam-
ples at temperatures of 0—10°C results in a methan-
otroph activity comprising 13-38% of the maximum
value[29]. Studies of the kinetics of methane consump-
tion in peat samples taken from the Sosvyatskii Mokh
ombrotrophic bog (Tver oblast) revealed maximum
methanotroph activity in the pH range of 4.5-5.5 and
the temperature range of 15-20°C [30]. A rise in the
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temperature above 20°C resulted in an abrupt decrease
in the methane-oxidizing activity. Contrary to our
expectations, methanotrophs of ombrotrophic bogs
were not limited by the low content of available bound
nitrogen. Introduction of nitrates produced a strong
inhibitory effect, which was observed at KNO; doses as
low as several tens of micrograms per gram peat. Based
on these data, a conclusion was made that the methan-
otrophs of Sphagnum peat bogs are psychroactive,
moderately acidophilic, and sensitive to increased con-
centrations of mineral salts. First of al, screening was
performed among known methanotrophs for organisms
possessing the above characteristics.

Known methanotrophic bacteria and their pH
growth ranges. Methanotrophic bacteria are a unique
group of microorganisms able to use methane as the
sole source of carbon and energy. The key feature of
methanotrophs is that they possess methane monooxy-
genase (MMO), the enzyme catalyzing the first step of
methane oxidation (to CH;OH). Based on morphologi-
cal, physiological, biochemical, and chemotaxonomic
properties, methanotrophic bacteria were subdivided
into two groups. type | and type Il methanotrophs,
which respectively belong to the y and a subclasses of
Proteobacteria [31, 32]. The list of taxa of methan-
otrophic bacteria validated by year 2002 includes rep-
resentatives of 11 genera (Table 1). In the mid 1990s,
when the search for microorganisms able to oxidize
methane in cold acidic Sphagnum peat bogs was
started, this list included eight genera. Psychrophilic
methanotrophs able to grow in a temperature range of
3-20°C had aready been isolated by that time [35, 40,
41], but they had a pH optimum at neutral pH values
and could not grow at pH values lower than 5.5. It was
known that some strains of Methylococcus capsulatus
can tolerate acidification of the medium to pH 5.0-5.2;
however, their growth was suppressed under these con-
ditions [42]. Thus, the analysis of properties of known
methanotrophs provided no grounds to relate some of



640

them to methane oxidation occurring in acidic bogs.
The task of detection and isolation of yet unknown
methanotrophs able to actively function in cold, acidic,
oligotrophic Sphagnum peat bogs became pertinent.

2. THE HISTORY OF THE SEARCH
FOR ACIDOPHILIC METHANOTROPHS

Use of traditional methods for isolation of meth-
anotrophic bacteria. After Whittenbury and his col-
leagues managed to isolate more than 100 strains from
various natural substrates, his approach and the mineral
mediaNMS and AMS (nitrate mineral salts and ammo-
nium mineral salts) [33] have soundly been regarded
classical and have been generally accepted. Later, sev-
eral other mineral media were suggested for the isola-
tion of methanotrophic bacteria[32, 43, 44]. They var-
ied in the source of available nitrogen, phosphate salt
(Na or K), concentrations of individual components,
and trace element composition. However, al these
media had a high content of mineral salts (1.5-3 g/l)
and high buffering capacity and were neutral (pH 6.0-7.5).
Selectivity of these media was determined by the pres-
ence of a sole carbon source, methane, which allowed
initiation of growth of methanotrophic microorganisms
only. However, the selectivity of these media had one
more aspect: they provided for the devel opment of neu-
trophilic methanotrophs only. These media worked
well and allowed researchers to isolate new species of
the genera described by Whittenbury from diverse nat-
ural sources. soils, fresh and saline waters, fens, rice
paddies, plant rhizosphere, etc. [32, 45, 46]. Acidic
soils of coniferous forests and ombrotrophic Sophagnum
peat bogs were gaps in this list. Traditional media did
not allow even enrichment methanotrophic cultures to
be obtained from these acidic substrates. The only
exception was the work of German researchers who
managed to isolate Methylosinus spp. strains from sed-
iments of a peat lake (pH 4.4) on atraditional medium
with pH 6.5 [47]. The population density of these bac-
teriawasaslow as 10° cells per gram wet peat, and their
ability to grow at acidic pH values was not confirmed.
Therefore, it remained unclear whether the culturesiso-
lated represented methanotrophic populations metabol -
ically activein situ or they survived in the acidic habitat
in the form of resting cells.

Application of molecular techniques. The failure
of the traditional cultivation approaches to revea the
methanotrophs of Sphagnum peat bogs impelled sev-
eral researchers to use methods of molecular ecology,
which alow microorganisms to be identified in situ,
without the isolation of pure cultures. The molecular
methods developed for the detection and identification
of methanotrophic bacteria can be subdivided into
direct (hybridization of whole cells with 16S rRNA—
targeted fluorescent probes) and indirect (which imply
isolation of DNA from anatural sample and itsanalysis
with the use of the polymerase chain reaction (PCR))
[48, 49]. The first attempt to reveal acidophilic metha
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notrophs by molecular methods was undertaken by
English researchers who worked with DNA extracted
from peat samples taken from Sphagnum peat bogs in
northern England [24, 50, 51]. By using primer pairs
universal for bacteria, fragments of genes encoding 16S
rRNA were amplified and cloned, and a voluminous
clone library (about 6000 clones) was created. Screen-
ing of the clonesby their hybridization with oligonucle-
otide probes specific for Methylomonas, Methylo-
bacter, Methylococcus, and Methylosinus revealed a
group of clonesthat hybridized with the probetargeting
Methylosinus [24]. Anaysis of the nucleotide
sequences of the cloned 16S rDNA fragments showed
that they belonged not to Methylosinus but to a yet
unknown phylogenetic relative of the genera Methy-
losinus and Methylocystis. This led to an assumption
about the existence of unknown acidophilic methan-
otrophs within a-Proteobacteria. Subsequent PCR
amplification and sequencing of fragments of the main
functional genes of methanotrophs, pmoA (coding for
membrane-bound MM O) and mxaF (coding for metha
nol dehydrogenase) [50, 51], also showed the presence
of earlier unknown type Il methanotrophs phylogeneti-
cally close to the genus Methylocystis. Thus, it was
established that sphagnum peat is in fact colonized by
methanotrophic bacteria and these bacteria are distinct
from collection cultures. However, the lack of isolates
did not allow researchersto give an answer to the ques-
tion of whether the methanotrophs revealed by molecu-
lar methods are true acidophiles or are acidotolerant
forms of known methanotrophs.

Attempts to identify bog-inhabiting methan-
otrophs by the analysis of fatty acids. The composi-
tion of fatty acidsis one of the most devel oped diagnostic
criteria in the taxonomy of methanotrophic bacteria [44,
52-54]. The predominance of monounsaturated faity
acidswith 16 or 18 carbon atoms all ows amethanotrophic
isolate to be immediately identified as a representative of
type | or type Il methanotrophs, respectively. Methan-
otrophs also contain certain unusual fatty acids that, in
other bacteria, are rare or do not occur at all. It was sug-
gested to use these fatty acids, 16 : 1c8cand 18 : 1w8c,
as biomarkers (indicative fatty acids) for type | and
type || methanotrophs, respectively [53, 55]. Therefore,
some researchers attempted to use the analysis of fatty
acids extracted from sphagnum peat for investigation of
the composition of indigenous methanotrophic com-
munities[23, 56, 57]. Thetotal content of 16 : 1w8cand
18 : 1w8c in peat samples correlated with the value of
potential methanotrophic activity, and the content of
18: 1w8c was at least an order of magnitude higher
than the content of 16 : 1w8c [23, 56]. From these
results, it was inferred that type || methanotrophs dom-
inate in sphagnum peat. However, the calculations of
the population densities of type | and type Il methan-
otrophs, made proceeding from the data on the contents
of theindicator acids, used anumber of averaged values
[56]; the roughest of the approximations was the use of
Methylomonas spp. and Methyl osinus trichosporium as
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typical type | and type Il methanotrophs, whose aver-
age cdl volume was taken to be equal to 0.7 and
2.0 um3, respectively. Calculations that used these
assumptions yielded an estimate of methanotroph pop-
ulation density of (0.3-50) x 10° cells per gram wet
peat; the contributions of type | and type Il methan-
otroph populations were estimated as approximately
equal. Later performed experiments with fluorescently
labeled probes showed that the actual cell size of bog
type Il methanotrophs is much smaller than that of
M. trichosporiumand their cell volume does not exceed
0.5 um?® (Dedysh et al., unpublished). Thus, from the
valuable data on fatty acids, invalid conclusions were
made on the population densities of methanotroph
groups in peat. Another drawback of the method dis-
cussed was the assumption that all methanotrophic bac-
teria contain highly specific fatty acids, 16 : 1w8c and
18 : 1w8c. At present, it is evident that this assumption
was invalid, since, later, two genera of methanotrophs
were described, Methylocella and Methylocapsa,
whose cells lack these indicator fatty acids [39].
Although these bacteria belong to type Il methanotro-
phs, they lack 18 : 1w8c and instead contain another
isomer, 18 : 1w7c, with another location of the double
bond. Unfortunately, thisfatty acid cannot be used asan
indicator because it is contained by a number of meth-
ylotrophic bacteria incapable of methane oxidation
[53]. It is noteworthy that the content of 18:1w7c in
sphagnum peat was several times higher than that of
16 : 1w8c or 18 : 1w8c, and its peak coincided with the
maximum of methanotrophic activity in the bog verti-
cal profile [23].

3. ISOLATION OF ACIDOPHILIC
METHANOTROPHS AND THEIR PROPERTIES

Novel strategy for the search for acidophilic
methanotrophs. Theincreasing volume of indirect evi-
dence for the existence of unknown methanotrophs in
Fphagnum peat bogs, the establishment of their pH and
temperature optima, and recognition of the fact that
they are inhibited by KNO, concentrations appropriate
for known methanotrophs [30] gave impetus to the
rejection of traditionally used nutrient media and culti-
vation conditions. The new strategy implied making
laboratory media as similar as possible to the condi-
tions of the natural environment and creating condi-
tions that provide for maximum activity of methane
consumption by peat. With this in mind, a minera
medium was developed that contained the same com-
ponents as NM S [33] or P medium [32] (except for the
alkaline component of phosphate buffer, Na,HPO,), but
with the content of salts reduced to 250 mg/l. By means
of acidification with H;PO,, a spectrum of media was
obtained with pH from 3 to 6. For the isolation of dini-
trogen-fixing methanotrophs, the same mediawere pre-
pared without KNO,. The incubation temperature was
chosen to be 20°C. As a result, methanotrophic enrich-
ments were abtained from peat samples taken from four
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Sphagnum peat bogs of different geographic location:
the Sosvyatskii Mokh bog in Tver oblast and the Kirgiz-
noe, Krugloe, and Bakcharskoe bogsin Tomsk oblast [58].

Acidophilic methanotrophic communities. The
enrichments obtained utilized methane as the source of
carbon and energy and showed stable growth in acidic
dilute media in a pH range of 46 [58]. Growth
occurred in nitrogen-free medium and at a low content
(200 mg/l) of a source of available nitrogen (e.g.,
nitrate). Cells grown on mediawith nitrate could switch
to growth in nitrogen-free medium without any lag
phase. On the contrary, cells grown in the regime of
dinitrogen fixation and transferred to nitrate-containing
medium resumed growth only after a prolonged (40-h)
lag phase. Thus, growth in the regime of dinitrogen fix-
ation is more natural for bog communities. Determina-
tion of the rates of methane consumption by the enrich-
ments at different pH vaues showed that maximum
rates—up to 0.5 mmol CH,/(h g biomass)—occurred in
the pH range of 4.5-5.5, which was also optimal for
methane consumption by native peat samples[30]. The
decrease in methane consumption rate by the enrich-
ments observed at lower pH values was much less con-
siderabl e than that observed at neutral pH values. Test-
ing the enrichments obtained for growth on mediawith
varied content of biogenic mineral elements confirmed
that they could not grow on media containing morethan
1 g minera salts per liter. A content of salts of
25-250 mg/l was optimal for growth. On the whole,
the properties of these moderately acidophilic com-
munities corresponded to the conditions of their natu-
ral habitats.

It remained to be determined what methanotrophic
bacteria are components of these communities. To
answer this question, DNA was isolated from the
enrichments and PCR amplification with two pairs of
specific primers[59, 60] and cloning were conducted to
obtain fragments of the main functional genes of meth-
anotrophs: mmoX (encoding soluble MMO) and pmoA
(encoding membrane-bound MMO). PCR amplifica-
tion with primers for mmoX yielded products only with
DNA from three enrichments, which were obtained on
nitrogen-containing medium from the Sosvyatskii
Mokh, Kirgiznoe, and Krugloe bogs [58]. Determina-
tion of the nucleotide sequences of the cloned mmoX
fragments showed that all of the three communities
contained methanotrophic bacteria whose mmoX was
considerably different (20-23% divergence of the
inferred peptide sequences) from the mmoX of the two
known groups of these genes: the Methylococcus cap-
sulatus (Bath)/Methylomonas spp. group and the Meth-
ylosinus/Methylocystis group [61]. This implied that
the mmoX gene of acidophilic methanotrophs belongs
to an evolutionary group distinct from the two afore-
mentioned recognized groups of mmoX genes. In the
DNA of the community from the Krugloe bog, asecond
type of mmoX was additionally detected. These mmoX
fragments were fairly close (96.6% identity of the
inferred peptide sequences) to those of Methylocystis
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representatives, which suggested that they belonged to
anew Methylocystis species.

The only sample which did not yield mmoX frag-
ments in the PCR was the DNA from the enrichment
obtained from the Bakcharskoe bog. This enrichment
showed rather rapid exponential growth (u = 0.03 h™)
in nitrogen-free medium at pH 4.0 [62]. PCR amplifica-
tion of pmoA gene fragments and analysis of their
nucl eotide sequences showed that this enrichment con-
tained only one methanotrophic organism, whose pmoA
gene aso belonged to an earlier unknown group of
pmoA genes. The divergence of the amino acid
sequence corresponding to this pmoA fragment from
pmoA sequences of type | and type Il methanotrophs
comprised 3245 and 28-30%, respectively. Thus, in
each of the methanotrophic enrichments obtained, the
presence of unknown methanotrophic bacteria was
established. The genes coding for MM O of these bacte-
riadid not belong to any of the earlier known groups of
pmoA and mmoX genes and represented new evolution-
arily distinct groups of these genes [63].

Methylocella and Methylocapsa: two new genera
of acidophilic methanotrophic bacteria. The isola-
tion of pure cultures of methanotrophic bacteria from
the acidophilic enrichments was performed by two
methods, which allowed two different organisms to be
isolated. The first, more common plating method
allowed the isolation of pure cultures (strains S6, K,
and M131) only from three enrichments obtained on
nitrogen-containing medium from the Sosvyatskii
Mokh, Kirgiznoe, and Krugloe bogs. These isolates
were later described as representatives of a new genus
and new species of methanotrophic bacteria, Methylo-
cella palustris [38, 64]. With the fourth enrichment,
obtained on nitrogen-free medium from the Bakchar-
skoe bog in Siberia, the plating method did not yield
positive results. As became clear later, the methan-
otrophic component of this community can grow only
in liquid media. Therefore, another method was used:
multiply repeated serial dilutions in nitrogen-free low-
mineralization medium. This method allowed one more
pure methanotrophic culture to be obtained, which was
later described as Methylocapsa acidiphila [39].

Both bacteria were moderately acidophilic organ-
ismsableto utilize methane asthe sole source of carbon
and energy. Growth occurred in arather wide pH range:
4.5-7.0 for Methylocella palustris and 4.2—7.2 for
Methylocapsa acidiphila, with an optimum at 5.0-5.5.
Asdistinct from the majority of known methanotrophs,
the bog isolates did not grow at temperatures above
30°C and preferred the temperature range of 15-25°C.
An important property of the cultures was their dinitro-
gen-fixing ability, which plays a decisive role for sur-
vival in a habitat extremely poor in available nitrogen.
Like the enrichments from which they had been iso-
lated, Methylocella palustris and Methylocapsa acid-
iphila could grow only in media with alow content of
mineral salts (200-500 mg/l). Moreover, for Methylo-
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capsa acidiphila cultures growing in the regime of dini-
trogen fixation, growth inhibition by the addition of
KNO; was observed, which was in agreement with the
earlier described inhibitory effect of nitrate on methane
oxidation by peat [30].

The two acidophilic methanotrophs are morphol og-
ically very different. The cells of Methylocella palustris
are small (0.6-1.0 by 1.0-2.5 um), nonmotile, straight
or curved, bipolar rods (Fig. 1a). Resting cells—
exospores similar to those of Methylosinus—occur
very rarely. Growth is possible both on agarized and
liquid media. Cells of Methylocapsa acidiphila are coc-
cobacilli measuring 0.7-1.0 by 0.8-1.2 pym (Fig. 2a); a
peculiarity of thiscultureisthe formation of aggregates
of cells embedded in a dense polysaccharide matrix
(Fig. 2b). At the periphery of these aggregates, resting
cells occur, which are similar in their fine structure to
the cysts of Azotobacter (such cysts are moretypical of
type | methanotrophs). As distinct from Methylocella
palustris, Methylocapsa acidiphila can grow in liquid
mediaonly.

The fine structure of Methylocella palustris and
Methylocapsa acidiphila is also different. A unique
peculiarity of Methylocella palustris cellsisthe lack of
intracytoplasmic membranes (Fig. 1b) typical of al
earlier known methanotrophs. Methylocella palustris
cells have a wide periplasmic space and a system of
spheric vesicles formed via invagination of the plasma
membrane. Similar vesicular membrane structures
were earlier observed in some representatives of
Hyphomi crobium and phototrophic bacteria of the gen-
era Rhodospirillum and Rhodopseudomonas [65, 66].
As distinct from Methylocella palustris cells, the cells
of Methylocapsa acidiphila possess a well-developed
system of intracytoplasmic membranes (ICM) (Fig. 2b)
whose organi zation is different from that of ICM of ear-
lier known type | and type || methanotrophs. In Methy-
locapsa cells, membranes are arranged in tightly
packed bundles, which is characteristic of type | ICM;
however, the membranes in these bundles are oriented
parallel to the cell wall, asin type Il methanotrophs. An
additional peculiarity is that Methylocapsa ICM are
always localized on only one side of the cell. We clas-
sified this type of ICM arrangement as a new type of
ICM organization in methanotrophs, type 111 [39].

An important distinction between the two acido-
philic methanotrophs is that they have different MMO
forms. Methylocella cells possess soluble MMO only,
and Methylocapsa cells contain only membrane-bound
MMO. Whereas the latter situation is rather typical of
methanotrophs, the possession of only soluble MMO is
aunique feature currently known only for Methylocella
palustris[38].

The nucleotide sequences of fragments of the mmoX
gene of Methylocella palustris and of the pmoA gene of
Methylocapsa acidiphila proved to be identical to the
sequences of the mmoX and pmoA fragments amplified
from the DNA of the initial enrichments. Both mmoX
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Table 2. Major characteristics of the new genera of acidophilic methanotrophic bacteria Methyl ocella and Methyl ocapsa

Characteristics

Genus Methylocella

Genus Methylocapsa

Cell morphology

Motility
Resting cell type
Type of ICM organization

pH growth range

pH growth optimum

Growth at 30/37°C

Growth at 0.5% NaCl

M ethane monooxygenase type
Formal dehyde assimilation pathway
N,-fixing capacity

Major phospholipids

Major fatty acids

DNA G+C content, mol %
Phylogenetic affiliation

Bipolar straight or curved rods,
0.6-1.0 x 1.0-2.0 um, single

or aggregated

Nonmotile

Exospores

Vesicular membrane formations

45-7.0
5.0-55
-
Soluble MMO only
Serine pathway
+

Phosphatidylmethylethanolamine

18:1w7c

61
a-subclass of Proteobacteria

Coccobacilli, 0.7-1.0 0.8-1.2 pm, often
arranged in aggregates embedded in
polysaccharide matrix

Nonmotile
Cysts

Bundles of membranes, paralel to PM,
on one side of the cdll (typelll)

4.2-7.2
5.0-5.5
+/—
Membrane-bound MM O only
Serine pathway
+
Phosphatidylglycerol
18:1w7c
63
o-subclass of Proteobacteria
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and pmoA of acidophilic methanotrophs represent evo-
lutionarily distinct groups of genes, differing from cor-
responding gene groups of type | and type Il methan-
otrophs [63, 64]. It is worth noting that the pmoA gene
of Methylocapsa acidiphila is most similar to pmoA
genes cloned from acidic soils of various geographical
zones [67-69].

The carbon and nitrogen metabolisms of acidophilic
methanotrophs were similar to those of neutrophilic
type Il methanotrophs: they used the serine pathway for
formaldehyde assimilation and the glutamate cycle for
ammonium assi milation.

Thefatty acid compositions of the acidophilic meth-
anotrophs were dominated by monounsaturated fatty
acids with 18 carbon atoms (18:1 acids). As distinct
from other type Il methanotrophs, in acidophiles these
fatty acids are represented by asoleisomer, 18:1w7; the
18:1w8 isomer, specific for Methylosinus and Methyl o-
cystis representatives, is lacking from the cells of the
acidophilic methanotrophs [39]. Earlier, the 18:1w8
fatty acid was considered to be a signature fatty acid of
type Il methanotrophs and was widely used in ecol ogi-
cal studies for the detection of these organisms. Our
studies of acidophilic methanotrophs showed that the
scope of application of this marker is restricted to the
detection of Methylosinus and Methylocystis represen-
tatives.

According to data of phylogenetic analysis, acido-
philic methanotrophs belong to a new branch of meth-
anotrophic bacteriawithin the a-subclass of Proteobac-
teriaand are only remotely related to Methylosinus and
Methylocystis representatives (93.3-93.8% 16S rRNA
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homology). A much closer relative of the bog-inhabit-
ing methanotrophs (96.5% 16S rRNA homology)
proved to be the acidophilic, organotrophic, dinitrogen-
fixing bacterium Beijerinckia indica subsp. indica,
which is a typical inhabitant of acidic soils and bogs.
The value of 16S rRNA homology between Methylo-
capsa acidiphila and Methylocella palustris is rather
high (97.3%). However, considerable differences in
severa important characteristics suggest affiliation of
these methanotrophs to two distinct genera (Table 2);
thisis also supported by data from DNA-DNA hybrid-
ization: the DNA-DNA homol ogy between thetwo aci-
dophilic methanotrophsis aslow as 7% [39].

In spite of the similarity of ecophysiological charac-
teristics of the two acidophilic methanotrophs, more
detailed comparative analysis of Methylocapsa acid-
iphila and Methylocella palustris provides grounds to
believe that these organisms realize different ecol ogical
strategies and occupy distinct ecological niches. Meth-
ylocellaisto alarger extent dependent on the presence
of a source of available nitrogen in the medium than
Methylocapsa, which is completely autonomous with
respect to nitrogen supply; in addition, the latter organ-
ism is more acidotolerant. The affinity to methane in
Methylocapsa acidiphila (K, 1-2 uM) [63] isconsderably
higher than in Methylocdlla palustris ((Kg, 40-60 uM). The
advantage of Methylocella palustris may be the posses-
sion of the soluble form of MMO. It is known that
methanotrophs produce membrane-bound MMO only
when grown in the presence of Cu?* [70], which is a
component of the active center of thisenzyme[71, 72].
When the concentration of Cu?* drops below 0.05 mg/I,
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Fig. 1. The acidophilic dinitrogen-fixing methanotrophic bacterium Methylocella palustris, strain K, isolated from pesat of the Kir-
giznoe ombrotrophic Sphagnum peat bog (Tomsk oblast, western Siberia) and able to grow in a pH range of 4.5-7.0 with an opti-
mum at 5.0-5.5. (a) Under a phase-contrast microscope, Methylocella cells are characterized by pronounced bipolarity: their ends
are darker than the middle. Scale bar represents 10 um. (b) Under an electron microscope, cells exhibit the following peculiarities:
alack of intracytoplasmic membranes and the presence of a broad periplasmic space (PS), spherical membrane vesicles (SV), and
granules of poly-p-hydroxybutyrate (PHB) and polyphosphate (PP) at both cell poles. Scale bar represents 0.5 um. The micrographs

were taken by N.E. Suzina.

the soluble form of MMO is expressed [73]. In
ombrotrophic bogs, the concentration of Cu?* usually
does not exceed 0.04 mg/l [74]. Earlier, a hypothesis
was put forward that the possession of soluble MMO
may be an ecological advantage of type || methanotro-
phs in habitats poor in Cu?* [31]. Thus, Methylocapsa
and Methylocella possess different sets of adaptive fea-
tures that, depending on particular conditions in a
microniche, may provide the competitive advantage to
this or that acidophilic methanotroph.

4. MOLECULAR METHODS FOR DETECTION
OF ACIDOPHILIC METHANOTROPHS

The question of how numerous and widespread aci-
dophilic methanotrophs are in Sphagnum peat bogs is
of particular interest with regard to the evaluation of the
role of these microorganismsin the global processes of
methane oxidation. The fact that the first isolates of
Methylocella palustris were obtained from three acidic
bogs of different types and various geographical loca
tions (Tver oblast and the south of western Siberia) [64]
suggested wide distribution of these bacteria. This con-
clusion is confirmed by the data of other researchers,
who obtained 16SrDNA cloneswith similar nucleotide
sequences from peat bogs and acidic soils in the north
of England [24, 75]. Another evidence for thewide dis-
tribution of acidophilic methanotrophsisthe cloning of
pmoA genes close to pmoA of Methylocapsa acidiphila
from acidic (pH 3.4-5.0) forest soils of the United
States, Denmark, Brazil, Germany, and Norway [67—69].
The cloned sequences, however, were not identical to
corresponding sequences of Methylocella palustris and
Methylocapsa acidiphila and testified rather to the
diversity of acidophilic methanotrophs than to the wide

distribution of the bacteria of the genera Methylocella
and Methylocapsa.

As it was shown above, neither traditional culture
methods nor fatty acid analysis can be used for the
detection of acidophilic methanotrophs or for determi-
nation of their population density. Much greater oppor-
tunities to cope with these tasks are provided by the
methods of molecular ecology. Since Methylocella and
Methylocapsa belong to the a-subclass of Proteobacte-
rig, let us consider the main approaches used in investi-
gations on the ecology of type Il methanotrophs and the
feasibility of their application to the detection of acido-
philic representatives (Table 3).

Methods based on the use of PCR. This group of
methods implies extraction of DNA from natural sam-
ples and PCR amplification and sequencing of the
genes encoding 16S rRNA, MMO (the pmoA and
mmoX genes), or methanol dehydrogenase (the mxaF
gene) (Table 3). These methods are to be considered
indirect, since they deal not with microbia cells but
with DNA more or less completely extracted from a
sample. These methods do not provide quantitative
information; neverthel ess, they arewidely used to study
gualitative composition of methanotrophic communi-
ties in various habitats. Unfortunately, these methods
are of limited value for studies on acidophilic methan-
otrophs. Thus, group-specific primers designed for
PCR detection of type Il methanotrophs [76, 77] are
inadequate for acidophilic methanotrophs, since they
belong to a phylogenetic lineage separate from Methy-
losinus and Methylocystis. An attempt to design 16S
rDNA-targeted primers specific to acidophilic methan-
otrophs would be premature because few representa-
tives of this group are currently known and because the
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Table 3. Molecular methods for the detection of methanotrophs belonging to the a-subclass of Proteobacteria and their applicability to acidophilic methanotrophs

Applicability to
Method Target Target group of organisms oFr)r;i)rrT(])%re Nucleotide sequence (5-3") seif ; Methyio- | Methylo-
cella capsa
PCR amplification with specific 16SrDNA | Type Il methanotrophs Type2b CATACCGGRCATGTCAAAAGC [76] - -
primers
The same 16SrDNA | Type Il methanotrophs MethT2R | CATCTCTGRCSAY CATACCGG 77| - -
The same 16SrDNA | Methylosinus Ms1020r | CCCTTGCGGAAGGAAGTC [78] - -
The same pmoA Type | and type || methanotro- | A189f GGNGACTGGGACTTCTGG [60] - +
phs A682r GAASGCNGAGAAGAASGC
The same pmoA The same mb661 CCGGMGCAACGTCYTTACC [76] - +
The same mmoX M ethanotrophs possessing mmoX 882f | GGCTCCAAGTTCAAGGTCGAGC [59] + -
lubleMMO mmoX1403r | TGGCACTCGTAGCGCTCCGGCTCG
The same mmoX The same A166f ACCAAGGARCARTTCAAG [79] + -
B1401r TGGCACTCRTARCGCTC
The same mxaF All gram-negative mxaF1003f | GCGGCACCAACTGGGGCTGGT [50] + +
methylotrophs
mxaF1561r | GGGCAGCATGAAGGGCTCCC
Hyhbridization with 16S rRNA—specifiq 16SrDNA | Methylotrophs with serine 9a CCCTGAGTTATTCCGAAC [80] - -
oligonuclectide probes pathway of C assimilation
The same 16SrDNA | Type Il methanotrophs MA-221 GGACGCGGGCCGATCTTTCG [81] - -
The same 16SrDNA | Type || methanotrophs Ma-450 ATCCAGGTACCGTCATTATC [82] - -
The same 16SrDNA | Methylocella palustris Mcell-1026 | GTTCTCGCCACCCGAAGT [83] + -
The same 16SrDNA | Methylocapsa acidiphila Mcaps-1032 | CACCTGTGTCCCTGGCTC 84 | - +
The same 16SrDNA | M. palustris, M. acidiphila AcidM-181 | TCTTTCTCCTTGCGGACG [83] + +
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Fig. 2. The acidophilic dinitrogen-fixing methanotrophic bacterium Methylocapsa acidiphila, strain B2, isolated from peat of the
Bakcharskoe mixed-type sedge-Sphagnum peat bog (Tomsk oblast, western Siberia) and ableto grow in apH range of 4.2—7.2 with
an optimum at 5.0-5.5. (a) Under a phase-contrast microscope, it is seen that the short cells are surrounded with capsules. Scale bar
represents 10 um. (b) In the electron micrograph of a group of cells embedded in a dense polysaccharide matrix (PM), well-devel-
oped intracytoplasmic membranes (ICM) arranged in tightly packed bundles and granules of poly-p-hydroxybutyrate (PHB) can be
seen. Scale bar represents 0.5 pm. The micrographs were taken by N.E. Suzina.

phylogenetic boundary with Beijerinckia representa
tives has not yet been drawn. The use of pmoA and
mmoX genesis limited, since the pmoA geneis lacking
from Methylocella palustris and the mmoX gene is
absent in Methylocapsa acidiphila. The last onein this
group of methods, implying the use of the mxaF gene
as the marker, is the most universal, since this geneis
present in al gram-negative methylotrophs, including
Methylocapsa and Methylocella. However, this marker
does not allow acidophilic methanotrophs to be differ-
entiated from methylotrophic bacteria such as Methyl o-
bacterium, since the sequences of their mxaF genes
have proven to be quite similar [63].

In situ hybridization with 16S rRNA-targeted
fluorescently labeled oligonucleotide probes. The
commonly accepted abbreviation for this method is
FISH (fluorescent in situ hybridization). It combines
the possibility of direct specific detection and the pos-
sibility of the determination of the density of the target
microbial population directly in any environment, with-
out need for cultivation [85-87]. A number of oligonu-
cleotide probes have been designed for the detection of
type | and type Il methanotrophs and their individual
genera[78, 81, 82]. Until recently, successful applica
tion of these probes was restricted to the analysis of
mixed cultures and enrichments [78, 81]; the attempts
to determine methanotroph population densities in situ
failed because of the low numbers of the target cellsin
the substrates investigated [82]. As for the detection of
acidophilic methanotrophs, neither of the earlier devel-
oped probes was suitable for these purposes (Table 3).

Therefore, proceeding from the unigue regions of the
16S rRNA sequences of Methylocella palustris and
Methylocapsa acidiphila, we designed fluorescently
labeled probes for specific detection of these bacteria.
One of these probes (M cell-1026) was specific to Meth-
ylocella palustris, another one (Mcaps-1032) targeted
Methylocapsa acidiphila, and the third (AcidM-181)
allowed both these bacteriato be detected [83, 84].

To gain insight into the structure of the methan-
otrophic community in situ, we undertook analysis of
peat samples from the acidic (3.6-4.5) Bakcharskoe
bog in Tver oblast [83, 84]. The set of probes used in
this analysis included probes targeting acidophilic
methanotrophs and also earlier known probes specific
to type | and type Il methanotrophs. This investigation
showed that the population densities of Methylocella
palustris and Methylocapsa acidiphila were rather
high, comprising 10° and 10° cells/g wet peat, respec-
tively. The total population density of type | methan-
otrophs was three orders of magnitude lower: 10° cells/g
wet peat. An unexpected finding was the detection of
one more (in addition to Methylocella palustris and
Methylocapsa acidiphila) numerically significant
(108 cells/g wet peat) group of methanotrophs inhabit-
ing acidic peat. These were type || methanotrophs phy-
logenetically close to the genus Methylocystis, which,
however, did not belong to any of its validated species.
It is most probably this Methylocystis population that
was discovered in the first investigations of DNA
extracted from acidic peats [50, 51]. The total number
of methanotrophic bacteria revealed in sphagnum peat
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by using fluorescent probes was 3.0 x 10° cells/g wet
peat, or 0.8% of the total number of eubacteria. In peat
samples from different bogs, the latter value varied
from 0.4 to 3%. It should be noted that, unlike the
probes targeting type | and type |1 methanotrophs, the
probes designed for acidophilic methanotrophs were
not group-specific, but targeted two particular species,
Methylocella palustris and Methylocapsa acidiphila,
whereas the peat may also be inhabited by other repre-
sentatives of this acidophilic group. Therefore, the
actual population density of acidophilic methanotrophs
may be higher than that recorded in our investigation.

5. CONCLUSION

Thus, in the methane-oxidizing filter of Sphagnum
peat bogs of the boreal zone, three components were
identified: the populations of the methanotrophs of the
genera Methylocella and Methylocapsa and the yet
unstudied population of methanotrophs of the genus
Methylocystis. Further studies are needed to find out
whether such a composition of the methanotrophic
communities is universal for northern acidic bogs. A
reliable method for broad-scale investigations is the
now available method of in situ detection of acidophilic
methanotrophs by hybridization with 16S rRNA—tar-
geted fluorescently label ed oligonucl eotide probes. The
use of these probesfor the analysis of acidophilic meth-
anotrophic enrichments obtained earlier from Sphag-
num peat bogs of various zones of Russian tundra
(Chukotka, Vorkuta, Kolyma, and Kamchatka) [28]
allowed us to detect the presence of Methylocella
palustris cells (Dedysh et al., unpublished data). Evi-
dently, these organisms are representative of the meth-
anotrophic communities of tundra bogs as well. How-
ever, the mgjority of cells in the communities studied
could not be recognized by any of the currently existing
methanotroph probes, including probes targeting type |
and type Il methanotrophs. Most probably, the meth-
ane-oxidizing filter of acidic tundra bogs includes rep-
resentatives of yet unknown species or genera of acido-
philic methanotrophs.

In summary, the permanently increasing number of
studies confirmsto the high diversity and wide distribu-
tion of acidophilic methanotrophs. Microbiol ogists cur-
rently have at hand only two bacteria, Methylocella
palustris and Methyl ocapsa acidiphila, and most prob-
ably they are only a part of alarge group of organisms
(within type Il methanotrophs) that inhabit not only
Fphagnum peat bogs but aso acidic northern soils. Fur-
ther studies must fill the gapsin our knowledge on this
new bacterial group and its ecological significance.
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