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Aerobic bacteria utilizing methane as a carbon and
energy source (methanotrophs) have been recently
found in hypersaline and highly alkaline ecosystems
[1–7]. Methanotrophs adapted to high salinity and/or
pH values are geno� and phenotypically different from
the inhabitants of freshwater environments with neu�
tral pH values and have been described as new species
of the genera Methylomicrobium and Methylobacter [4]
and the recently proposed genus Methylohalobius [6].

We have shown that formation on their cell surface
of glycoprotein S�layers is a characteristic feature of
the ultrastructure of alkaliphilic and halophilic meth�
anotrophs of the genus Methylomicrobium; the func�
tions of these structures are still unclear [7, 8]. In addi�
tion, these bacteria synthesize organic osmolytes for
equalization of osmotic pressure between the cyto�
plasm and the medium, the major osmoprotectant
being the cyclic amino acid ectoine [8, 9]. This multi�
functional bioprotectant widely distributed in bacteria
is actively used in research practice, medicine, and
cosmetics [10]. The pathway of ectoine synthesis is a
branch in the biochemical sequence of synthesis of the
aspartate family amino acids, represented by three
specific enzymes: diaminobutyrate acetyltransferase

(EctA), diaminobutyrate aminotransferase (EctB),
and ectoine synthase (EctC). In Mm. alcaliphilum
20Z, the genes encoding the enzymes of ectoine syn�
thesis form an ectABCask operon carrying an addi�
tional gene of aspartate kinase [11]. It would be logical
to assume that further study of the distribution of
methanotrophs in geographically distant saline and
soda lakes with different hydrochemistry (including
taxonomic diversity and physiological and cytological
characteristics) will shed more light onto the adapta�
tion mechanisms of these bacteria to various extreme
factors and extend their biotechnological potential.

The goal of this work was the taxonomic and struc�
tural and functional characterization of methanotro�
phs isolated from saline and soda lakes of different
geographical regions.

MATERIALS AND METHODS

Objects of research. The silt samples from soda and
saline lakes were kindly provided by D.Yu. Sorokin
and V.M. Gorlenko (Institute of Microbiology, Rus�
sian Academy of Sciences). The pH and general salin�
ity values of these lakes are given in Table 1. The
halo(alkali)philic methanotrophs isolated from these
environments were the objects of the research. The
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type strains of haloalkaliphilic methanotrophs
Mm. alcaliphilum 20ZT and Mm. buryatense 5BT were
used for comparative studies.

Isolation of enrichment and pure cultures of metha�
notrophic bacteria. Enrichment cultures of methan�
otrophs were obtained by introducing 1 g of lake sedi�
ment samples into 30–50 ml of P mineral medium
[12]. The pH value of the medium was adjusted in
accordance with the pH values of the natural sources
by adding phosphate (pH 6.5–8.0), Na–carbonate
(pH 8–10.5), or NaOH–phosphate (pH 11) buffers to
the final concentration of 50–100 mM. The media
were supplemented with NaCl in a concentration cor�
responding to the lake salinity (0.2–20%). Incubation
was performed in a methane/air (1 : 1) atmosphere for
1–4 weeks at 29°C on a rotary shaker (140 rpm). The
time between successive passages was decreased as the
share of methanotrophs in the enrichment culture

increased. In some cases, the culture was enriched
with methanotrophs by separating the latter from
smaller heterotrophic satellites by filtration through
sterile membrane filters (pore size 0.45–0.8 μm) or by
centrifugation (3000 g, 3 min). After recentrifugation
of the supernatant at 2000 g for 5 min, the cells were
resuspended and washed with sterile medium on the
filters which were then used as inocula. Pure cultures
were isolated by plating on media with 1.5–2% Difco
agar (United States). The purity of cultures was con�
trolled by light and electron microscopy and by the
absence of growth on organic media: glucose–potato
agar [12] and peptone–yeast medium (0.2% peptone,
0.1% yeast autolysate, and 1.5% Difco agar).

Physiological and biochemical characterization of
the isolates. The effect of salt concentration on the
growth rates of methanotrophs was studied by growing
isolates in P medium supplemented with 0–10%

Table 1. Key features of the sampling sites and the properties of new isolates

Lake

Sampling site 
characteristics

 Strains
ICM type 

(C1 assimila�
tion pathway)

 DNA 
G+C, 
mol %

Growth conditions

pH Total 
salinity, g/l

Tempera�
ture, °C

pH range 
(optimum)1

NaCl, % 
(optimum)

Mongolia

Khotontyn 9.7–10.3 360 FM3 I (RuMP) 50.5 8–30 6.8–10.5 (8.6) 0–6 (1.3)

48°N, 115°E

Egypt

Fazda 9.7 250 E3 I (RuMP) 50 8–37 6.8–10.5 (9.0) 0–9 (0.8)

30°N, 30°E

United States

MonoLake 9.5 120 ML1 I (RuMP) 50.5 8–30 6.8–10.3 (9.0) 0–7 (1.0)

38°N, 119°W

Kulunda steppe, 
Altai krai, Russia

Uinak 9.3–9.6 20–46 1S I (RuMP) nd 26 6.8–10.3 (9.5) 0–8 (2)

53°N, 78°E

Tanatar 9.9 30–82 2S I (RuMP) nd 26 6.8–10.3 (9.5) 0–8 (2)

51°N,79°E

Petukhovo 9.9 54 3S I (RuMP) nd 26 6.8–10.3 (9.5) 0–9 (2)

52°N, 79°E

Iodnoe 9.1–9.3 108–150 4S I (RuMP) nd 26 6.5–10.5 (9.5) 0–8 (2)

Lechebnoe 9.1–9.3 108–150 4S1 I (RuMP) nd 26 6.8–10.3 (9.5) 0–8 (2)

Nikolaevskoe 9.3–9.5 100–118 5S I (RuMP) nd 26 6.5–10 (9.5) 0–8 (2)

Kulundinskoe 7.8–8.2 226–283 3C2 I nd 29 7.5 Up to 8 (6)

53°N, 79°E

Burlinskoe 7.45 360 7C I (RuMP) 51.5 29 6.2–9.0 (7.5) 1–4 (2)

53°N, 78°E
1 The optimal pH and salinity values are given in parentheses.
2 Enrichment culture was not divided into components; RuMP, ribulose monophosphate cycle; nd, not determined.
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NaCl, pH 9.5 or 7.2 for alkaliphilic and neutrophilic
strains, respectively. The effect of pH was studied by
cultivation of the cells under optimal salinity in the pH
range of 6.5–11.0.

The presence of soluble methane monooxygenase
(sMMO) was determined by naphthalene oxidation by
the cells [13]. The colonies of methanotrophic bacte�
ria were grown on P medium without copper. The
plates were stored for 1 h in a desiccator, with naphtha�
lene crystals placed onto its bottom. Tetrazotized o�
dianisidine solution (5 mg/ml) was poured onto the
agar surface. The colonies of sMMO�containing
strains were stained purple. Enzyme activities were
measured by the previously described methods in the
extracts obtained from the exponentially grown cells
harvested by centrifugation (6000 g, 15 min) and
washed with 0.05 M Tris–HCl (pH 7.5) at the relevant
NaCl concentration [1]. The methods used for analy�
sis of fatty acids and detection of osmoprotectants
have been described previously [8].

Electron microscopy. Cell fixation, ultrathin sec�
tioning, freeze�fracturing, and analysis of the prepara�
tions in a JEOL JEM 100B electron microscope
(Japan) were performed as described in [8].

Determination of DNA G+C content and PCR
amplification. DNA was isolated and purified as
described [14]. DNA G+C base content was deter�
mined by melting temperature in a Pye Unicam SP
1800 spectrophotometer (United Kingdom) [1]. PCR
amplification of the fragments of the pmoA gene cod�
ing for particulate monooxygenase was performed at
56°C using the pair of primers A189f and mb661r [15,
16] in an Eppendorf thermocycler (Germany). Frag�
ments of the ectB–ectC genes were amplified using
degenerate primers 5'�ACCGG(T/C)�ACITT�
(C/T)TT(C/T)AGITT(C/T)GA�3' (corresponding to
the ectB gene) and 5'�GGIGG(A/G)T�
T(A/G)AANAC(A/G)CA�3' (corresponding to the
ectC gene) as described [11]. DNA sequencing was
performed at the GENOME Interinstitute Center
(Institute of Molecular Biology, Russian Academy of
Sciences) in an ABI PRISM automatic sequencer
(United States) using the ABI PRISM RRigDyeTM

Terminator v. 3.1 reagent kit. The nucleotide
sequences were translated into amino acid sequences
using the Vector NTI 9.1 software package. Translated
amino acid sequences of the pmoA gene region
(124 aa) and nucleotide sequences of the 16S rRNA
gene (948 bp) were compared with the GenBank
sequences using the NCBI BLAST software
package (http//www.ncbi.nlm.nih.gov/Blast). The
sequences were aligned using the BioEdit 7.0.1 soft�
ware package. Phylogenetic trees were constructed
using the Treecon W (1.3b) and MEGA 4 software
packages.

RESULTS AND DISCUSSION

Physiological properties of the new isolates. The
diversity of aerobic methanotrophs in geographically
remote saline and soda lakes differing in pH values
(7.45–10) and general mineralization (20–360 g/l)
was estimated by an approach based on obtaining of
the most adapted forms of methanotrophic bacteria.
Bottom sediment samples were incubated in the meth�
ane/air (1 : 1) atmosphere in liquid mineral media
with pH and NaCl concentration corresponding to the
in situ values. As a result, 11 enrichment cultures of
aerobic methanotrophic bacteria were isolated from
the saline and soda lakes of the Kulunda steppe (Rus�
sia), Mongolia, Egypt, and North America. Ten pure
methanotrophic cultures were then isolated using spe�
cial enrichment techniques for methanotrophic cul�
tures (differential centrifugation and filtration through
membrane filters) (Table 1). As a rule, a substantial
decrease of salt concentration in the medium was
needed to obtain pure cultures of methanotrophs.

During growth on solid media for 4–7 days at
26°C, the cultures formed round, convex, cream�col�
ored colonies, 2–4 mm in size. The cells were gram�
negative rods, 1.2–2.7 × 0.7–1.2 μm. The new isolates
were mesophiles growing in the range of 8–37°C,
optimally at 30°C. Strains 1S, 2S, 3S, 4S, 4S1, 5S,
ML1, FM3, and E3 isolated from soda lakes grew at
pH 6.5–10.3 and salinity up to 8–9% NaCl, with the
maximum rate at pH 9.0–9.5 and 0.5–2% NaCl
(Table 1). It should be noted that, for growth in both
alkaline and neutral media, these alkaliphiles required
Na+ ions, which were added to the medium as carbon�
ates or sodium chloride in the concentration of 0.05 M
(Fig. 1).

The strain 7C growing in the pH range of 6.5–9.5
at a salinity of 0.5–5% NaCl (Fig. 1) was isolated from
Lake Burlinskoe with neutral pH values. The strain 7C
was obligately dependent on sodium chloride and grew
at a maximum rate at pH 7.5 and 2% NaCl. Thus, the
isolated strains were either halotolerant facultative
alkaliphiles or neutrophilic moderate halophiles
(strain 7C). The isolates grew on methane or methanol
as a carbon and energy source but were incapable of
growth on polycarbon substrates. Nitrates, nitrites,
ammonium salts, yeast extract, urea, casamino acids,
glutamate, and glycine were used as nitrogen sources,
with the exception of strain 3S, which did not grow on
the medium with glycine.

The physiological properties of the new isolates
only partially corresponded to the conditions of
hypersaline and soda lakes, since in pure cultures they
usually grew at a much lower salinity. For
Mm. alcaliphilum FM3 and Mb. marinus 7C, the salin�
ity values optimal for growth (1.3 and 2% NaCl) and
the maximum permissible salt concentration (5–6%
NaCl) were much lower than the water salinity in the
lakes from which these cultures had been isolated
(36% NaCl) (Table 1). This demonstrates a close
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interrelationship between the components of micro�
bial communities in these ecosystems; it is likely the
case that survival at a high salinity is favored by mutual
exchange of osmolytes. It is notable that the addition
of the supernatant of the culture liquid from the pri�
mary enrichments increased the salt tolerance of pure
methanotrophic cultures.

Metabolic characteristics. The cells of methan�
otrophs did not oxidize naphthalene and, therefore,
did not possess sMMO. Moreover, the sMMO�encod�
ing gene was not found by PCR with the respective
primers targeting the α subunit of the enzyme. Enzy�
mological analysis of cell�free extracts revealed the
presence of methanol, formaldehyde, and formate
dehydrogenases showing activity with phenazine
methosulfate (PMS) as an artificial electron acceptor.
Formate dehydrogenase was active also with NAD+

(Table 2). The high activities of the hexulose phos�
phate synthase indicated the operation of the ribulose
monophosphate (RuMP) pathway of formaldehyde
fixation in the isolates. The presence of the activities of
2�keto�3�deoxy�6�phosphogluconate aldolase and
fructose�1,6�bisphosphate aldolase indicated the
functioning of two pathways for phosphosugars cleav�
age: the Entner–Doudoroff pathway and the Emb�
den–Meyerhof–Parnas pathway; in the latter case,
the reaction of fructose�6�phosphate phosphorylation
was catalyzed by PPi� but not ATP�dependent
6�phosphofructokinase. Moreover, the oxidative pen�
tose phosphate pathway of phosphosugar splitting in
these bacteria involved NAD(P)+ dependent glucose�
6�phosphate and 6�phosphogluconate dehydrogena�
ses. Activities of the enzymes of the serine pathway
(hydroxypyruvate reductase and serine�glyoxylate
aminotransferase) and the Calvin cycle (ribulose bis�
phosphate carboxylase) were not found. All strains
lacked the α�ketoglutarate dehydrogenase activity;

therefore, the incomplete Krebs cycle performed,
mainly a biosynthetic function. Activities of the glyox�
ylate bypass enzymes (isocitrate lyase and malate syn�
thase) were also absent. The isolates assimilated NH4

+

via the glutamate cycle and by means of reductive ami�
nation of α�ketoglutarate and pyruvate with participa�
tion of glutamate synthase, glutamine synthetase, and
glutamate and alanine dehydrogenases, respectively.
Generally, the metabolic design of the isolates was
analogous to that of other methanotrophs of morpho�
type I. It is obvious that the employment of the RuMP
cycle of formaldehyde fixation, being the most ener�
getically efficient of the known C1 assimilation path�
ways, gives methanotrophs an advantage in osmoad�
aptation, in particular, maintenance of the ionic cell
homeostasis [7].

Molecular identification of the isolates. The DNA
G+C content of the isolates (50–51.5 mol %) was typ�
ical of the type I methanotrophs. Analysis based on the
comparison of the pmoA gene fragment encoding one
of the subunits of membrane MMO showed high sim�
ilarity of the isolated alkaliphilic methanotrophs with
Mm. buryatense (99.1% identity of translated amino
acid sequences). The strain 4S showing maximum
similarity with Mm. alcaliphilum (100% identity)
(Fig. 2) was an exception. However, comparison of the
16S rRNA gene sequences classified of the isolates
from soda lakes as Mm. alcaliphilum (99.4–99.7%
similarity), except for the strain 3S, which was close to
Mm. buryatense (Fig. 3). As a rule, the phylogeny of
methanotrophs based on the 16S rDNA sequence
completely corresponds to that of the pmoA gene [16].
However, our data showed that the species affiliation
of methanotrophs could not be unambiguously estab�
lished only by the amino acid sequence of the PmoA.

According to the genotypic properties, the neutro�
philic halophilic strain 7C proved to be the closest rel�
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ative of Methylobacter marinus (99.3% identity of the
pmoA gene sequence and 99.3% similarity of the 16S
rRNA gene) [17]. In addition, the monoculture 3C
growing in the neutral medium at 6% NaCl was iso�
lated from silt of the hypersaline Lake Malinovoe in
the Kulunda steppe. The PmoA sequence of this
methanotroph showed the highest identity with Meth�
ylohalobius crimeensis (99.1%) [6].

Thus, the isolated methanotrophs belonged mainly
to the species Mm. alcaliphilum, which indicates its
wide distribution in soda lakes of different geographi�
cal regions. On the contrary, the halophilic methan�
otrophs close to Mb. marinus and Methylohalobius
crimeensis, initially described as inhabitants of marine
ecosystems, were isolated from hypersaline lakes of the
Kulunda steppe with neutral pH values of the water
[6, 17].

Fatty acid composition. Fatty acid profiles of the
isolates affiliated, according to the 16S rDNA
sequence, to the genera Methylomicrobium or Methy�

lobacter were practically identical and close to those of
the previously described alkaliphilic halotolerant
methanotrophs [3]. Predominant fatty acids were
monounsaturated hexadecanoic acids (C16:1ω7C), but
the isomer C16:1ω8C, typical of neutrophilic nonhalo�
philic methanotrophs of the genus Methylomicrobium,
was absent (Table 3). Consequently, at least in salt�
dependent methanotrophs, fatty acid profiles should
not be considered as a generic taxonomic marker. The
composition and ratio of fatty acids in the strain 5S
were practically unchanged when pH values of the cul�
tivation medium varied (pH 9.0 or pH 7.2) (Table 3).

Ultrastructural properties of the cells. The cell wall
structure of the isolated strains was typical for gram�
negative bacteria (Fig. 2). The cytoplasm contained
intracytoplasmic membranes (ICM) of morphotype I
as stacks of vesicular discs and inclusions similar to the
glycogen granules in Mm. alcaliphilum 20Z and Mm.
buryatense 5B [8, 18].

Table 2. The enzyme activities in the new (halo)alkaliphilic methanotrophs (nmol min–1 mg–1 protein)

Enzyme Cofactor
Strain

FM3 E3 ML1 1S 2S 3S 4S 4S1 5S 7C

Methanol dehydrogenase PMS 342 96 50 179 227 129 201 68 270 80

Formaldehyde dehydrogenase PMS 30 18 8 10 36 4 37 22 12 57

NAD+ 12 10 0 0 21 24 58 3 4 20

Formate dehydrogenase PMS 152 112 164 52 62 25 128 45 42 62

NAD+ 12 11 8 14 14 26 129 25 5 25

Hexulose phosphate synthase 59 76 23 152 90 28 257 54 67 98

Glutamate dehydrogenase NADH 19 19 18 4 6 10 2 2 nd 10

NADPH 0 nd nd 2 9 6 2 2 nd 10

Alanine dehydrogenase NADH nd nd nd 9 6 2 3 4 2 16

NADPH nd nd nd 5 5 8 3 3 7 5

Glutamate synthase NADH 23 30 24 7 4 7 2 2 1 7

NADPH 10 15 5 2 6 7 2 3 0 11

Glutamine synthetase Mn2+, ATP 21 19 34 278 106 43 84 73 62 4

6�Phosphogluconate dehydrogenase NADP+ nd nd nd 4 6 5 5 3 1 7

Glucose�6�phosphate dehydrogenase NAD+ 0 0 0 3 1 0 3 0 2 36

NADP+ 11 6 8 3 3 4 4 4 4 7

KDPG�aldolase NADH 18 13 17 6 16 21 18 6 10 11

FBP�aldolase NADH 132 167 106 39 10 8 32 3 18 17

PPi�phosphofructokinase NADH 36 35 20 10 9 17 129 9 22 16

Note: Cell extracts of the strains under study did not exhibit the activities of hydroxypyruvate reductase, serine�glyoxylate aminotransferase,
ribulose bisphosphate carboxylase, and α�ketoglutarate dehydrogenase. KDPG, 2�keto�3�deoxy�6�phosphogluconate; FBP, frucrose�
1,6�bisphosphate; PPi, inorganic pyrophosphate; nd, not determined.
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Regular S�layers were found on the cell surface of
strains 1S and 2S. These layers were represented by
cup�shaped structures 36 nm in height and 33 nm in
diameter arranged with hexagonal (p6) symmetry and
identical in morphology to the S�layers of
Mm. alcaliphilum 20Z (Figs. 4a, 4d, 4g) [1, 8]. The
packing density of cup�shaped structures was
900 U/μm2. In strain 3S, cup�shaped structures
(40 nm in height and 29 nm in diameter) had denser
hexagonal packing (1225 U/μm2) and were analogous
to those of Mm. buryatense (Fig. 4j) [3]. On the con�
trary, leaf�shaped S�layers consisting of the protein
subunits with linear (p2) symmetry were found on the
cell surface of Mm. alcaliphilum ML1 (Figs. 4c, 4f, 4i).

Another morphotype of S�layers was found in Mm.
alcaliphilum strains FM3, E3, 4S, 4S1, and 5S. Analy�
sis of ultrathin sections and cryofractures of the 5S
cells showed that these S�layers consisted of a mono�

layer of “inverted” conical structures 18 nm in height
and 13 nm in diameter arranged in the p6 symmetry
(Figs. 4b, 4e, 4h). Such S�layers, previously described
as globular surface structures, are formed also by the
alkaliphilic methanotroph Mm. kenyense AMO1 [2].
Although no S�layers were detected in the strains 3C
and 7C, the strain 7C was shown to have membrane
vesicles, the functions of which still have to be eluci�
dated (Fig. 4k).

Thus, additional regular layers on the cell surface
are formed by halotolerant alkaliphilic methanotrophs
of the genus Methylomicrobium. At the same time,
three major types of supramolecular organization of
S�layers represented as cup�shaped structures, fine
inverted cones, or protein subunits forming a planar p2
symmetry are present in different strains of the species
Mm. alcaliphilum. It is notable that the character of
supramolecular organization of S�layers in Mm. bury�

10%
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Fig. 2. Phylogenetic tree constructed on the basis of comparative analysis of translated amino acid sequences of the pmoA gene of
the new isolates and other methanotrophic bacteria. The tree was constructed relative to the AmoA fragment of Nitrosococcus
oceanus.
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atense 3S, which is slightly different from that of Mm.
alcaliphilum, is analogous to other strains of this spe�
cies [3].

The functions of the S�layers typical for many bac�
teria have yet to be ascertained [19]. For halotolerant
alkaliphilic methanotrophs, one can only suggest the
role of S�layers as an additional rigid framework of the
cell wall, which prevents cell lysis under the conditions
of changing osmotic pressure of soda lakes, which are
liable to drying up and fluctuations of salinity. At the

same time, the absence of S�layers in the neutrophilic
halophilic isolates referred to the genera Methylo�
bacter and Methylohalobius does not allow us to con�
sider these surface structures as a universal mechanism
facilitating survival under high salinity. Elucidation of
the functions of S�layers in methanotrophs depends,
first of all, on successful decoding of their genetic
determinants [7].

Osmoprotectants and analysis of the genes of ecto�
ine synthesis. During the growth under conditions of
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Fig. 3. Phylogenetic tree constructed on the basis of comparative analysis of nucleotide sequences of the 16S rRNA gene of the
new isolates and other methanotrophic bacteria. The tree was constructed relative to the 16S rDNA sequence of Bacillus subtilis.
New strains are in bold.

Fig. 4. Cell morphology and ultrastructure of the halo(alkali)philic methanotrophs Methylomicrobium alcaliphilum 1S (a, d, g),
Methylomicrobium alcaliphilum 5S (b, e, h), Methylomicrobium alcaliphilum ML1 (c, f, i), Methylomicrobium buryatense 3S (j),
Methylobacter marinus 7C (k), and Methylohalobius crimeensis 3C (l). Ultrathin sections (a⎯f, j⎯l); cell surface cryofractures
showing p6 symmetry of S�layers (g, h); negatively stained S�layer with p2 symmetry (i). Scale bar: 0.5 μm (a⎯c, j⎯l) and 0.2 μm
(d⎯i). Gly, glycogen granules; CS, cup�shaped structures; ICM, intracytoplasmic membranes; MV, membrane vesicles.
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Methylomicrobium alcaliphilum FM3
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Fig. 5. Phylogenetic tree constructed on the basis of comparative analysis of translated amino acid sequences of the ectC gene of
methanotrophic isolates and some halophilic and halotolerant eubacteria. The tree was constructed relative to the EctC fragment
of Bacillus pasteurii. 

high salinity (4–6% NaCl), the isolated methanotro�
phs accumulated ectoine (50–80 mg/g dry cells),
glutamate (25–55 mg/g), and sucrose (30–60 mg/g).
Thus, halophilic and halotolerant methanotrophs,
irrespective of their taxonomic affiliation, synthesize
the same spectrum of osmoprotectants to equilibrate
the external osmotic pressure [7–9].

A DNA fragment including the 3'�terminal
sequence of the ectB gene and the 5'�terminal region of
the ectC gene was amplified from the DNA of five
strains of methanotrophic isolates and Mm. buryatense
5BT by using the previously developed degenerate
primers [11]. The sequencing of the PCR products
showed that these incomplete open reading frames
were oriented in the same direction, indicating possi�
ble arrangement of the genes of ectoine synthesis in a
single cluster. Phylogenetic analysis of the translated
amino acid sequences of the ectC gene fragment
(261 bp, which makes up two�thirds of its complete
sequence) showed that ectoine synthase of the isolated
methanotrophs exhibited a homology with EctC from
other halophilic bacteria (Fig. 5) and the methan�
otroph Mm. alcaliphilum 20Z (50–100%), thus con�
firming rather high conservation of the ectoine syn�
thesis pathway in bacteria [20].

Based on analysis of the EctC sequences and taxo�
nomic and ecogeographical grouping of the methan�
otrophic isolates, some patterns may be established.
For example, in different strains of Mm. alcaliphilum
(FM3, E3, ML1, and 20Z) and in Mm. buryatense 3S
isolated from silt of the soda lakes of Mongolia, Egypt,
North America, and Russia, respectively, the trans�
lated amino acid sequences of the ectC gene were prac�
tically identical (98–100%) (Fig. 5). On the other
hand, the ectC genes proved to be rather divergent in
two strains of the same species, Mm. buryatense 5B and
3S (81%), which differed also in the upper limit of hal�
otolerance (6 or 9% NaCl, respectively). It excludes
neither the lateral transfer of the ect genes nor the high
rate of their divergence in methanotrophs. Moreover,
ectoine and the genes of its biosynthesis have been
found for the first time in the neutrophilic, moderately
halophilic Mb. marinus 7C. At the same time, the high
divergence between EctC of Mb. marinus 7C and
methanotrophs of the genus Methylomicrobium (~50%
of identity) and the clustering of EctC of Mb. marinus
7C with the enzyme from the marine halophilic bacte�
rium Mariprofundus ferrooxydans (78.5%) imply hori�
zontal transfer of the ect genes.

Thus, methanotrophs adapted to the conditions of
hypersaline and soda lakes are represented by halo�
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philic or halotolerant, facultatively alkaliphilic metha�
notrophs of morphotype I. These bacteria assimilate
methane carbon via the RuMP cycle, the most ener�
getically efficient pathway of assimilation of C1 sub�
strates, which gives advantages in osmoadaptation, in
particular, maintenance of the ionic cell homeostasis,
the synthesis of osmoprotectants and/or S�layers.
Comparative analysis of the ectC genes indicates the
horizontal transfer of the genes of the pathway of syn�
thesis of the osmoprotectant ectoine as a quite proba�
ble way for methanotrophs to become resistant to high
salinity.

ACKNOWLEDGMENTS

The work was supported by the Russian Founda�
tion for Basic Research (projects nos. 08�04�01732a
and 09�04�92520�Ika), Russian State Contract
02.740.11.0296, and the Ministry of Education and

Science of the Russian Federation (project no. RNP
2.1.1/605, CRDF Rub1�2946�PU�09).

REFERENCES

1. Khmelenina, V.N., Kalyuzhnaya, M.G., Starostina, N.G.,
Suzina, N.E., and Trotsenko, Yu.A., Isolation and
Characterization of Halotolerant Alkaliphilic Methan�
otrophic Bacteria from Tuva Soda Lakes, Curr. Micro�
biol., 1997, vol. 35, no. 5, pp. 257⎯261.

2. Sorokin, D.Y., Jones, B.E., and Kuenen, J.G., A Novel
Obligately Methylotrophic, Methane�Oxidizing Meth�
ylomicrobium Species from a Highly Alkaline Environ�
ment, Extremophiles, 2000, vol. 4, no. 1, pp. 145⎯155.

3. Kalyuzhnaya, M.G., Khmelenina, V.N., Eshinimaev, B.Ts.,
Suzina, N.E., Nikitin, D., Solonin, A., Lin, J.L.,
McDonald, I.R., Murrell, J.C., and Trotsenko, Yu.A.,
Taxonomic Characterization of New Alkaliphilic and
Alkalitolerant Methanotrophs from Soda Lakes of the
Southeastern Transbaikal Region and Description of
Methylomicrobium buryatense sp. nov., Syst. Appl.
Microbiol., 2001, vol. 24, no. 2, pp. 166⎯176.

4. Kalyuzhnaya, M.G., Khmelenina, V.N., Eshinimaev, B.Ts.,
Sorokin, D.Y., Fuse, H., Lidström, M.L., and Trot�
senko, Yu.A., Classification of Halo(Alkali)Philic and
Halo(Alkali)Tolerant Methanotrophs Provisionally
Assigned to the Genera Methylomicrobium and Methy�
lobacter and Emended Description of the Genus Meth�
ylomicrobium, Int. J. Syst. Evol. Microbiol., 2008,
vol. 58, no. 3, pp. 591⎯596.

5. Trotsenko, Yu.A. and Khmelenina, V.N., The Biology
and Osmoadaptation of Haloalkaliphilic Methanotro�
phs, Mikrobiologiya, 2002, vol. 71, no. 2, pp. 149⎯159
[Microbiology (Engl. Transl.), vol. 71, no. 2, pp. 123⎯

132].
6. Heyer, J., Berger, U., Hardt, M., and Dunfield, P.F.,

Methylohalobius crimeensis gen. nov. sp. nov., a Moder�
ately Halophilic Methanotrophic Bacterium Isolated
from Hypersaline Lakes of Crimea, Int. J. Syst. Evol.
Microbiol., 2005, vol. 55, no. 5, pp. 1817⎯1826.

7. Trotsenko, Yu.A. and Khmelenina, V.N., Ekstremo�
fil’nye metanotrofy (Extremophilic Methanotrophs),
Gal’chenko, V.F., Ed., Pushchino: ONTI PNTs RAN,
2008.

8. Khmelenina, V.N., Kalyuzhnaya, M.G., Sakharovsky, V.G.,
Trotsenko, Yu.A., and Gottschalk, G., Osmoadapta�
tion in Halophilic and Alkaliphilic Methanotrophs,
Arch. Microbiol., 1999, vol. 172, no. 5, pp. 321⎯329.

9. Khmelenina, V.N., Sakharovskii, V.G., Reshetnikov, A.S.,
and Trotsenko, Yu.A., Synthesis of Osmoprotectants by
Halophilic and Alkaliphilic Methanotrophs, Mikrobi�
ologiya, 2000, vol. 69, no. 4, pp. 465⎯470 [Microbiology
(Engl. Transl.), vol. 69, no. 4, pp. 381⎯386].

10. Graf, R., Anzali, S., Buenger, J., Pfluecker, F., and
Driller, H., The Multifunctional Role of Ectoine as a
Natural Cell Protectant, Clinics Dermatol., 2008,
vol. 26, pp. 326⎯333.

11. Reshetnikov, A.S., Khmelenina, V.N., and Tro�
tsenko, Yu.A., Characterization of the Ectoine Biosyn�
thesis Genes of Haloalkalitolerant Obligate “Methan�
otroph “Methylomicrobium alcaliphilum 20Z”, Arch.
Microbiol., 2006, vol. 184, no. 5, pp. 286⎯296.

Table 3. Fatty acid profile in the cells of new isolates (% of the
total content)

Acid

5S

4S pH 9.5 7C pH 7.5

pH 9.5 pH 7.2

14:0 2.1 3.4 2.6 7.5

15:0 3.0 2.5 1.8 3.9

16:1ω7c 49.8 52.0 49.5 53.2

16:1ω7t 9.3 10.0 8.6 5.1

16:1ω5c 18.0 14.7 19.1 16.3

16:0 16.1 15.4 16.8 11.3

17:1ω8c 0.3 0.2 0.1 0.4

3h16:0 0.1 0.1 0.1 0.4

18:2 0.1 0.5

18:1ω9 0.5 0.3 0.2 0.5

18:1ω7 0.3 0.4 0.4 0.7

18:0 0.5 0.9 0.7 0.3



482

MICROBIOLOGY  Vol. 79  No. 4  2010

KHMELENINA et al.

12. Gal’chenko, V.F., Metanotrofnye bakterii (Methan�
otrophic Bacteria), Moscow: GEOS, 2001.

13. 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 Methan�
otrophs, Methylocaldum gen. nov., Arch. Microbiol.,
1997, vol. 168, no. 6, pp. 493⎯503.

14. Sambrook, J., Fritsch, E.F., and Maniatis, T., Molecu�
lar Cloning: A Laboratory Manual, Cold Spring Harbor,
New York: Cold Spring Harbor Lab., 1989.

15. Murrell, J.C., McDonald, I.R., and Bourne, D.G.,
Molecular Methods for the Study of Methanotroph
Ecology, FEMS Microbiol. Ecol., 1998, vol. 27,
pp. 103⎯114.

16. Costello, A. and Lidström, M.E., Molecular Charac�
terization of Functional and Phylogenetic Genes from
Natural Populations of Methanotrophs in Lake Sedi�
ments, Appl. Environ. Microbiol., 1999, vol. 65,
pp. 5066⎯5074.

17. Gulledge, J., Ahmad, A., Steudler, P.A., Pomerantz, W.J.,
and Cavanaugh, C.M., Family� and Genus�Level 16S
rRNA�Targeted Oligonucleotide Probes for Ecological
Studies of Methanotrophic Bacteria, Appl. Environ.
Microbiol., 2001, vol. 67, no. 10, pp. 4726⎯4733.

18. Eshinimaev, B.Ts., Khmelenina, V.N., Sakharovskii, V.G.,
Suzina, N.E., and Trotsenko, Yu.A., Physiological,
Biochemical, and Cytological Characteristics of a
Haloalkalitolerant Methanotroph Grown on Metha�
nol, Mikrobiologiya, 2002, vol. 71, no. 5, pp. 690⎯700
[Microbiology (Engl. Transl.), vol. 71, no. 5, pp. 512⎯

518].

19. Sara, M. and Sleytr, U.B., S�Layer Proteins, J. Bacte�
riol., 2000, vol. 182, pp. 859⎯868.

20. Kuhlman, A.U. and Bremer, E., Osmotically Regu�
lated Synthesis of the Compatible Solute Ectoine in
Bacillus pasteurii and Related Bacillus spp, Appl. Envi�
ron. Microbiol., 2002, vol. 68, pp. 772⎯783.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


