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Abstract—There isincreasing evidence for the presence and activity of methanotrophic bacteriain saline and
alkaline aguatic environments located in different ecogeographical regions. Alkalitolerant halophilic and alka-
liphilic hal otolerant methanotrophs of type | were found to be able to utilize methane and methanal, to oxidize
ammonium ions, and to transform various organic compounds in a wide range of water salinities (up to 12%
NaCl) and pH values (from 5 to 11). The ecophysiological importance of methanotrophsin microbial commu-
nities inhabiting saline and alkaline aquatic environments is due to their involvement in the global cycles of
methane and major bioelements (C, N, and S). Specific cyto- and biochemical properties of haloakaliphilic
methanotrophs—the synthesis of osmoprotectants (ectoine, 5-oxoproline, and sucrose), the accumulation of
potassium ions, the formation of glycoprotein S-layers on the outer surface of their cell walls, and the modifi-
cation of the chemical composition of their membranes—allow them to adapt to highly saline and alkaline hab-
itats. Due to their specific properties, haloalkaliphilic methanotrophs may be of use in modern biotechnology.
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INTRODUCTION

Historical background. Methane-utilizing bacte-
ria, or methanotrophs, are widespread in nature and
greatly contribute to the global biogeochemical cycles
of carbon, nitrogen, and other bioelements. By consum-
ing methane, methanotrophs reduce the threat of global
warming through the greenhouse effect. Many methan-
otrophs are ableto oxidize awide range of aliphatic and
aromatic compounds and, therefore, may beinvolvedin
bioremediation of the environment from these toxic
pollutants. Until recently, most collection cultures of
methanotrophs have been represented by neutrophilic
strains, which show optimal growth at pH values
between 6.5 and 7.5 and salinities not exceeding 0.5%
NaCl [1-3]. The only exception was marine methanotro-
phs, which can grow at salinities of up to 3% NaCl [4].

In 1949, Hutton and Zobell reported on the isolation
of methanotrophs from marine sediments[5], but it was
not until 40 years later that Lidstrom presented the first
taxonomic description of marine methanotrophs [6].
Further studies of marine ecosystems confirmed the
presence and activity of methanotrophic bacteria there
[7, 8]. Malashenko et al. described methanotrophs that
can tolerate up to 9% NaCl, which were isolated from
salt lakes, athough those methanotrophs were not
obtained in pure cultures [9, 10]. Until now, there was
no evidence that methanotrophs are present in alkaline
ecosystems.

In spite of the fact that soda and salt lakes comprise
up to 80% of inland bodies of water in certain regions
[11], they are far from being well studied with respect
to their microbiology. In his pioneering work, |ssatch-
enko emphasized the diversity of microbiological pro-
cessesin sodalakes[12]. Inrecent years, there has been
anincreasing interest by researchersin the study of ath-
alassic lakeslocated in the African Rift System, Central
Asia, Southeast Siberia, and North America. The com-
plex study of these ecosystems allowed different phys-
iological groups of (halo)alkaliphilic microorganisms
to be established [13-18]. Hypersalinelagoons and ath-
alassic soda lakes are believed to be relic biotopes,
where diverse terrestrial microbiota have evolved [19].

The microflora of saline and alkaline aquatic envi-
ronments have been described in a number of review
papers[11, 20-23]. The conditions of high mineraliza-
tion and/or akalinity of such environments regulate
their prokaryotic communities, which include the
major trophic groups of microorganisms. The primary
producers in these environments are cyanobacteria and
photosynthetic purple bacteria. The final link in the
food chain of such ecosystems is made up of het-
erotrophic bacteriabelonging to different physiological
and taxonomic groups[20, 22, 24]. The microbial com-
munities of thalassic and continental aquatic environ-
ments are essentially similar in their trophic structure.
The mgjor functional groups of microorganisms com-
monly belong to different genera[16, 20].
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By the time our investigations were started, all spe-
cific reactions of the carbon cyclein saline and alkaline
ecosystems, from the fixation of carbon dioxide to the
formation of methane (one of the mgjor end products of
decomposing organic matter in anoxic environments),
had been studied. At the same time, little was known
about the methane sink in such ecosystems. The oxida-
tion of methane by methanotrophs seemed questionable
because of thelow solubility of this gas and because the
gas chromatographic and microscopic analyses of sam-
ples taken from hypersaline microbial mats failed to
detect methanotrophic bacteria and methane consump-
tion [25, 26]. We were the first to show a gradual con-
sumption of (!*C) methane in the Crimean brine lakes
with water salinities from 8 to 30% [27]. The rate of
methane consumption was found to be maximal at
salinities between 10 and 12%. Our further effortswere
aimed at demonstrating the existence of methanotrophs
in hypersaline and/or hyperalkaline environments and
at studying their biology. For this purpose, it was nec-
essary to develop more specific and sensitive methods
for detecting, isolating, and investigating (halo)alka-
liphilic methanotrophs.

Detection and isolation of haloalkaliphilic meth-
anotrophs. Using “C-labeled methane, we revealed
methane consumption in bottom sediment and water
samplestaken from salt and sodalakesin different eco-
geographical regions. The maximum rates of methane
oxidation were observed in sediment samples taken in
the severely akaline but dightly mineralized |akes of
Tuva and Buryatia. As water salinity rose to 15%, the
rates of '“CH, assimilation by bacteria cells and the
incorporation of '“C into their exometabolites
increased. However, afurther increase in water salinity
led to a decrease in these rates to aimost zero. The
decrease in methane assimilation was especialy pro-
found in the case of some hypersaline habitats of
Ukraine and Mongolia[27-29]. A high rate of methane
oxidation was observed within awide range of pH val-
ues (from 5 to 11), with two peaks at pH 5.8-6.0 and at
8.2-9.4. Presumably, methanotrophs have adapted to
considerable changes in environmental pH due to sea-
sonal changes in water level. In some soda lakes of
southeast Transhaikal, the intensity of methane oxida-
tion was twofold lower than the intensity of methane
formation [30], indicating that the methanotrophs of
such habitats can potentialy utilize all of the biogenic
methane produced there. It should, however, be noted
that the rates of methane formation and oxidation in
these studies were measured under conditions where
the oxygen supply differed. Therefore, the real scale of
methanogenesis and methane oxidation in situ remains
to be evaluated.

The presence of methanotrophs in virtually all the
samples under study was confirmed by the polymerase
chain reaction (PCR) technique using specific genetic
probes (primers) to detect genes encoding the a-sub-
units of methanol dehydrogenase (mxaF) and soluble
and particulate methane monooxygenases (mmoX and
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pmoA, respectively) [31]. It should be noted that the
primers that were used to detect methanotrophs in
saline and akaline ecosystems alow the detection of
marine methanotrophs only after their isolation in
enrichment cultures [32].

The microscopic examination of enrichment cul-
tures obtained from most sediment and water samples
in amethane—oxygen atmosphere showed that they rep-
resent associations of heterotrophic and methan-
otrophic bacteria, which could not be separated without
destroying their methanotrophic component. The con-
tent of methanotrophs in enrichment cultures could be
augmented by using special approaches, such as aseptic
filtration and centrifugation, which alow larger and
heavier methanotrophic cells to be separated from
smaller and lighter heterotrophic satellites. In some
cases, the addition of the cultureliquid of heterotrophic
satellites exerted a beneficial effect on the growth of
methanotrophs, presumably due to the fact that the het-
erotrophs are able to synthesize growth factors and
osmoprotectants essential to the methanotrophs. The
repeated transfers of subcultures, with the period
between the transfers being gradually shortened, led to
the isolation of strains that do not require any exoge-
nous growth factors and can grow in pure cultures.
Almost all sediment and water samplestaken from soda
and salt lakes contained protozoans grazing on metha-
notrophs [4]. For this reason, the addition of 20 pg/ml
cycloheximide was a necessary condition for the suc-
cessful isolation of methanotrophs. Together with the
serial dilution technique, al the aforementioned
approaches allowed us to isolate seven haloalkaliphilic
methanotrophsin pure cultures [33-36], which formed
the basis of the first collection of such bacteria.

THE PROPERTIES AND TAXONOMY
OF HALOALKALIPHILIC METHANOTROPHS

M orphology and physiology. New methanotrophic
isolates represent large nonpigmented rod-shaped cells
1.5 x 3.0 um in size with singular or multiple polar fla-
gella The cell walls of methanotrophs resemble those
of gram-negative bacteria but contain, on their outer
surface, unusual structured layers (called S-layers) with
linear (p2) or hexagonal (p6) symmetry. Intracytoplas-
mic membranes (ICMs) look like stacks of vesicular
disks, which is the typical appearance of such mem-
branesin type | methanotrophs. The methanotrophs are
able to utilize methane and methanol as sources of car-
bon and energy and nitrate and ammonium salts as
sources of nitrogen. Even at a concentration as high as
7%, methanol isnot inhibitory to the growth of the most
isolates, which is uncommon for type | methanotrophs.
Some of the methanotrophs can tolerate desiccation
and heating at 80°C for 20 min, which makes their
maintenance easier. The high resistance of these meth-
anotrophs to heating and desiccation probably evolved
in response to drastic seasonal changesin ambient tem-
perature (from 40°C in summer to —40°C in winter),
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which can lead to the complete drying out or freezing
of salt and soda lakes in Mongolia and southeastern
Siberia. A unique feature of the new methanotrophic
isolates is their ability to grow at high water salinities
(8-12% NaCl) and pH values (up to 11).

Carbon and nitrogen metabolism. All of the
known halophilic and alkalitolerant methanotrophs
assimilate methane through the ribulose monophos-
phate (RUMP) pathway, have the incomplete Krebs
cycle (because of the absence of a-ketoglutarate dehy-
drogenase and the glyoxylate cycle), and possess only
one, NADP*dependent, isocitrate dehydrogenase.
Like other type | methanotrophs, (halo)akaliphilic
methanotrophs utilize phosphosugars via three differ-
ent pathways (glycolytic, pentose phosphate, and Ent-
ner—Doudoroff). The glycolytic pathway is reduced
because of the absence of pyruvate kinase, so that phos-
phoenol pyruvate is the end product of glycolysis. The
phosphorylation of fructose-6-phosphate requires pyro-
phosphate (PP,) rather than ATP asthe source of aphos-
phate group.

Although NaCl stimulates the oxidation of CH, by
hal oalkaliphilic methanotrophs [37], cytoplasmic for-
mate dehydrogenase and hexul ose-6-phosphate syn-
thase are inhibited by 0.1 M NaCl in vitro and have pH
optima a a pH of 7.5-8.0. Therefore, to provide for the
maximum growth rate under alkaline conditions (at pH > 9)
in the presence of NaCl, bacterial cells must control the
intracellular concentrations of hydrogen, sodium, and
chlorideions. The mechanisms maintaining the homeo-
stasis of these ions in haloalkaliphilic methanotrophs
are as yet poorly studied. However, the higher rates of
methane assimilation by cells adapted to akaline con-
ditions in comparison with cells grown at neutral pH
values suggest that the homeostatic regulation of intra-
cellular pH in alkaliphilic methanotrophs is inducible
[35].

The methanotrophs isolated from slightly mineral-
ized soda lakes are characterized by a relatively high
affinity for methane, as is evident from the value of the
saturation constant for this substrate (K, = 2.9 uM). It
should be noted that this value of the saturation con-
stant is specific to neutrophilic methanotroph, whereas
the methanotrophs isolated from highly mineralized
aquatic habitats exhibit an even higher affinity for
methane (K; = 0.9 uM). This indicates that the enzy-
matic apparatus of such methanotrophs is adapted to
the methane deficiency caused by the low solubility of
this gas in high-osmolarity media[35].

The growth of haloalkaliphilic methanotrophs in
alkaline mediaisinhibited by concentrations of ammo-
niumionsaslow as 0.3 mM. Thisislikely dueto alka
linization of the cytoplasm, since, at alkaline pH values,
ammonium ions convert to free ammonia. The ammo-
niaeasily penetratesinto the cytoplasm, whereit under-
goes back conversion to ammonium ions, thus decreas-
ing the concentration of protons in the cytoplasm. The
haloalkaliphilic methanotrophs studied so far were
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found to be able to oxidize ammonium ions to nitrite
attaining their optimum at pH 9.5-10.0. Accordingly,
hal oalkaliphilic methanotrophs are able to implement
the first phase of nitrification and, together with other
microorganisms, are probably involved in the conver-
sion of fixed nitrogen in alkaline ecosystems [29, 38].
Like other type | methanotrophs, haloalkaliphilic meth-
anotrophs assimilate ammonium ions through the
reductive amination of pyruvate and a-ketoglutarate, as
well as by the glutamate cycle.

Taxonomic position. The G+C content of the DNA
of the haloalkaliphilic isolates variesfrom 46 to 51 mol %.
Based on their pheno- and genotypic characteristics,
including the nucleotide sequence of 16S rDNA, the
isolates were preliminarily classified as three new spe-
cies of the genus Methylomicrobium: M. alcaliphilum
(strains 5Z and 20Z), M. modestohal ophilum (strain
10S), and M. buryatense (strains 4G, 5G, 6G, 7G, and
5B). Since the type species of this genus, i.e., the
marine halophilic methanotroph M. pelagicum, is not
available from the main world’s coll ections of microor-
ganisms, the DNA-DNA hybridization of the isolates
was carried out with another representative of the
genus, the neutrophilic nonhalophilic methanotroph
M. album BG8, which has cup-shaped cell surface
structures close to, but not identical with, those of the
methanotrophs M. alcaliphilum and M. buryatense.
The DNA-DNA hybridization levels of the haloalka-
liphilic isolates with M. album BG8 were found to be
about aslow as 3%, indicating that theisolates may rep-
resent a new genus, for which we have proposed the
name “ Methyl ohalonatronum” . According to its DNA—
DNA hybridization level, the haloalkaliphilic methan-
otroph Methylomicrobium kenii AMO1, isolated from
mud samples taken in Kenyan soda lakes [38], should
also be ascribed to this new genus. The low degree of
DNA homology (below 20%) between the neutrophilic
halophilic bacterium M. modestohal ophilum 10S, iso-
lated from the Crimean Lake Sasyk with hypersaline
(14% NaCl) and neutral (pH 7) water, M. alcaliphilum
strains 20Z and 5Z, isolated from Tuva soda |akes, and
M. buryatense, isolated from sodalakesin the Southern
Transbaikal region, indicates that the genomes of alka-
liphilic and neutrophilic methanotrophs differ consider-
ably. At the same time, the degree of DNA homology
between M. modestohalophilum 10S and the neutro-
philic nonhal ophile M. album BG8 turned out to berel-
atively high (52%).

Thus, we succeeded in isolating new taxa of haloal-
kaliphilic and haloalkalitolerant methanotrophs from
hydrochemically different bodies of water situated in
geographically distant regions. In spite of the relatively
high degree of DNA-DNA homology (72—82%)
between various M. buryatense strains, they differ phe-
notypically to an appreciable degree particularly with
respect to their dependence on sodium ions, the optimal
pH values for growth, the upper limits of salt and heat
tolerance, and the size of the cup-shaped cell surface
structures (S-layers). Soluble methane monooxygenase
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Fig. 1. Cell morphology and ultrastructure of halo- and alkaliphilic methanotrophs: (a) thin section and (b) freeze-fracture replica
of M. alcaliphilum 20Z cells; (c) thin section and (d) S-layer with p2 symmetry of M. modestohal ophilum 10S cells under a phase-
contrast microscope. ICM, intracytoplasmic membrane; CS, cup-shaped structure; S, S-layer. Bars represent 0.1 pm.

was detected only in one M. buryatense strain, 5G [35].
Most of the haoalkaliphilic and haloalkalitolerant
methanotrophic bacteriaisolated so far are type | meth-
anotrophs with the RuUMP pathway of formaldehyde
assimilation. There is only one haloakaliphilic type 11
methanotroph with the serine pathway of C1-metabo-
lism. Due to the fact that haloalkaliphilic methanotro-
phs strictly depend on methane and methanol, their
central metabolism pathways are almost identical. At
the same time, haloalkaliphilic methanotrophs differ
distinctly in the physiological and biochemical prop-
erties that are directly related to the adaptation of
these bacteria to their specific habitats. This makes
haloalkaliphilic methanotrophs suitable for studying
the general and specific mechanisms of bacterial
osmoadaptation. To ascertain the diversity and struc-
ture of methanotrophic populationsin saline and alka-
line biotopes, further molecular ecological investiga-
tions are necessary.

MECHANISMS RESPONSIBLE FOR THE
OSMOADAPTATION OF METHANOTROPHS

Theultrastructure of the cell surface of methan-
otrophs. As mentioned above, the cell surface of M.
modestohal ophilum 10S and M. alcaliphilum 20Z bac-
teria contains unusual structures of two types: scale-
like structures with p2 symmetry and cup-shaped struc-
tures with p6 symmetry (Fig. 1). Cup-shaped structures
of different height and diameter were also observed for
all of the M. buryatense strains studied. The cell wall of
M. kenii cells was found to contain globular electron-
opague S-layers [38]. S-layers are most clearly seen at
a high magnification on the surface of cells fixed with
ruthenium red, which is an indication that these layers
contain polysaccharides. It should be noted that
M. alcaliphilum 20Z cells grown on methane at pH 7.2
in the presence of NaCl, or in amedium with methanol,
lack cup-shaped surface structures but possess them
when grown at neutral pH values in the presence of
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NaCl, or at alkaline pH values in the absence of NaCl,
or under the conditions of methane deficiency [39].

The isolated and purified surface structures of
M. modestohal ophilum 10S cells subjected to electro-
phoresisin polyacrylamide gel showed the presence of
only one protein band with amolecular mass of 27 kDa.
At the sametime, the surface structures of M. alcaliphi-
lum 20Z exhibited several protein bandswith molecular
massesfrom 10 to 45 kDa, indicating acomplex protein
composition for the S-layers of thisbacterium. The pro-
tein content of the surface structures of strains 10S and
20Z was 80 and 96%, respectively. Analysis of the puri-
fied cell-surface proteins of both strains showed that
they are dominated by acidic and hydrophobic amino
acids, whereas the sulfur-containing amino acids cys-
teine and methionine are present in minor amounts. The
carbohydrate component of the surface structures of
strain 10Sis primarily composed of glucose and galac-
tose (76 and 14%, respectively), and that of strain 20Z
is made up of mainly glucose (92%).

Thus, the cell wall of most haloalkaliphilic and hal-
otolerant methanotrophs contains various glycoprotein
structures (S-layers), which represent the major line of
defense for cells and may play the role of a molecular
or ionic trap or of arigid casing for the cell envelope
[40, 41]. Specifically, the S-layers of haloakaliphilic
methanotrophs are supposed to be porin-like molecular
traps for methane under the conditions of its low solu-
bility at high water salinities and/or pH values. Allow-
ing for the fact that methane solubility decreases with
increasing temperature, the occurrence of S-layerswith
tetragonal symmetry on the cell surface of the thermo-
tolerant methanotroph Methylococcus capsulatus [42]
indirectly confirms the above supposition. The actual
role of S-layers in the adaptation of haloakaliphilic
methanotrophs to extreme environmental conditions
can be better understood in the course of further cyto-
biochemica and molecular genetic investigations.

Phospholipid composition. Analysis of the phos-
pholipid composition of methanotrophic isolates
showed that the major phospholipids of the neutrophilic
bacterium M. modestohalophilum 10S are phosphati-
dylethanolamine and phosphatidylglycerol. In addi-
tion, the haloakaliphilic bacterium M. alcaliphilum
20Z contains phosphatidylcholine and phosphati-
dylserine. Both methanotrophs respond to the increase
in environmental salinity by raising the content of neg-
atively charged phosphatidylglycerol and lowering the
content of phosphatidylethanolamine. Such a response
is specific to many gram-negative halophilic and halo-
tolerant eubacteria [43, 44]. It is believed that nega-
tively charged phospholipids, particularly phosphati-
dylglycerol, enhance the cation permeability of bacte-
rial membranes and stabilize them by increasing their
transmembrane potential. High pH values in the envi-
ronment promote the accumulation of phosphatidylg-
lycerol (and phosphatidylcholine in the case of
M. alcaliphilum 20Z) in the membranes of haloaka
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liphilic methanotrophs [35, 39]. Taking into account
that phosphatidylglycerol and phosphatidylcholine are
the major phospholipids of membrane bilayers, these
observations suggest that further stabilization of cell
membranes is necessary for the normal growth of
haloalkaliphilic and haloalkalitolerant methanotrophs
at high values of osmolarity and pH.

Osmoprotectants. The investigation of intracellu-
lar osmolytes provided deeper insight into the mecha
nisms of the osmoadaptation of methanotrophs. Proton
NMR studies reveded the presence of ectoine
(2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid),
a heterocyclic amino acid with high water-binding
capacity, in aimost all of the new methanotrophic iso-
lates [45-47]. Another osmolyte, glutamate, was
detected in considerably smaller amounts. The content
of glutamate in cells depends insignificantly on the
sdinity of the medium. The methanotrophic bacteria
grown in high-salinity media can also accumulate
5-oxoproaline (the cyclic form of glutamate) and, under
nitrogen deficiency, sucrose [49].

The calculations based on NMR dataand the intrac-
ellular water content showed that the concentration of
ectoine and 5-oxoproline in M. alcaliphilum 20Z cells
grown at a NaCl concentration of 1 M may reach 1.5
and 0.4 M, respectively. In this case, the intracellular
concentration of potassiumionswasfoundtobe0.4 M,
indicating the outward concentration gradients of these
ions. The equimolar concentrations of potassium ions
and 5-oxoproline (or glutamate) in methanotrophic
cells suggest that K* are counterions of these
osmolytes. In general, the intracellular contents of
osmolytes and potassium ions are sufficiently high to
maintain osmotic equilibrium between the cytoplasm
and the environment. The content of ectoine in the
haloalkaliphilic strain 20Z was found to be fivefold
higher than in the neutrophilic strain 10S. This observa-
tion suggeststhat the high value of the optimum growth
pH (9.0) of M. alcaliphilum 20Z cellsis determined by
their high capacity for the synthesis of nitrogen-con-
taining osmolytes (ectoine, glutamate, and 5-oxopro-
ling), as a result of which these cells can tolerate the
double stress of high osmolarity and pH. When the bio-
synthesis of nitrogen-containing osmolytes is limited,
for instance, by a nitrogen deficiency in the medium,
the cells can tolerate such stress by accumulating
sucrose and glycogen.

Biosynthesis of osmoprotectants. Ectoine, 5-0xo-
proline, and sucrose are neither the growth substrates of
obligate methanotrophs nor the intermediates of their
central metabolism. Therefore, they are synthesized in
response to osmotic stress via specia pathways, which
were revedled by measuring relevant enzymes in
M. alcaliphilum 20Z cells grown at differing salinities
of the medium [48]. As can be seen from the diagram
presented in Fig. 2, sucrose is synthesized from inter-
mediates of the RuMP pathway in a branch of the gly-
cogen-synthesizing pathway. Congtitutive sucrose-
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Fig. 2. Pathways of osmoprotectant synthesisin M. alcaliphilum 20Z.

phosphate synthase initiates the condensation of UDP-
glucose (the glycogen precursor) and fructose-6-phos-
phate into sucrose-6-phosphate, which is then dephos-
phorylated with the formation of sucrose.

Another constitutive enzyme, glutamine synthetase,
catalyzes the ATP-dependent cyclization of glutamic
acid into pyroglutamate (5-oxoproline) in the absence
of ammonium ions. The synthesis of glutamine and
5-oxoprolineiscontrolled by the relative proportions of
the intracellular concentrations of glutamate and of
ammonium ions. In response to theincreased salinity of
the medium, halophilic and halotolerant microorgan-
isms usually accumulate glutamate and its counterion,
potassium. The accumulation of the osmoprotectant
5-oxoproline in obligate methanotrophs can be
explained by the fact that the intracellular concentra-
tions of the central metabolites, including glutamate, in
these bacteria are low [49]. The conversion of

glutamate into its cyclic and, therefore, more inert form
5-oxoproline can be considered as a mechanism for the
discharge of glutamate in microbial cellsgrown at high
salinities of the medium.

The biosynthesis of ectoine from aspartate includes
several steps, which are essentially the same as in the
hal ophilic bacteria Ectothiorhodospira halochloris and
Halomonas elongata [50]. Aspartate is phosphorylated
to aspartylphosphate, which is then converted into
aspartylsemialdehyde, diaminobutyrate, and N-acetyl-
diaminobutyrate. The enzymes catalyzing the first two
steps (aspartate kinase and aspartyl semial dehyde dehy-
drogenase) are aso involved in the biosynthesis of
amino acids of the aspartate family. All enzymes of this
pathway in M. alcaliphilum 20Z cells grown in the
presence of 1 M NaCl are very active. Methanotrophs
are distinguished by the involvement of aspartate but
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not glutamate in the transamination of aspartylsemial-
dehyde into diaminobutyrate (Fig. 2).

In the final analysis, the synthesis of 5-oxoproline
and ectoine depends on the intracellular level of
NADPH, aswell as of pyruvate and acetyl-CoA, which
come from the Entner—Doudoroff pathway. The major
source of NADPH in aerobic methanotrophic bacteria
is presumably the recently discovered methanopterin
pathway [51], since the activity of NADP-dependent
isocitrate dehydrogenase in these bacteria is low and
cannot provide for the necessary level of NADPH. Gly-
colysisin obligate methanotrophsisblocked at the level
of pyruvate kinase, causing a deficiency of glycolytic
acetyl-CoA. This suggests that the main source of
acetyl-CoA in these bacteria is also the methanopterin
pathway [52]. The organization and regulation of the
biosynthesis of osmoprotectants (ectoine, 5-oxopro-
line, and sucrose) in haloalkaliphilic methanotrophs
can be better understood in the course of further physi-
ological, biochemical, and molecular biological inves-
tigations.

The bioener getic aspects of osmoadaptation. An
important aspect of microbial adaptation to osmotic
stress is the expenditure of energy for the maintenance
of ionic homeostasis and osmoprotectant synthesis.
Thetheoretical consideration that accountsfor the met-
abolic specificity of methanotrophic bacteria showed
that the synthesis of ectoine is more energy efficient
than that of the other osmoprotectants [53]. At low
salinities of the medium (such as 0.75% NaCl), or
under the conditions of excess methane, or in the pres-
ence of methanol as the growth substrate, haloalka-
liphilic and haloalkalitolerant methanotrophs accumu-
late sucrose and/or 5-oxoproline [48]. Ectoine is syn-
thesized only at high salinities of the medium, when the
maintenance of ionic gradients requires much energy
and, therefore, the energy status of cellsislow.

There is preliminary experimental evidence that
methanotrophs possess specific bioenergetic mecha-
nisms of osmoadaptation, such as the energy-depen-
dent release of Na* ions from cells. The gradient of
sodium ions (ApNa') can be used by the cellsto provide
energy for flagellum rotation and, hence, cell motility
[28, 37]. Inhibition analysis showed that the gradient
ApNa in M. alcaliphilus20Z cellsis maintained both by
the functioning of the electron-transport chain and by
the hydrolysis of ATP. The fact that the motility of
M. alcaliphilum 20Z cells is inhibited by 2-heptyl-4-
hydroxyquinoline-N-oxide suggests that Nar-depen-
dent NADH dehydrogenase may be involved in the
extrusion of sodium ions from these cellsand, hence, in
the creation of the primary Na gradient. Thus, the
osmoadaptation of halophilic and hal otolerant methan-
otrophs is associated with considerable structural and
functional alterations, such as the modification of the
chemical composition of the outer and inner mem-
branes of these bacteria, the accumulation of organic
(ectoine, 5-oxoproline, and sucrose) and inorganic
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(potassium ions) osmoprotectants, and the use of
sodium bioenergetics. These mechanisms of osmoreg-
ulation and bioenergetics in (halo)alkaliphilic methan-
otrophs require closer investigations.

THE ECOPHY SIOLOGY AND
BIOTECHNOLOGICAL POTENTIAL OF
HALOALKALIPHILIC METHANOTROPHS

The ecophysiological role of methanotrophs. The
experimental data that we obtained show that methan-
otrophs can livein bodies of salt and alkaline water and
that (halo)alkaliphilic methanotrophs provide for the
operation of the methane cycle in such extreme habi-
tats. The methanotrophic bacteria inhabiting these eco-
systems supply the products of methane oxidation
(methanol, formal dehyde, and formate) for other mem-
bers of the microbial communities, such as photo-,
chemo-, hetero-, and methylotrophic bacteria[54].

The microorganisms of salt and soda lakes are
known to perform specific stages of the nitrogen cycle,
including nitrogen fixation, denitrification, and
ammonification [14, 55, 56]. Nitrification also occursin
these ecosystems [57, 58], athough the microorgan-
ismsthat are responsiblefor thefirst step of thisprocess
are as yet unknown. It should be noted that the investi-
gation of nitrification in alkaline ecosystems is of great
interest, since ammonia (the main reduced form of
nitrogen at pH 9.5 or higher) easily volatilizes, causing
adeficiency of bound nitrogen.

Theinvolvement of methanotrophsin the process of
nitrification in soda lakes was first shown with refer-
enceto M. kenii AMOL. Thisbacterium, which wasiso-
lated from an African soda lake, efficiently oxidizes
ammonium ions to nitrite at pH 10.0-10.5 [38]. Our
investigations showed the occurrence of active pro-
cesses of methane oxidation and formation of nitrite
from ammonium ions in some soda lakes of Southern
Transbaikal [29]. The methanotrophic bacterium
M. buryatense 5B isolated from Lake Gorbunka was
found to be able to oxidize ammonium ions to nitrite at
pH values from 7 to 11, attaining optimal ability at
pH 9.5-10.0. The real scale of nitrification in soda
lakes is to be evaluated, but the involvement of metha-
notrophic bacteriain this process is beyond any doubt.
Of interest is the ability of M. kenii AMOL to oxidize
carbon disulfide and the ability of some strains of the
moderately halophilic marine methanotroph Methylo-
microbium sp. N1 to oxidizetrichloroethylene and dim-
ethylsulfide. The strains of this bacterium that contain
either soluble or particulate MM O oxidize dimethylsul -
fide into dimethylsulfoxide with equal intensities
[38, 59]. It isobviousthat methanotrophs, together with
photo- and chemotrophs, are responsible for the main-
tenance of the organic matter pool in athalassic soda
and salt lakes. The investigation of these ancient bodies
of water may provide insight into the phylogeny and
evolution of methanotrophic bacteria.
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Biotechnological potential. In high-salinity envi-
ronments, methanotrophs accumul ate osmoprotectants,
among which ectoine is of particular practical interest
due to its high water-binding capacity and ability to
exert a stabilizing effect on biomolecules (such as pro-
teinsand DNA) and whole cells[60, 61]. Theinvestiga-
tion of the practical applications of ectoine isimpeded
by its high cost due to the complexity of its chemical
synthesis and the absence of appropriate microbial pro-
ducers. Haloalkaliphilic methanotrophs, which accu-
mulate ectoine in large amounts, appear to be promis-
ing bacteria for developing new biotechnological pro-
cesses of ectoine production.

The ability of haloalkaliphilic methanotrophs to
form surface cell structures (S-layers) is also of great
biotechnological and medical importance, since S-lay-
ers are considered to be potential nanotechnological
elementsfor creating ultramembranes with very narrow
molecular weight cut-off limits. The regular and close
arrangement of functional groupsin S-layers makes it
possible to use them as matrices for the immobiliza-
tion of bioactive macromolecules (enzymes and anti-
bodies) in the production of biosensors. Furthermore,
the S-layers can be used as affine chromatographic
sorbents [40, 62].

The ability of some haloalkaliphilic methanotrophs
to synthesi ze exopol ysacchari des within wide ranges of
pH, salinity, and methanol concentration can be used
for the efficient production of exopolysaccharides from
low-cost materials. The stable enzymes of haloalka-
liphilic methanotrophs (for instance, methane monoox-
ygenase and methanol dehydrogenase), which catalyze
nonspecific oxidation reactions within wide ranges of
pH and ionic strength, can also be used for the produc-
tion of propylene oxide and other valuable chemical
products.

Furthermore, the high ability of haloakaliphilic
methanotrophs to adapt to varying environmental con-
ditions may be useful in various bioremediation pro-
cesses, such as the removal of trichloroethylene and
other toxic pollutants from saline and alkaline ecosys-
tems. Further investigations of the metabolic potential
of haloakaliphilic methanotrophs may lead to other
promising applications of these bacteria.

CONCLUSION

Considerable progress in the study of haloalka
liphilic methanotrophs offers great scope for the com-
plex research of the methane cycle. The top-priority
guestions concern the following: (1) the structure of
methanotrophic communities, particularly the occur-
rence and role of type Il methanotrophs and those con-
taining soluble MMO in saline and alkaline ecosys-
tems; (2) the possibility of the existence and the life
strategy of extremely hal ophilic methanotrophs capable
of growing at salinities close to the saturation concen-
tration of NaCl; (3) the kinetic properties of MMO in
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methanotrophic bacteria adapted to low concentrations
of methane and oxygen; (4) the intensity of methane
oxidation in extremely akaline biotopes; (5) the nature
of primary signal molecules initiating a sequence of
structural and biochemical eventsin response to stress;
and (6) the bioenergetic mechanisms of ionic homeo-
stasis and the structure and diversity of genes control-
ling these mechanisms in methanotrophic bacteriaand
other microorganisms. These questions can be
answered only by using complex approaches, such as
the combination of molecular ecological methods
with the direct measurement of gasflowsin nature and
the isolation of new methanotrophs with unusual
properties.
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