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The biotopes with permanently high temperatures
are rather widespread on the Earth. High-temperature
ecosystems such as active volcanoes, thermal springs,
thermal water outlets, geysers, and wastes of some
technological processes are inhabited by various phys-
iological groups of thermophilic microorganisms. The
intensive studies of the past two decades have drasti-
cally changed our notions about the taxonomic, struc-
tural, and functional diversity of thermophilic prokary-
otes. In addition to isolation of thermophilic methano-
gens, carboxydobacteria, sulfate reducers, and sulfur-
and iron-reducing prokaryotes from the thermal springs
of Kunashir, Kamchatka (Russian Federation), the Yel-
lowstone National Park (United States), and deepwater
thermal vents of the Pacific Ocean [1–3], detection of
aerobic methanotrophs in these ecotopes was reported.

Methane emission into the atmosphere is caused by
an imbalance between the processes of 

 

ëç

 

4

 

 production
and oxidation. Methane oxidation by the methan-
otrophic community (“bacterial gas filter”) is undoubt-
edly the key biochemical process regulating the flux of
this greenhouse gas. In the soil and freshwater
ecotopes, methanotrophs utilize up to 80% of biogenic
methane [4]. The processes of methane oxidation in
high-temperature ecosystems are much less studied.

Since the hydrothermal fluids contain, apart from
CO, 
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, and 

 

ç

 

2

 

S, considerable amounts of 
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4

 

, the
presence of thermotolerant/thermophilic methanotro-
phs was suggested in these ecological zones. The solu-

bility of gases in water is known to decrease with
increasing temperature; this may limit the growth of
methanotrophs. However, it was established that 
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H

 

4

 

solubility in the natural waters with a low ionic strength
(<100 mM) decreases only by 1/3 at a temperature rise
from 30 to 

 

60°

 

C [5]. This explains the occurrence of
methane oxidation in different natural habitats with
high temperatures.

In 1966, Foster and Davis [6] described for the first
time the moderately thermophilic strain of methan-
otrophic bacteria, 

 

Methylococcus

 

 

 

capsulatus

 

 Texas, with
the optimal growth at 

 

30–60°ë

 

. Since then, the spec-
trum of thermophilic and thermotolerant methanotro-
phs has been continuously supplemented with new taxa
[7, 8]. Moderately thermophilic methanotrophs of the
genera 

 

Methylocaldum

 

 and 

 

Methylothermus

 

 were iso-
lated from hot springs in Hungary and Japan [9–12]; a
thermotolerant strain Se48 belonging to the genus

 

Methylocystis

 

, was isolated from Transbaikalian hot
springs [13]. Thermoacidophilic methanotrophs grow-
ing at up to 

 

65°ë

 

 were recently isolated from different
geographic zones and classified within the phylum 

 

Ver-
rucomicrobia.

 

 For example, 

 

“Acidimethylosilex fumar-
iolicum”

 

 So IV was isolated from the mud of the Solfa-
tara volcano in the vicinity of Naples [14]. Other ther-
moacidophilic methanotrophs, 

 

“Methylokorus
infernorum”

 

 4 and 

 

“Methyloacida kamchatkensis”

 

Kam1, were isolated from a soil sample (10–15 cm,
pH 4.5, 

 

63°

 

C) collected close to a geothermal spring in
New Zealand [15] and from an acidic hot spring in
Kamchatka [16], respectively.
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It was established that methanotrophs have symbi-
otic relations with various invertebrates (mollusks and
sponges) inhabiting the areas around hydrothermal

 

ëç

 

4

 

 outlets on the sea and ocean floor [17–20]. Meth-
anotrophs, together with sulfide-oxidizing bacteria, are
localized in special bacteriocyte cells of mollusk gills;
the host mollusk provides the endosymbionts with the
substrates from thermal spring waters (

 

ëé

 

2

 

, ëç

 

4

 

, é

 

2

 

),
while bacteria, in their turn, fix carbon and supply the
host with carbohydrates and amino acids.

Apart from the natural biotopes, man-made thermal
ecosystems exist. Stock-farm wastes (compost,
manure, and silage) are rich in organic matter and act as
a kind of a natural fermentor for indigenous microflora.
Intensive microbiological processes of organic matter
decomposition and methane production release great
amounts of heat. The calculated annual CH

 

4

 

 emission
from composted wastes is up to 

 

7.4 

 

×

 

 10

 

6

 

 tons and is as
high as 0.31–0.41% of methane emission from the ter-
ritory of Germany [21]. Moderately thermophilic repre-
sentatives of the genus 

 

Methylocaldum

 

 were isolated
from such artificial ecosystems [21, 22]. Moreover,
molecular-biological techniques revealed the presence
of thermotolerant and moderately thermophilic species
of 

 

Methylococcus

 

 and 

 

Methylocaldum

 

 in various soils
with in situ temperatures much lower than the values
optimal for growth [23, 24]. Consequently, thermo-
philic/tolerant methanotrophs must possess high adapt-
ability and mechanisms of survival at high and subopti-
mal temperatures.

TAXONOMIC DIVERSITY 
OF THERMOTOLERANT AND MODERATELY 

THERMOPHILIC METHANOTROPHS

After the description of thermotolerant strains 

 

Mc

 

.

 

capsulatus

 

 Texas and Bath [6, 25], three species of the
genus 

 

Methylococcus

 

 were isolated and characterized,

 

“Mc. thermophilus”, “Mc. ucrainicus”

 

, and 

 

“Mc.
gracile”

 

 [26, 27]. At present, the validated taxa of mod-
erately thermophilic and thermotolerant methanotrophs
include the genera: 

 

Methylococcus, Methylocaldum

 

,
and 

 

Methylothermus

 

 (Table). They are briefly charac-
terized below.

 

Methylococcus capsulatus

 

.

 

 Strains Texas and Bath
have intracytoplasmic membranes (ICM) of morpho-
type I. They grow in the range of 

 

30–50°

 

C, with the
optimum at 

 

42°

 

C. The cells are gram-negative non-
motile cocci multiplying by binary division; they are
characterized by the presence of a capsule and addi-
tional layers on the outer cell wall surface (S layers)
arranged in the tetragonal (

 



 

4

 

) symmetry and produce
dormant forms, i.e., immature cysts of 

 

Ä

 

zotobacter

 

 type
[18]. The organism utilizes only methane or methanol
(0.2%) as a carbon and energy source. They possess a
nitrogenase activity and can fix atmospheric nitrogen
[28]. The cells of 

 

Mc

 

. Ò‡

 

sulatus

 

 contain phosphatidyl
ethanolamine (74%), cardiolipin (5.8%), phosphatidyl
glycerol (13%), and phosphatidyl choline, whereas

phosphatidyl monomethylethanolamine and phosphati-
dyl dimethylethanolamine are absent. In the cellular
profile of fatty acids, 16 :

 

 1

 

ω

 

7Ò

 

 and 16 : 0 are prevalent
[18, 29]. They possess both the soluble and particulate
(membrane-bound) forms of methane monooxygenase
(MMO). The ribulose monophosphate (RuMP) cycle is
predominant, while the serine and ribulose bisphos-
phate (RuBP) cycles of 

 

ë

 

1

 

 assimilation are minor. The
Krebs cycle is incomplete due to the absence of 

 

α

 

-keto-
glutarate dehydrogenase activity, but the genome con-
tains the corresponding 

 

kdh

 

 gene [30]. Ammonium is
assimilated via pyruvate amination with the involve-
ment of alanine dehydrogenase and through the
glutamate cycle [31–33]. These traits, together with the
high DNA G + C content (60–62 mol%), which is more
typical of type II methanotrophs, served as the basis for
referring 

 

Mc. capsulatus

 

 to type “X”. In view of such a
“metabolic mosaic”, this species is considered as an
intriguing “microbial Rosetta- stone” in methanotrophy
and is one of the main objects of molecular genetic
studies [8].

 

Genus 

 

Methylocaldum

 

.

 

 The methanotrophs of this
genus are widespread in nature; their habitats are not
only thermal springs but also activated sludge, arable
lands, silage wastes, and manure [22, 21]. Representa-
tives of the genus 

 

Methylocaldum

 

 (

 

Md. szegediense,
Md. gracile

 

, and 

 

Md. tepidum

 

) differ from 

 

Methylococ-
cus

 

 in the 16S rDNA sequence (

 

≤

 

92%

 

 similarity) and
DNA G + C content (57–58 mol%) and have no sMMO
[9, 10]. 

 

Md. gracile

 

 and 

 

Md.

 

 

 

tepidum

 

 are thermotoler-
ant methanotrophs growing within the temperature
range from 20 to 

 

47°

 

C, with the optimum at 

 

42°

 

C. Only

 

Md. szegediense

 

 is a moderate thermophile, since it can
grow at 

 

62°

 

C (optimum at 

 

55°

 

C) with the lower limit at

 

37°

 

C.

The typical trait of the members of the genus 

 

Meth-
ylocaldum

 

 is cell polymorphism: their populations
include, in addition to small coccoid cells, very large
cocci and rods; some of them have a thick capsule
resembling 

 

Azotobacter-

 

type cysts; unlike typical
cysts, however, they maintain a developed ICM system.
Polymorphism is accompanied by variability of such
other phenotypic characters as colony morphology, pig-
mentation, and formation of exopolysaccharides, thus
complicating the determination of taxonomic position
of this group of methanotrophs [10]. The instability of
their growth, resulting mainly from the insufficient
knowledge of their optimal physiological characteris-
tics, often resulted in a loss of collection cultures. As
can be seen from the table, the strain 

 

Md. szegediense

 

O-12 has been studied most thoroughly [22].

 

“Methylococcus thermophilus”

 

 isolated from the
bottom sediments of various water bodies, including
bogs and waste treatment facilities, can grow in the
range of 

 

37–62°

 

C, with the optimum at 

 

56°

 

C, pH 6.8–
8.0 [26, 27]. 

 

Mc

 

. 

 

thermophilus

 

 and 

 

Methylocaldum

 

 spe-
cies were found to be phenotypically and genotypically
related, because they are characterized by polymor-
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phism, formation of brown-pigmented colonies, the
functioning of several ë1 assimilation pathways, and a
high degree of homology of the 16S rRNA genes. The
above suggests reclassification of “Mc. thermophilus”
as Methylocaldum szegediense.

Genus Methylothermus. Strain HB isolated from
the thermal springs of Hungary and Japan grew in the
range of 40–70°C, with the optimum at 55–62°C, and
was assigned to the novel genus “Methylothermus”
[11]. The analysis of 16S rDNA of this strain showed its
closest proximity to the genera Methylococcus and
Methylocaldum. Strain HB was represented by cocci
(0.6 µm) forming cream colonies. However, strain HB
was soon lost and was not studied further.

The moderately thermophilic strain MYHT was iso-
lated as a pure culture from silt samples of the Hyogo
hot spring (Japan). By the 16S rDNA sequence, this
strain proved to be equally close both to the partially
described “Methylothermus” HB (91% similarity) and
to the mesophilic halophile Methylohalobius crimeen-
sis (90%) [34]. The isolate classified as Methylother-
mus thermalis MYHT (table) grows in the range of 37–
67°C; the maximal growth rate occurs at 57–59°C [12].
Similar to Md. szegediense, this methanotroph has type
I ICM, is salinity-dependent, grows best in the presence
of 0.5% NaCl and is resistant to 3% NaCl. In contrast
to Mc. capsulatus and Md. szegediense, it employs the
RuMP cycle only and has no key enzymes of the serine
and RuBP cycles. Moreover, PCR with specific primers
did not show Mt. thermalis MYHT to carry the cbbL
gene coding for the large RBPC/O subunit.

In contrast to other methanotrophs of types I or
“X”characterized by predominance of hexadecanoic
and hexadecenoic fatty acids, Mt. thermalis MYHT has
equal contents of C16 : 0 (37.2%) and ë18 : 1ω9c (35.2%).
The presence of octadecenoic fatty acids is quite appro-
priate, because it is known that the membrane’s melting
temperature increases with extension of the length of
the fatty acid carbon chain. The cellular profile of the
fatty acids with the high contents of C16 and C18 fatty
acids, which is unusual of type I methanotrophs, was
revealed in the closest relative, i.e., the halophilic
mesophile Mh. crimeensis optimally growing at 12%
NaCl and 30°ë [34]. These peculiarities of the mem-
brane lipid composition in the new isolates call for the
reassessment of significance of the fatty acidprofile as
an identification marker in taxonomy and ecology of
methanotrophs, particularly for their detection in
extreme ecosystems.

In contrast to Md. szegediense, Mt. thermalis MYHT
shows no polymorphism, which may be due to the abil-
ity to form S-layers of tetragonal (p4) symmetry on the
cell surface; they apparently serve as an additional
framework. The colonies are creamy, semitransparent,
with even edges and smooth surface, 1–2 mm in diam-
eter, become light-brown after 1-month incubation,
probably due to melanin synthesis; however, this ability
is poorly pronounced.

In perspective, high-temperature ecosystems are
potential sources of new thermophilic methanotrophs.
Extension of the spectrum of thermophilic and thermo-
tolerant methanotrophs displays new traits of their biol-
ogy and new directions of further research. Recently
discovered thermoacidophilic methanotrophs are the
striking example.

EXTREMELY THERMOACIDOPHILIC AEROBIC 
METHANOTROPHS: A NOVEL PHYLOGENETIC 

BRANCH OF VERRUCOMICROBIA

“Methylokorus infernorum”. Quite recently, an
obligate thermoacidophilic methanotroph “Methyloko-
rus infernorum” V4, with the growth optimum at
pH 2–2.5 and 60°ë, was isolated from Hells Gates geo-
thermal spring (New Zealand) [15]. In contrast to the
known methanotrophs, this isolate is related not to the
Proteobacteria but to the Verrucomicrobia, a widespread
and diverse bacterial phylum consisting mainly of
uncultured species with unknown genotypes.

The interesting cytological peculiarity of
Mk. infernorum V4 is the presence of ICM as sparse
tubular membrane structures attached to the inner cell
membrane, similar to those in Methylocella. The pres-
ence of genes/enzymes of the serine and RuBP path-
ways, along with the absence of hexulosephosphate
synthase (HPS) and tetrahydromethanopterine (THMP)
dehydrogenases, suggests a novel metabolic design.
The Krebs cycle is complete, but the strain does not
grow on polycarbon substrates. Besides ëç4, Mk. infer-
norum V4 utilizes ëç3éç, but its growth on methanol
strictly depends on ëé2. It is noteworthy that the V4
isolate has no 16 : 1ω8c, 16 : 1ω5t, or 18 : 1ω8c lipids,
which are unique for methanotrophs.

“Acidimethylosilex fumariolicum”. Almost simul-
taneously, another thermoacidophilic methanotroph
was described, “Acidimethylosilex fumariolicum”
SolV. It was isolated from the Solfatara mud volcano in
the vicinity of Naples (Southern Italy) [14]. As is gen-
erally known, such volcanoes (fumaroles) are charac-
terized by significant ëç4 emission into the atmo-
sphere; the conditions vary from moderate temperature
and neutral pH to high temperature and low pH values.
In spite of the reliable indications of biological methane
uptake in mud volcanoes, up to now no methanotrophic
bacteria have been known that could survive under such
conditions. The authors isolated strain SolV as a pure
culture; based on the 16S rDNA sequence, it was clas-
sified as a member of the Planctomycetes–Verrucomi-
crobia-Chlamydiae (PVC) superphylum. This isolate
can grow under ëç4 at é2 limitation or on methanol at
pH 0.8, i.e., under much more acidic conditions than
the known methanotrophs.

The rod-like cells of A. fumariolicum SolV have a
pMMO activity (50 nmol min–1 mg–1 with propylene)
but do not oxidize naphthalene (negative sMMO test).
The MDH activity is 60 nmol min–1 mg–1 of protein,
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and the mxaF gene exhibited 50% similarity with mxaF
of Mc. capsulatus Bath. No sMMO genes were found,
but two complete pmoCAB operons and one pmoCAB
with partial pmoC were identified. All the indicative
PmoA amino acids are present, whereas the indicative
amino acids of ammonium monooxygenase (AmoA)
are absent. The sequences of two out of three pmoA
genes are similar to the pmoA sequence obtained from
the mud springs of Yellowstone National Park, which
confirms the widespread occurrence of thermoacido-
philic methanotrophs in extreme biotopes.

The partial analysis of genome DNA made it possi-
ble to identify many genes of ë1 metabolism, including
a new combination of the serine, tetrahydrofolate
(THF), and RuBP pathways of ë1 assimilation, but did
not reveal the RuMP cycle genes (hps and hpi). Form-
aldehyde is oxidized by the THF cycle or FADH (the
activity of 110 nmol min–1 mg–1 of protein).

“Methyloacida kamchatkensis”. Somewhat later, a
thermoacidophilic methanotroph “Methyloacida kam-
chatkensis” Kam1, isolated from an acidic hot spring
near the Uzon caldera, was described [16]. The isolate
also belongs to the phylum Verrucomicrobia and,
together with other thermoacidophilic methanotrophs,
forms a separate cluster. It grows in the temperature
range of 37–60°C at pH 2–5 (optimal growth at 55°C,
pH 3.5) in the atmosphere of ëç4 : ëé2 : air (6 : 1 : 3)
with the generation time 38 h or in the presence of low
methanol concentrations (2–36 µM). It does not utilize
ethanol, acetate, or glucose. Nitrogen sources are N2,
ammonium salts, and nitrates. The pmoA, mmoX, and
mxaF genes were not revealed with the standard prim-
ers; therefore, atypical genes/enzymes of methane and
methanol oxidation are probably functioning. Instead
of ICM stacks, the strain forms polyhedral intracellular
organelles resembling carboxysomes of cyanobacteria
and chemoautotrophs. The functionality of these
organelles is still unknown, but it is possible that they
serve for compartmentation of an unusual MMO or
RuBPC/O.

Three new isolates of thermoacidophilic methan-
otrophs are phylogenetically close and, most likely, are
different species of the same genus, for which the name
of Methylacidiphilum was proposed.

These sensational discoveries demonstrated that
methanotrophy in bacteria is more diverse in the taxo-
nomic, ecophysiological and genetic aspects than it has
been considered earlier and that the previous studies
did not provide complete insight into the diversity of
methanotrophs in thermal and acidic biotopes. Further
detailed studies are needed for decoding the mecha-
nisms of survival and evolution of these new represen-
tatives of methanotrophic bacteria, which truly sur-
mount all barriers and overpass all boundaries.

TRAITS OF ë1 METABOLISM 
IN Methylococcus capsulatus BATH

Methanotrophs obtain the energy and reducing
equivalents necessary for the biosynthesis of triose
phosphates by sequential oxidation of methane to ëé2
via a series of enzymatic transformations, with metha-
nol, formaldehyde, and formate as intermediates. The
main properties of the enzymes of the primary ë1
metabolism, exemplified by Mc. capsulatus Bath, will
be briefly considered below.

Mc. capsulatus Bath has both soluble and particu-
late MMOs; their expression is not coupled and is reg-
ulated at the genetic level by Cu2+ concentrations in the
medium [35–37].

Soluble methane monooxygenase (sMMO) of
Mc. capsulatus Bath has three components (hydroxy-
lase, reductase, and regulatory protein B), which are
encoded by the genes located in the mmoXYBZDC
operon. Hydroxylase is an oligomer (250 kDa) consist-
ing of three subunits: α2-binuclear nonheme iron center
(60 kDa), β2 (45 kDa), and γ2 (20 kDa) encoded by the
mmoX, mmoY and mmoZ genes, respectively [38].
Reductase (38.4 kDa) comprises FAD and a (Fe2S2)
cluster and is encoded by the mmoC gene. The reduc-
tase accepts electrons from NADH and transfers them
to the diferric site of the hydroxylase. Regulatory pro-
tein B (15.8 kDa) encoded by the mmoB gene has no
prosthetic group and cofactor but binds to the hydroxy-
lase and is necessary for the sMMO activity [39, 40].
The function of the mmoD protein is still unknown,
though it is supposed to play some role in the assembly
of the active site of the reductase [41].

A broad range of aliphatic, aromatic, heterocyclic,
acyclic, and halogenated hydrocarbons are cooxidized
by sMMO [42]. However, sMMO functions only at low
copper concentrations in the medium (<0.08 µM);
therefore, it is difficult to use this enzyme for bioreme-
diation since contaminated ecosystems with low copper
content are rather rare.

Particulate methane monooxygenase (pMMO).
The presence of Cu2+ ions in the growth medium results
in the expression of pMMO, which amounts to 60–80%
of the total membranous proteins in the cell [43]. The
pMMO genes are arranged into the pmoCAB operon
and code for the polypeptides α, β and γ with supposed
molecular masses of 46, 28 and 29 kDa, respectively
[44]. Mc. capsulatus Bath possesses two nearly identi-
cal copies of this operon and the third copy of the pmoC
gene [45], the nucleotide sequence of which differs
from the two analogous genes of the operons. Muta-
tions in these genes revealed the necessity of both oper-
ons for the maximal pMMO activity.

Although pMMO is an extremely unstable enzyme,
it was found to be a heterotrimer with the molecular
mass of ~100 kDa [46]. Gel electrophoresis in the pres-
ence of nondenaturing agents (perfluorooctanic acid,
etc.) demonstrated the molecular mass of pMMO to be
200 kDa, which corresponds to a hexamer (αβγ)2. Other
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variants are possible as well, because native gel electro-
phoresis revealed an additional protein band with the
molecular mass of ~440 kDa, which may correspond to
a tetramer [47].

The active center of pMMO contains two iron atoms
and approximately 15 copper atoms per enzyme mole-
cule; each of them seems to be involved in the catalysis.
For expression and functioning, pMMO requires a
small fluorescent chromopeptide, methanobactin
(1.2 kDa), which binds exogenous Cu atoms and trans-
ports them to pMMO [48–50]. The electrons from
pMMO are transferred to cytochromes b559/569 or c553. It
is notable that pMMO has high affinity to methane
(Km = 1−2 µM) and oxygen (Km = 0.1 µM) but narrow
substrate specificity, co-oxidizing only short alkanes,
alkenes, and methanol [38, 51, 52].

Recently, Dalton and coworkers demonstrated the
mutual position of pMMO and MDH in the membranes
of Mc. capsulatus Bath. The analysis of individual par-
ticles with 16 Å resolution using cryoelectron micros-
copy allowed the authors to report for the first time the
three-dimensional structure of the super-complex, oxi-
dizing methane to formaldehyde [53]. An original
model was proposed, where pMMO-H looks as a cylin-
der body and the MDH domain looks like a “cap”. The
postulated mechanism for the assembly of pMMO and
MDH into a complex determines their stability and
facilitates direct electron transfer between them, pro-
viding more efficient (35%) methane utilization [54].

Methanol dehydrogenase catalyzes methanol oxi-
dation to formaldehyde. It is a heterotetramer α2β2,
consisting of two α (67 kDa) and two β (8.5 kDa) sub-
units encoded by the mxaF and mxaI genes, respectively
[35, 55]. Two α-subunits coupled by a characteristic
motif form a “propeller”-shaped structure [56]. PQQ
molecules and Ca2+ ions are localized in a funnel-
shaped central channel. The β-subunits do not form
functional MDH domains, and the function of this pro-
tein has not yet been elucidated [57].

Formaldehyde and formate dehydrogenases are
involved in the pathway of direct formaldehyde oxida-
tion to ëé2. The major pool of NADH for MMO is
formed at formaldehyde oxidation via formate to CO2.
Methanotrophs possess several enzymes of formalde-
hyde oxidation. These enzymes belong to two groups:
NAD(P)+-dependent and cytochrome-bound. In turn,
NAD(P)+-dependent dehydrogenases are divided into
three subgroups depending on the secondary cofactors:
reduced glutathione (GSH), tetrahydrofolates (THF,
H4F), or tetrahydromethanopterins (H4MPT/THMP).
The sequences of the genes coding for the enzymes of
the THF and THMP pathways were found in the
genome of Mc. capsulatus Bath [30]. The THF pathway
is used for formaldehyde and formate assimilation in
the serine cycle, whereas the THMP pathway is used
mainly for formaldehyde oxidation to formate by
highly active dehydrogenases similar to those in M.
extorquens AM1 [58].

Hexulose-phosphate synthase (HPS) catalyzes the
key reaction of the RuMP pathway: condensation of
formaldehyde and ribulose-5-phosphate with the for-
mation of a thermolabile 3-hexulose-6-phosphate; the
latter is isomerized into fructose-6-phosphate by phos-
phohexuloisomerase (PHI). HPS of Mc. capsulatus Bath
is a hexameric (310 kDa) membrane-bound enzyme.
On the contrary, HPS in methylobacteria is a soluble
dimeric or monomeric protein of 15.5–45 kDa [59].
The genome of Mc. capsulatus Bath was found to carry
two identical direct repeats, 5267 bp, separated by the
transaldolase gene, containing the copies of the hps and
pgi genes coding for HPS and PHI, respectively [30].
According to the genomic data, the molecular mass of
HPS corresponds to the product of fusion of the hps and
pgi genes. Interestingly, the hyperthermophile Pyrococ-
cus horikoshi was found to carry the gene coding for the
membrane-bound HPS–PHI hybrid protein. The fusion
of two enzymes with the formation of a hybrid appar-
ently enhances the efficiency of the isomerase reaction,
because the product of the former reaction, 3-hexulose-
6-phosphate, is extremely unstable at high tempera-
tures [60].

One more interesting feature of the constructive
metabolism of Mc. capsulatus Bath is the presence of
pyrophosphate (PPi)-dependent 6-phosphofruc-
tokinase (PFK), which paradoxically differs in the
kinetic properties and amino acid sequence from the
analogous enzyme of Mm. methanica 12 (16% identity)
but is close enough to other homologues (70–75%)
from autotrophic prokaryotes. Possessing the highest
affinity to ribulose-5P and particularly to sedoheptu-
lose-7P rather than to fructose-6P, PFK probably partic-
ipates in regeneration of ribulose-1,5P2, which is the
primary acceptor of ëé2, in the minor Calvin cycle. It
was also revealed that the genes of PFK (pfp) and the
membrane ç+-translocating pyrophosphatase (hpp)
were co-transcribed in the single bicistronic operon,
indicating possible involvement of the tandem of these
enzymes in the energy metabolism of Mc. capsulatus
Bath. Confirmation of the conceptual justification of
these original hypotheses needs additional experimen-
tal evidence [61, 62].

Being a peculiar “roadmap”, complete genome
mapping of Mc. capsulatus Bath has made it possible
for the first time to present an integral picture of the
metabolic organization of this “mosaic” methanotroph.
For example, the newly found protein hemerythrin
(McHr) is involved in oxygen transport and expressed
at a high Cu to biomass ratio. An iron-containing
domain localized in the hydrophobic pocket was iden-
tified within McHr; it participates in the é2 binding.
The exact function of hemerythrin is unknown but,
since it is expressed at a high Cu concentration in the
medium, the involvement of McHr in methane oxida-
tion is not excluded [63].
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GENOMIC PREDICTIONS AND METABOLIC 
RECONSTRUCTIONS 

OF “Methylacidiphilum infernorum”

Genome analysis made it possible to reconstruct the
pathways of the primary and central metabolism in
“Ma. infernorum”. In spite of the small genome size
(2.3 Mbp), this methanotroph possesses the necessary
set of enzymes for methylotrophic growth but lacks
many enzymes of the carbohydrate metabolism. Along
with the presence of three complete pmoCAB operons
coding for the particulate MMO, with two of them cou-
pled, another locus of DNA has an additional (the
fourth) pmoC gene, thus implying some other role of
this subunit [64]. Three MMOs probably have different
sensitivity to competitive inhibition by ammonium or
different kinetic properties, temperature, and pH
optima. The sMMO genes have not been revealed. The
product of CH4 oxidation, methanol, seems to be oxi-
dized by an MDH homologue. However, the genome of
“Ma. infernorum” comprises the mxaF gene coding for
the large subunit of the enzyme but not the mxaI gene
coding for the small subunit of MDH needed for activ-
ity in MÒ. capsulatus Bath and in a number of methylo-
bacteria. It is probable that a methanol-binding peri-
plasmic protein and cytochrome Ò, the genes of which
are coupled with mxaF, are involved in the oxidation.
Interestingly, there is a whole cluster of genes coding
for the enzymes of the PQQ cofactor (pqqABCDE) bio-
synthesis. The known genetic modules of formalde-
hyde oxidation via the THMP pathway, methylene-
THF dehydrogenase, and methenyl-THF cyclohydro-
lase, which are typical of methylotrophic bacteria, are
absent. Like many other bacteria, “Ma. infernorum”
employs the folD gene product for formaldehyde oxida-
tion. It implies the operation of new methylotrophic
pathways and the ancient divergence of methanotrophs
of the Verrucomicrobia and Proteobacteria rather than
simple horizontal transfer of the methanotrophy genes
[65].

Formaldehyde is assimilated through the RuBP and
serine pathways. The RuMP cycle does not participate
in ë1 assimilation due to the absence of respective HPS
and HPI genes (hps/hpi) and distal enzymes of the Ent-
ner–Doudoroff pathway: 6-phosphogluconate dehy-
dratase (Kdd) and 2-keto-3-deoxy-6-phosphogluconate
aldolase (Eda).

As regards the serine pathway, the absence of the
two key genes/enzymes, glycerate kinase and malyl-
CoA lyase, suggests the operation of alternative vari-
ants of glyoxylate regeneration. One of them is the
reaction of ribulose-1,5-bisphosphate oxygenation with
the formation of phosphoglycolate, catalyzed by
RuBPC/O, which is followed by conversion of phos-
phoglycolate into glyoxylate. The reactions of the gly-
oxylate bypass are one more source of glyoxylate for
the functioning of the serine pathway in this methan-
otroph. The cycle of glyoxylate regeneration through
polyhydroxybutyrate formation proposed for M.

extorquens AM1 [66] does not operate in “Ma. infer-
norum”. There is an indication of direct coupling of the
serine and pentose-phosphate pathways through an
unusual protein possessing the serine transhydroxyme-
thylase domain and two domains homologous to phos-
phatase and phosphoriboisomerase B.

Like other thermophiles, “Ma. infernorum” has an
anti-stress system containing a polymerase cassette,
which is a determinant of thermophily. Besides, one
cannot rule out the involvement of a novel antiviral sys-
tem; its components were found along with the classi-
cal restriction–modification system. The additional
DNA locus encoding DNA methylases, helicases, and
nucleases may play an analogous protective role [64].

These and other hypothetical metabolomic recon-
structions and extrapolations based on genome analy-
sis, however interesting, are not yet confirmed by
appropriate enzymological data. The reasoning of the
authors of the annotated genome as regards the origin
and evolution of metabolic pathways in “Ma. infer-
norum,”, while attractive in the conceptual aspect, is
not quite convincing. For instance, it is stated that in the
course of its existence the organism has lost two times
as many genes (526) than it has received (262) from
Proteobacteria.

TEMPERATURE-INDUCED CYTOBIOCHEMICAL 
REARRANGEMENTS IN THERMOPHILIC AND 

THERMOTOLERANT METHANOTROPHS

The causes of polymorphism typical of methanotro-
phs of the genus Methylocaldum were studied on Md.
szegediense O-12. After the culture grown at the opti-
mal temperature (57°C) was transferred to a lower tem-
perature (37°C), the cells of this methanotroph became
irregularly shaped and much larger. After 5–7 days of
adaptation to 37°C, the culture contained mainly small
coccoids that lost their growth ability after several
transfers. Staining of the cells grown at 37°C with
DAPI, a fluorochrome selectively binding to DNA,
revealed numerous nucleoids in the giant cells. Poly-
morphism and death of cells were therefore supposed to
result from impaired cell division under stress impacts,
first of all, temperature changes. Indeed, under routine
cultivation and maintenance of the cultures of thermo-
philic methanotrophs, which requires periodical
replacement of the gas phase, the temperature shift may
exceed 30°C. However, during the cultivation of
Md. szegediense O-12 at 55°C with all necessary pre-
cautions taken against thermal stress (introduction of
warm inoculum into the medium preheated to the culti-
vation temperature and maintenance of stable tempera-
ture conditions at gas phase replacement), cell poly-
morphism was less marked [22]. Determination of ade-
quate conditions of growth and maintenance is
therefore the necessary prerequisite for the work with
thermophilic methanotrophs.



394

MICROBIOLOGY      Vol. 78      No. 4      2009

TROTSENKO et al.

The ability of Md. szegediense O-12 to restore
membrane fluidity to the optimal level after tempera-
ture changes is evidence of the functioning of thermo-
adaptive mechanisms typical of prokaryotes. For exam-
ple, in the cells grown at 55°C, saturated fatty acids
(C16 : 0) were predominant and methylated, and cyclic
derivatives of fatty acids (C16 : 0-OMe-9 and C17cyc) atypi-
cal of eubacteria were present in considerable amounts.
At the cultivation temperature decreased to 42 or 37°C,
the content of unsaturated fatty acids increased but their
methylated derivatives were absent. Saturated fatty
acids are known to participate in stabilization of the cell
membrane structure by reducing its fluidity at high tem-
peratures, whereas methylated and cyclic fatty acids
restrict ion transport into the cells [67].

Besides the unusual isomers of fatty acids, the mem-
branes of Mc. capsulatus Bath were shown to contain
sterols (squalene) [68–70]. The biosynthesis of these
compounds is infrequent in prokaryotes. It is believed
that sterols give the membranes a more rigid structure,
providing the adaptation of Mc. capsulatus Bath to
environmental conditions. Other specific functions of
sterols are probable as well.

Due to the mapping of the Mc. capsulatus Bath
genome, it was possible to identify the pathway of ste-
rol biosynthesis. At first, 6 molecules of acetyl-CoA are
condensed with the formation of squalene. Then
squalene monooxygenase catalyses epoxidation of
squalene into (3S)-2,3-oxidosqualene, which is cycled
with the formation of lanosterol, followed by C-32
removal by cytochrome P450-14-demethylase. Squalene
monooxygenase is a membrane-bound enzyme of
45 kDa, while oxidosqualene cyclase is a cytoplasmic
protein of 72 kDa [70]. On the contrary, cytochrome
P450-14-demethylase catalyzing the third stage of the
sterol biosynthesis pathway is a soluble protein of
62 kDa. The gene of cytochrome P450-14-demethylase
transcribed backwards (in the opposite direction) rela-
tive to the genes of squalene monooxygenase and oxi-
dosqualene cyclase, also participates in the synthesis of
hopanoids. Hopanoids are widespread among prokary-
otes and involved in membrane stabilization. The
unique triterpenes of the hopanoid series were found in
the representatives of Methylocaldum. Triterpenes of
the hopanoid series, aminopentol with the ∆11 double
bond, were found in Mc. capsulatus, M. methanica,
Mc. luteus, Md. szegediense, and Md. tepidum [71].

Bacteria of the genus Methylocaldum and Mc. cap-
sulatus belong to the “X” type methanotrophs; they are
characterized by simultaneous operation of three C1
assimilation pathways: the RuMP cycle, the serine
pathway, and the Calvin cycle. The levels of the key
enzymes of these pathways in Md. szegediense
depended on growth temperature; while the activity of
HPS, the key enzyme of the RuMP cycle remained per-
manently high, the level of RuBPC/O, the specific
enzyme of the Calvin cycle, increased twofold and the
activity of hydroxypyruvate reductase (HPR), the indi-

cator enzyme of the serine pathway, increased by an
order of magnitude in the cells grown at 55°C as com-
pared to those growing at 37°C. The role of these met-
abolic rearrangements is obscure, although activation
of the enzymes of the serine and RuBP cycles, more
energy-consuming than the RuMP cycle, in response to
the growth temperature increase, points to intensifica-
tion of the carbon flux through energy-consuming path-
ways. This probably provides dissipation of the excess
of energy and protects the cells from overheating.

In addition to the mentioned cytobiochemical traits,
some enzymes of C1 metabolism in Md. szegediense O-
12 possess specific properties. At least FDH, HPR,
RBPC/O, and HPS are most active at higher measure-
ment temperatures (50–65°C) as compared with the
same enzymes of Mc. capsulatus Bath (40–50°C).
Probably, this is one more evolutionally retained adap-
tation of methanotrophs to high temperatures typical of
the habitats of thermophilic microorganisms [72].

The biosynthesis and role of sucrose in thermo-
adaptation of methanotrophs. Md. szegediense O-12
was shown to contain sucrose, and its content increased
at higher salinity of the medium and cultivation temper-
ature, reaching maximum values (1.2%) in the cells
grown at 57°C with 1% NaCl. On the contrary, Mc.
capsulatus Bath did not accumulate sucrose in all of the
tested cultivation modes (37–45°C) [72].

The capacity for sucrose accumulation correlates
with the higher halotolerance of Md. szegediense O-12,
which indirectly indicates the role of this disaccharide
as an osmoprotectant. It is, however, quite possible that
sucrose synthesis is associated primarily with thermo-
adaptation. Increased turgor of the cytoplasm may be
among the consequences of sucrose accumulation,
making it necessary to equalize the internal osmotic
pressure by enhancement of ionic strength in the
medium and explaining the stimulation of culture
growth by NaCl addition. Moderate halotolerance is
also typical of Mt. thermalis MYTH; therefore, it
should be expected that among thermophilic methan-
otrophs, sucrose synthesis is a rather widespread mech-
anism for stabilization of biomolecules and cell struc-
tures.

Md. szegediense O-12 was shown to possess the
activities of sucrose phosphate synthase, condensing
UDP-glucose and fructose-6-phosphate, and sucrose
phosphate phosphatase, dephosphorylating sucrose-6-
phosphate with sucrose formation. This methanotroph
therefore synthesizes sucrose from the primary inter-
mediates of the RuMP cycle [72]. It is notable that the
activity of sucrose phosphate synthase is higher in the
cells grown at 55°C than in the cells grown at 42°C but
is not modulated by NaCl. This fact confirms the
assumption that sucrose accumulation in Md. szegedi-
ense O-12 is associated with thermoadaptation rather
than with osmoadaptation. The presence of the sucrose
phosphorylase activity (degrading sucrose to glucose-
1-phosphate and fructose) indicates the possibility of
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its reutilization, considering the presence of hexoki-
nase. Accordingly, sucrose may be considered not only
as a thermoprotectant but also as a reserve carbon sub-
strate increasing the survival ability of this methan-
otroph under methane deficiency.

The thermostabilizing effect of sucrose was demon-
strated in the experiments with cell-free extracts of Md.
szegediense O-12 and Mc. capsulatus Bath or a prepa-
ration of lactate dehydrogenase, which were exposed to
50 or 60°C prior to determination of enzyme activities
at 30°C. Residual enzyme activities were higher in case
of preheating in the presence of sucrose.

In addition to the thermoprotective effect, the
energy-consuming sucrose synthesis may serve as a
regulatory mechanism for the cell energy state. It is not
improbable that thermophilic methanotrophs synthe-
size, besides sucrose, some other thermoprotectants,
which have not yet been identified. Identification and
quantitative assessment of protective compounds,
genes, and enzymes of their biosynthesis in methan-
otrophs will promote the detection of new biochemical
pathways and expansion of the biotechnological poten-
tial of these bacteria.

Sucrose is one of the main biosynthetic products,
namely, the key carbohydrate of plants [73]. Sucrose
and the enzymes of its synthesis were found in cyano-
bacteria and in several proteobacterial species which
have the Calvin cycle. Among methanotrophs, only
thermo- and halophilic species with the RuMP cycle
accumulate this carbohydrate, whereas thermotolerant
Mc. capsulatus Bath does not accumulate sucrose and
has no respective genes and biosynthetic enzymes. This
is an indication of the protective function of sucrose at
stress impacts, apparently analogous to that shown for
trehalose, and is in agreement with the experiments
where the survival rate of E. coli cells increased many
times after introduction of the gene of sucrose phos-
phate synthase [74, 75]. Consequently, the methanotro-
phs from extreme ecosystems have acquired the ability
to synthesize sucrose in the course of evolution [72, 76,
77].

The synthesis and role of the melanin pigment in
Methylocaldum szegediense. Melanins are negatively
charged hydrophobic high-molecular pigments formed
by oxidative polymerization of aromatic (phenolic or
indole) substances. The synthesis of these pigments
was revealed in a number of pro- and eukaryotes, and
association of this process with protection from various
stress factors was shown. Among the known methan-
otrophs, only representatives of the genus Methylocal-
dum (Md. szegediense, Md. gracilis, and Md. tepidum)
produce a melanin-like pigment [10, 26, 27]. Dark-
brown pigmentation was also found in the mesophilic
methanotroph Methylosinus sporium; however, it
results from formation of a stained siderophore
involved in transport of Fe ions at their deficiency in the
culture medium [78].

The nature, mechanism of synthesis, and role of
melanin have been studied in Md. szegediense O-12
[79]. The production of a brown pigment in Md. szege-
diense O-12 was induced by the lowering of the culti-
vation temperature, because the colonies were usually
cream-colored at the optimal growth temperature and
gradually became dark-brown at a lower temperature
(45°C), but the pigment did not diffuse into agarized
medium. Pigmentation was absent at a slower growth
of the strain at 37°C. The EPR spectra of Md. szegedi-
ense O-12 cells grown at 45°C and of the pigment iso-
lated from the latter demonstrated the presence of free
radicals in its composition and corresponded to the
spectra of microbial melanins.

The culture liquid of Md. szegediense O-12 grown at
45°C accumulated up to eleven aromatic substances;
two of them were identified as 4-hydroxyphenylacetic
and 4-hydroxyphenylpropionic acids. The accumula-
tion of these compounds is evidence of disturbances in
the pathways of tyrosine catabolism. Indeed, the activ-
ity of aminotransferase, which transfers the amino
group of tyrosine to α-ketoglutarate (with the forma-
tion of glutamate and 4-hydroxyphenyl pyruvate), and
the activity of tyrosine decarboxylase (with the forma-
tion of tyramine) were higher in the cells grown at 45°C
than in those grown at 55°C. In contrast, the subsequent
reactions of degradation of the intermediates through
homogentisic acid with the involvement of homogenti-
sate-1,2-dioxygenase and maleylacetoacetate
isomerase [80, 81] either declined or were not observed
in the cells grown at suboptimal temperature. Conse-
quently, melanization of Md. szegediense O-12 results
from accumulation of the intermediates of incomplete
tyrosine degradation, primarily homogentisic acid, due
to the decrease of the growth temperature, followed by
their spontaneous oxidative polymerization. Mc. capsu-
latus Bath executes a different way of regulation of the
level of aromatic amino acids, because the activities of
homogentisate-1,2-dioxygenase and maleylacetoace-
tate isomerase were not detected.

It is known that melanin in some microorganisms
performs a protective function, protecting the cells
from temperature changes and reactive oxygen species
(ROS). The analogous function of melanization may be
suggested for methanotrophs. On the one hand, it is an
alternative way of removal of aromatic toxicants, prob-
ably involving ROS. On the other hand, melanin con-
taining numerous double bonds can be considered as a
“trap” for ROS. Melanization is therefore, a device for
protection of methanotrophs from oxidative stress,
apparently associated with the instability of the pMMO
complex functioning at temperature fluctuations.
Accordingly, it would be interesting to elucidate the
mechanism of “overproduction” of the melanin precur-
sor, tyrosine. One of the possible reasons for accumula-
tion of this amino acid is the lower rate of protein syn-
thesis at lower temperatures. Methanotrophs of the
genus Methylocaldum are potential model organisms
for studying the role and regulation of melanin biosyn-
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thesis. For interpretation of the true role of melanin, it
is necessary to obtain the mutants unable to synthesize
this pigment and to study their sensitivity/resistance to
the action of physical factors (temperature, pH, sali-
nity).

Antioxidant systems. One of the consequences of
the effect of high temperature on microorganisms is a
higher level of ROS including H2O2, hydroxyl radical

éç•, and superoxide anion , which suggests that
this type of stress is oxidative [82]. ROS levels in
adapted cells are maintained within the physiological
range due to the functioning of specialized protective
systems: catalase, superoxide dismutase (SOD), cyto-
chrome c peroxidase, glutathione peroxidase, and free
glutathione. The increase of these enzyme activities is
an indicator of oxidative stress.

Methanotrophs Md. szegediense O-12 and Mc. cap-
sulatus Bath growing at optimal temperatures were
shown to produce ROS more intensively than at subop-
timal temperatures and have higher cytochrome c per-
oxidase activities. Peroxidase activity is associated
with the membranes and is more intensive in the cells
grown at high temperature. In Md. szegediense O-12,
peroxidase activity is determined by a heme-containing
protein (80 kDa). Obviously, enhanced rates of ROS
production result from the high intensity of the meta-
bolic processes of methane oxidation and assimilation,
because at least CH4 oxygenation (involving pMMO
and oxygenase activity of RuBPC/O) leads to the for-
mation of hydrogen peroxide and other ROS. On the
contrary, the levels of glutathione, glutathione peroxi-
dase, and glucose-6-phosphate dehydrogenase in Md.
szegediense O-12 increased in response to a drop in
growth temperature. At the same time, an increased
level of peroxidate lipids was revealed by measuring
the interaction between cell components and thiobarbi-
turic acid. In this strain, lower cultivation temperatures
probably impair the membrane structure and, as a con-
sequence, the coupling of membrane-related reactions,
which induces the formation of peroxide forms of fatty
acids. The process of their utilization involves mainly
glutathione and glutathione peroxidase, as well as glu-
cose-6-phosphate dehydrogenase that supplies
NADPH for GSSG reduction by glutathione reductase.
In contrast to Md. szegediense O-12, the degree of lipid
degradation and the intracellular level of glutathione in
Mc. capsulatus Bath are higher at cultivation tempera-
tures close to the optimum (45°C), showing different
functions of this tripeptide in thermoadaptation of
methanotrophs.

Fifty-seven proteins bearing the heme-binding motif
were identified in the genome of Mc. capsulatus Bath;
five of them are members of the family of cytochromes
c553 and four have been tentatively annotated as cyto-
chrome c peroxidases [30, 83–85]. Cytochrome c per-
oxidase isolated from Mc. capsulatus Bath is a
homodimer with 35.8-kDa subunits, localized in the
periplasm. This enzyme is supposed to participate in

O• –
2

H2O2 detoxification and methylamine oxidation [86].
Besides, the genome of Mc. capsulatus Bath was shown
to contain an open reading frame (ORF) coding for the
diheme cytochrome c peroxidase MCA2590, which
also uses the heme as a cofactor and reduces H2O2 to
H2O [87]. Since the mca2590 gene is under the same
promoter as mopE, the expression of which is sup-
pressed by copper ions, the level of MCA2590 expres-
sion is also regulated by Cu content in the medium. In
silico analysis of MCA2590 demonstrated that the pro-
tein after processing (cleavage between Ala41 and His42)
consists of 732 amino acids and has the molecular mass
of 78 kDa. Protein MCA2590 has two regions with
high similarity to Ò-type cytochromes and the cyto-
chrome-binding motifs ëï2ëç. Alignment of the
amino acid sequence of protein MCA2590 showed a
certain similarity to the well-described cytochrome Ò
peroxidase from Nitrosomonas europaea and methy-
lamine-utilizing protein MauG from Paracoccus deni-
trificans. In spite of the fact that the similarity to these
proteins is below 30%, their differences from
MCA2590 practically do not affect the functional area;
hence, MCA2590 and analogous proteins can be
referred to a novel group of bacterial peroxidases dif-
fering from diheme cytochrome Ò peroxidases in addi-
tional elements of the secondary structure. The immune
assay and biotinylation showed the localization of pro-
tein MCA2590 on the cell surface of Mc. capsulatus
Bath, in contrast to the periplasmic localization of the
known diheme cytochrome Ò peroxidases. Although
they perform a protective function in the periplasm,
thus reducing the peroxides formed in the oxidative
metabolism, the greater size and extracellular localiza-
tion of MCA2590 imply other physiological functions
[87]. A sequence (840 bp) with 43% homology to the
surface protein Mca 2590 of Md. szegediense Bath was
identified in the DNA of Md. szegediense O-12.

The genome of Mc. capsulatus Bath also contains a
gene encoding the GSH-peroxidase [30]. The catalase
activity was found in neither of the methanotrophs;
besides, the genome of Mc. capsulatus Bath lacked the
genes coding for this enzyme. The absence of catalase
in methanotrophs is quite understandable due to
involvement of hydrogen peroxide in the reaction of
methane oxidation by methane monooxygenase. At the
same time, the SOD activity independent of cultivation
temperature was revealed.

Thus, the ROS protection systems of Md. szegedi-
ense O-12 and Mc. capsulatus Bath at the optimal and
suboptimal cultivation temperatures are different. At
higher (close to optimum) growth temperatures, the
cells of both methanotrophs express cytochrome c per-
oxidase against the background of unchanged SOD
activity and the absence of catalase; however, Md. sze-
gediense O-12 additionally accumulates free glu-
tathione in the cells and expresses glutathione peroxi-
dase in response to a decrease in growth temperature.
Bacteria of the genus Methylocaldum are found not
only in high-temperature ecosystems, i.e., thermal
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springs and wastes of different heat-producing facili-
ties, but also in the biotopes where the temperature is
subject to considerable fluctuations: stock-farm wastes,
rice fields, etc. It is probable that the traits of the oxi-
dant protection systems of Md. szegediense O-12 are
associated with the higher degree of its thermophily
and the need of adaptation to greater temperature shifts.

SURFACE PROTEINS OF METHYLOCOCCUS 
CAPSULATUS BATH

Membrane-bound proteins MopA, MopB, MopC,
MopD, and MopE with the conjectural molecular
masses of 27, 40, 46, 59, and 66 kDa, respectively, were
found on the cell surface of Mc. capsulatus Bath [88].
At the same time, MopC and MopD exist in vivo as a
heterodimer (95 kDa), forming a porin that probably
participates in the transport of copper ions. In the C-ter-
minal region of protein MopB, the conservative domain
was revealed, which is typical of outer cellular proteins
of the OmpA family and involved in the transport of
substrates as well as in maintenance of the cell struc-
ture, while specific transmembrane domains are local-
ized in the N-terminal region [89].

Hybridization of the antibodies to protein MopE
confirmed its presence in the cells of Mc. capsulatus
Bath and the presence of a 45-kDa protein in the culture
liquid [90]. Subsequent sequencing of the mopE gene
and comparison with the N-terminal sequence of the
45-kDa protein showed that it is a C-terminal peptide of
the protein MopE, where the peptide is cleaved after
Ala204. The quantity of the excreted peptide was rather
high and reached about 0.4% of the biomass weight.
Comparison with the known proteins revealed similar-
ity (in the C-terminal region only) to the protein CorA
of the methanotroph Methylomicrobium album BG8,
the function of which is supposedly the transport and
accumulation of copper ions. It was shown that mature
MopE designated as MopEë and the 45-kDa peptide
(MopE*) excreted into the medium are synthesized in
response to the absence or low content of Cu ions in the
cultivation medium. However, in contrast to the known
copper-binding proteins, the MopE sequence does not
contain the typical region of Cu binding: methionine-
X-cysteine-X-X-cysteine [91].

Taking into consideration the key role of copper in
the metabolism of methanotrophs, it was supposed that
they must possess specific compounds involved in the
binding, transport, accumulation, and detoxification of
Cu ions. Originally, a copper-binding compound asso-
ciated with pMMO was found in Mc. capsulatus Bath
[92]. Further studies confirmed the presence in metha-
notrophs of methanobactin (Mb) analogous to Fe-sid-
erophores: pyoverdine and azotobactin [49, 93].
According to the data of X-ray structure analysis, this
chromopeptide ë45N12O14H62Cu (1.2 kDa) is shaped as
a compact pyramid based on a chromophore, 4-thionyl-
5-hydroxy imidazole binding Cu ions in the stoichio-
metric ratio of 1:1.

The purified Mb preserved the biological activity
and stimulated growth by reducing the lag phase of the
culture at a “shock” by increased concentration of Cu
ions [49, 94]. Addition of the Mb–Cu complex to the
washed membrane’s fraction of Mc. capsulatus Bath
enhanced the pMMO activity by 50–75%, because this
complex increased the electron flow to pMMO [93].
Moreover, quite recently the involvement of Mb in dis-

mutation of the superoxide anion  into ç2é2 and
reduction of ç2é2 to ç2é without the formation of
hydroxyl radical éç• was reported [95]. Although the
physiological role and chemical structure of Mb are
known, the molecular mechanisms of its transport and
interaction with pMMO are still to be interpreted.
Unlike the structurally and functionally similar Fe-sid-
erophores, Mb can bind a wide range of heavy metals
including radionuclides. This feature of Mb suggests an
important ecological role of thermophilic methanotro-
phs in solubilization/mobilization and removal of many
metals and radionuclides, which can be applied, in par-
ticular, for bioremediation of water used for the cooling
of reactors of nuclear power plants or uranium mine
dumps.

In conclusion, let us note that thermophiles are an
important microbial resource for potential application
in scientific research and practice. About 100 genera
and 200 species of hyperthermophiles are known;
among them, more than 20 genomes and proteomes
have been sequenced. Further work in this promising
direction will contribute to the search and identification
of novel thermostable genes and enzymes and new met-
abolic pathways. Thermostable enzymes (ther-
mozymes) are used in molecular biology for research
and diagnostics (DNA/RNA processing) and in differ-
ent fields of biotechnology (starch conversion, food
industry, treatment of industrial discharge, organic syn-
thesis, paper, and tanning industries).

Our studies on the mechanisms of thermoadaptation
of methanotrophs revealed the cytobiochemical traits
which are of interest for biotechnology. It was shown
that some enzymes of the ë1 metabolism have optimum
activity in the range of 55–70°C; hence, these ther-
mozymes can be obtained and applied for bioremedia-
tion of various pollutants, biosynthesis of methanol and
other target products from relatively cheap and renew-
able substrates, i.e. methane. In particular, the ability of
methanotrophs of the genus Methylocaldum to synthe-
size melanin can be used for obtaining the biopro-
tectants applied in medicine against the action of
mutagenic and carcinogenic factors.

In general, it should be acknowledged that our
understanding of biology of thermophilic methanotro-
phs is superficial and fragmentary. In spite of the impet-
uous progress in our knowledge, many aspects of the
structural and functional thermoadaptation of methan-
otrophs have not been interpreted and are descriptive.
The search for new thermophilic/tolerant methanotro-
phs implementing unusual strategies and mechanisms
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of survival at high temperatures is of evident scientific
and practical interest. New horizons are opened up on
the thorny but fascinating path to the knowledge of the
origin and evolution of methanotrophic genomes, pro-
teomes, and metabolomes. The actively developed
unique technology of microcultivation in miniature
(1 µl) bioreactors, using nanoelectron sensors and bio-
chips, allows the monitoring of adequate stress
responses of single cells and promises interesting
opportunities in this respect [96].

ACKNOWLEDGMENTS

The work was supported by the Russian Foundation
for Basic Research, projects no. 09-04-90450-Ukr_F_a
and by the Ministry of Education and Science of the
Russian Federation, project RNP 2.1.1/605.

REFERENCES
1. Prokofeva, M.I., Kublanov, I.V., Nercessian, O.,

Tourova, T.P., Kolganova, T.V., Lebedinsky, A.V.,
Bonch-Osmolovskaya, E.A., Spring, S., and
Jeanthon, C., Cultivated Anaerobic Acidophilic/Acidot-
olerant Thermophiles from Terrestrial and Deep-Sea
Hydrothermal Habitats, Extremophiles, 2005, vol. 9,
no. 6, pp. 437–448.

2. Lebedinsky, A.V., Chernyh, N.A., and Bonch-
Osmolovskaya, E.A., Phylogenetic Systematics of
Microorganisms Inhabiting Thermal Environments, Bio-
chemistry (Moscow), 2007, vol. 72, no. 12, pp. 1299–
1312.

3. Hirayama, H., Sunamura, M., Takai, K., Nunoura, T.,
Noguchi, T., Oida, H., Furushima, Y., Yamamoto, H.,
Oomori, T., and Hirikoshi, K., Culture-Dependent and-
Independent Characterization of Microbial Communi-
ties Associated with a Shallow Submarine Hydrothermal
System Occurring within a Coral Reef of Taketomi
Island, Japan, Appl. Environ. Microbiol., 2007, vol. 73,
no. 23, pp. 7642–7656.

4. Reeburgh, W.S., Rates of Biogeochemical Processes in
Anoxic Sediments, Ann. Rev. Earth Planet. Sci., 1983,
vol. 11, pp. 269–298.

5. Duan, Z., Moller, N., Greenberg, J., and Weare, J.H., The
Prediction of Methane Solubility in Natural Waters to
High Ionic Strength from 0 to 250°C and from 0 to
1600 Bar, Geochim. Cosmochim. Acta, 1992, vol. 56,
pp. 1451–1460.

6. Foster, J.W. and Davis, R.H., A Methane Dependent
Coccus with Notes on Classification and Nomenclature
of Obligate Methane-Utilizing Bacteria, J. Bacteriol.,
1966, vol. 91, pp. 1924–1931.

7. Trotsenko, Y.A. and Khmelenina, V.N., Biology of
Extremophilic and Extremotolerant Methanotrophs,
Arch. Microbiol., 2002, vol. 177, pp. 123–131.

8. Trotsenko, Y.A. and Murrell, J.C., Metabolic Aspects of
Aerobic Obligate Methanotrophy, Adv. Appl. Microbiol.,
2008, vol. 63, pp. 183–229.

9. Bodrossy, L., Murrell, J.C., Dalton, H., Kalman, M.,
Puskas, L.G., and Kovacs, K.L., Heat-Tolerant Methan-
otrophic Bacteria from the Hot Water Effluent of a Nat-

ural Gas Field, Appl. Environ. Microbiol., 1995, vol. 61,
no. 10, pp. 3549–3555.

10. 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 Methanotro-
phs, Methylocaldum gen.nov, Arch. Microbiol., 1997,
vol. 168, pp. 493–503.

11. Bodrossy, L., Kovacs, K.L., McDonald, I.R., and Mur-
rell, J.C., A Novel Thermophilic Methane-Oxidising
γ−Proteobacterium, FEMS Microbiol. Letts., 1999,
vol. 170, no. 2, pp. 335–341.

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

13. Tsyrenzhapova, I.S., Eshinimaev, B.Ts., Khmeleni-
na, V.N., Osipov, G.A., and Trotsenko, Yu.A., A New
Thermotolerant Aerobic Methanotroph from a Thermal
Spring in Buryatia, Mikrobiologiya, 2007, vol. 76, no. 1,
pp. 132–135 [Microbiology (Engl. Transl.), vol. 76,
no. 1, pp. 118–121].

14. Pol, A., Heijmans, K., Harhangi, H.R., Tedesco, D.,
Jetten, M.S.M.,and Op Den Camp, H.J.M., Methanotro-
phy Below pH 1 by a New Verrucomicrobia Species,
Nature, 2007, vol. 450, pp. 870–874.

15. Dunfield, P.F., Yuryev, A., Senin, P., Smirnova, A.V.,
Stott, M.B., Hou, S., Ly, B., Saw, J.H., Zhou, Z., Ren, Y.,
Wang, J., Mountain, B.W., Crowe, M.A., Weatherby, T.M.,
Bodelier, P.L.E., Liesack, W., Feng, L., Wang, L., and
Alam, M., Methane Oxidation by an Extremely Acido-
philic Bacterium of the Phylum Verrucomicrobia,
Nature, 2008, vol. 450, pp. 879–882.

16. Islam, T., Jensen, S., Reigstad, L.J., Larsen, O., and Bir-
keland, N.K., Methane Oxidation at 55°C and pH 2 by a
Thermoacidophilic Bacterium Belonging to the Verru-
comicrobia Phylum, Proc. Natl. Acad. Sci. USA, 2008,
vol. 105, no. 1, pp. 300–304.

17. Childress, J.J., Fisher, C.R., Brooks, J.M., Kennicutt, IIM.C.,
Bidigare, R., and Anderson, A.E., A Methanotrophic
Marine Molluscan (Bivalves, Mytilidae) Symbiosis:
Mussels Fueled by Gas, Science, 1986, vol. 233,
pp. 1306–1308.

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

19. Stewart, F.J., Newton, I.L.G., and Cavanaugh, C.M.,
Chemosynthetic Endosymbioses: Adaptations to Oxic-
Anoxic Interfaces, Trends Microbiol, 2005, vol. 13,
pp. 440–448.

20. Duperron, S., Nadalig, T., Caprais, J.C., Sibuet, M.,
Fiala-Medioni, A., Amann, R., and Dubilier, N., Dual
Symbiosis in a Bathymodiolus sp. Mussel from a Meth-
ane Seep on the Gabon Continental Margin (Southeast
Atlantic): 16S rRNA Phylogeny and Distribution of the
Symbionts in Gills, Appl. Environ. Microbiol., 2005,
vol. 71, pp. 1694–1700.

21. Jackel, U., Thimmes, K., and Kampfer, P., Thermophilic
Methane Production and Oxidation in Compost, FEMS
Microbiol. Ecol., 2005, vol. 52, pp. 175–184.

22. Eshinimaev, B.Ts., Medvedkova, K.A., Khmelenina, V.N.,
Suzina, N.E., Osipov, G.A., Lysenko, A.M., and Trot-



MICROBIOLOGY      Vol. 78      No. 4     2009

THERMOPHILIC AND THERMOTOLERANT AEROBIC METHANOTROPHS 399

senko, Yu.A., New Thermophilic Methanotrophs of the
Genus Methylocaldum, Mikrobiologiya, 2004, vol. 73,
no. 4, pp. 530–539 [Microbiology (Engl. Transl.),
vol. 73, no. 4, pp. 448–456].

23. Knief, C., Lipski, A., and Dunfield, P.F., Diversity and
Activity of Methanotrophic Bacteria in Different Upland
Soils, Appl. Environ. Microbiol., 2003, vol. 69, no. 11,
pp. 6703–6714.

24. Knief, C. and Dunfield, P.F., Response and Adaptation of
Different Methanotrophic Bacteria to Low Methane
Mixing Ratios, Environ. Microbiol, 2005, vol. 7, no. 9,
pp. 1307–1317.

25. Whittenbury, R., Phillips, K.C., and Wilkinson, J.F.,
Enrichment, Isolation and Some Properties of Methane-
Utilizing Bacteria, J. Gen. Microbiol., 1970, vol. 61,
pp. 205–218.

26. Malashenko, Yu.R., Romanovskaya, V.A.,
Bogachenko, V.N., and Shved, A.D., Thermophilic
and Thermotolerant Methane-Utilizing Bacteria, Mik-
robiologiya, 1975, vol. 44, no. 5, pp. 855–862.

27. Malashenko, Yu.P., Romanovskaya, V.A., and Trot-
senko, Yu.A., Metanokislyayushchie mikroorganizmy
(Methane-Oxidizing Microorganisms), Moscow:
Nauka, 1978.

28. Auman, A.J., Speake, C.C., and Lidstrom, M.E., nifH
Sequence and Nitrogen Fixation in Type I and Type II
Methanotrophs, Appl. Environ. Microbiol., 2001,
vol. 67, no. 9, pp. 4009–4016.

29. Bowman, J.P., Skerratt, J.H., Nichols, P.D., and Sly, L.I.,
Phospholipid Fatty Acids and Lipopolysaccharide Fatty
Acid Signature Lipids in Methane-Utilizing Bacteria,
FEMS Microbiol. Ecol., 1991, vol. 85, pp. 15–22.

30. Ward, N., Larsen, Q., Sakwa, J., Bruseth, L., and 38
coauthors, Genomic Insights Into Methanotrophy: the
Complete Genome Sequence of Methylococcus capsula-
tus (Bath), PLoS Biology, 2004, vol. 2, pp. 1616–1628.

31. Shishkina, V.N. and Trotsenko, Y.A., Pathways of
Ammonia Assimilation in Obligate Methane Utilizers,
FEMS Microbiol. Lett., 1979, vol. 5, pp. 187–191.

32. Lees, V., Owens, N.J.P., and Murrell, J.K., Nitrogen
Metabolism in Marine Methanotrophs, Arch. Microbiol.,
1991, vol. 157, pp. 60–65.

33. Murrell, J.C. and Dalton, H., Ammonia Assimilation in
Methylococcus capsulatus (Bath) and Other Obligate
Methanotrophs, J. Gen. Microbiol., 1983, vol. 129,
pp. 1197–1206.

34. Heyer, J., Berger, U., Hardt, M., and Dunfield, P.F.,
Methylohalobius crimeensis gen. nov., sp. nov., a Mod-
erately Halophilic Methanotrophic Bacterium Isolated
from Hypersaline Lakes of Crimea, Int. J. Syst. Evol.
Microbiol, 2005, vol. 55, pp. 1817–1826.

35. Hanson, R.S. and Hanson, T.E., Methanotrophic Bacte-
ria, Microbiol. Rev., 1996, vol. 60, no. 2, pp. 439–471.

36. Murrell, J.C., Gilbert, B., and McDonald, I.R., Molecu-
lar Biology and Regulation of Methane Monooxygen-
ase, Arch. Microbiol., 2000, vol. 173, pp. 325–332.

37. Murrell, J.C., McDonald, I.R., and Gilbert, B., Regula-
tion of Expression of Methane Monooxygenases by
Copper Ions, Trends Microbiol, 2000, vol. 8, no. 5,
pp. 221–225.

38. Dalton, H., Methane Oxidation by Methanotrophs:
Physiological and Mechanistic Implications, in Methane

and Methanol utilizers, Murrell, J.C. and Dalton, H.,
Eds., New York: Plenum, 1992, pp. 85–114.

39. Merkx, M., Kopp, D.A., Sazinsky, M.H., Blazyk, J.L.,
Muller, J., and Lippard, S.J., Dioxygen Activation and
Methane Hydroxylation by Soluble Methane Monooxy-
genase: a Tale of Two Irons and Three Proteins, Angew.
Chem., Int. Ed. Engl., 2001, vol. 40, no. 15, pp. 2782–
2807.

40. Smith, T.J., Slade, S.E., Burton, N.P., Murrell, J.C., and
Dalton, H., An Improved System for Protein Engineer-
ing of the Hydroxylase Component of Soluble Methane
Monooxygenase, Appl. Environ. Microbiol., 2002,
vol. 68, pp. 5265–5273.

41. Merkx, M. and Lippard, S.J., Why OrfY? Characteriza-
tion of mmoD, a Long Overlooked Component of the
Soluble Methane Monooxygenase from Methylococcus
capsulatus (Bath), J. Biol. Chem., 2002, vol. 277,
pp. 5858–5865.

42. Grosse, S., Laramee, L., Wendlandt, K.-D., McDonald, I.R.,
Miguez, C.B., and Kleber, H., Purification and Characteriza-
tion of the Soluble Methane Monooxygenase of the Type II
Methanotrophic Bacterium Methylocystis sp., Strain WI 14,
Appl. Environ. Microbiol., 1999, vol. 65, no. 9, pp. 3929–
3935.

43. Nguyen, H.H., Elliott, S.J., Yip, J.H., and Chan, S.I., The
Particulate Methane Monooxygenase from Methylococ-
cus capsulatus (Bath) Is a Novel Copper-Containing
Three-Subunit Enzyme. Isolation and Characterization,
J. Biol. Chem., 1998, vol. 273, no. 3, pp. 7957–7966.

44. Semrau, J.D., Chistoserdov, A., Lebron, J., Costello, A.,
Davagnino, J., Kenna, E., Holmes, A.J., Finch, R., Mur-
rell, J.C., and Lidstrom, M.E., Particulate Methane
Monooxygenase Genes in Methanotrophs, J. Bacteriol.,
1995, vol. 177, pp. 3071–3079.

45. Stolyar, S., Costello, A.M., Peeples, T.L., and Lid-
strom, M.E., Role of Multiple Gene Copied in Particu-
late Methane Monooxygenase Activity in the Methane-
Oxidizing Bacterium Methylococcus capsulatus Bath,
Microbiology (UK), 1999, vol. 145, pp. 1235–1244.

46. Yu, S.S.F., Chen, K.H.C., Tseng, M.Y.H., Wang, Y.S.,
Tseng, C.H., Chen, Y.J., Huang, D.S., and Chan, S.I.,
Production of High-Quality Particulate Methane
Monooxygenase in High Yields from Methylococcus
capsulatus (Bath) with a Hollow-Fiber Membrane
Bioreactor, J. Bacteriol., 2003, vol. 185, pp. 5915–5924.

47. Lieberman, R.L. and Rosenzweig, A.C., Biological
Methane Oxidation: Regulation, Biochemistry and
Active Site Structure of Particulate Methane Monooxy-
genase, Crit. Rev. Biochem. Mol. Biol, 2004, vol. 39,
pp. 147–164.

48. DiSpirito, A.A., Zahn, J.A., Graham, D.W., Kim, H.J.,
Larive, C.K., Derrick, T.S., Cox, C.D., and Taylor, A.,
Copper-Binding Compounds from Methylosinus tricho-
sporium OB3b, J. Bacteriol., 1998, vol. 180, pp. 3606–
3613.

49. Kim, H.J., Graham, D.W., DiSpirito, A.A., Alterman, M.A.,
Galeva, N., Larive, C.K., Asunskis, D., and Sherwood, P.M.A.,
Methanobactin, a Copper-Acquisition Compound from Meth-
ane-Oxidizing Bacteria, Science, 2004, vol. 305, pp. 1612–
1615.

50. Choi, D.W., Do, Y.S., and Zea, J.C., and 15 coauthors.
Spectral and Thermodynamic Properties of Ag(I),



400

MICROBIOLOGY      Vol. 78      No. 4      2009

TROTSENKO et al.

Au(III), Cd(II), Co(II), Fe(III), Hg(II), Mn(II), Ni(II),
Pb(II), U(IV), and Zn(II) Binding by Methanobactin
from Methylosinus trichosporium OB3b, J. Inorg. Bio-
chem., 2006, vol. 100, pp. 2150–2161.

51. Joergensen, L., Methane Oxidation by Methylosinus tri-
chosporium Measured by Membrane-Inlet Mass Spec-
trometry, in Microbial Gas Metabolism, Pool, R.K. and
Dow, C.S., Eds., London: Academic Press, 1985,
pp. 287–295.

52. Dalton, H. and Leak, D.J., Methane Oxidation by Micro-
organisms, in Microbial Gas Metabolism, Pool, R.K. and
Dow, C.S., Eds., London: Academic Press, 1985,
pp. 173–200.

53. Myronova, N., Kitmitto, A., Collins, R.F., Miyaji, A.,
and Dalton, H., Three-Dimensional Structure Determi-
nation of a Protein Supercomplex That Oxidizes Meth-
ane to Formaldehyde in Methylococcus capsulatus Bath,
Biochemistry, 2006, vol. 45, pp. 11905–11914.

54. Leak, D.J., Stanley, S.H., and Dalton, H., Implication of
the Nature of Methane Monooxygenase on Carbon
Assimilation in Methanotrophs, in Microbial Gas
Metabolism, Mechanistic, Metabolic and Biotechnolog-
ical Aspects, Poole, R.K. and Dow, C.S., Eds., London:
Academic, 1985, pp. 201–208.

55. Amaratunga, K., Goodwin, P.M., O’Connor, C.D.,
and Anthony, C., The Methanol Oxidation Genes
mxaFJGIR(S)ACKLD in Methylobacterium extorquens,
FEMS Microbiol. Letts., 1997, vol. 146, pp. 31–38.

56. Anthony, C., Ghosh, M., and Blake, C.C.F., The Struc-
ture and Function of Methanol Dehydrogenase and
Related Quinoproteins Containing Pyrrolo-Quinoline
Quinone, Biochem. J., 1994, vol. 304, no. 3, pp. 665–
674.

57. Anthony, C. and Williams, P., The Structure and Mecha-
nism of Methanol Dehydrogenase, Biochim. Biophys.
Acta, 2003, vol. 1647, pp. 8–23.

58. Vorholt, J.A., Cofactor-Dependent Pathways of Formal-
dehyde Oxidation in Methylotrophic Bacteria, Arch.
Microbiol., 2002, vol. 178, pp. 239–249.

59. Ferenci, T., Strom, T., and Quayle, J.R., Purification and
Properties of 3-Hexulose Phosphate Synthase from
Methylococcus capsulatus, Biochem. J., 1974, vol. 144,
pp. 477–486.

60. Kato, N., Yurimoto, H., and Thauer, R.K., The Physio-
logical Role of the Ribulose Monophosphate Pathway in
Bacteria and Archaea, Boisci. Biotechnol. Biochem.,
2006, vol. 70, no. 1, pp. 10–21.

61. Reshetnikov, A.S., Mustakhimov, I.I., Khmelenina, V.N.,
Beschastnyi, A.P., and Trotsenko, Yu.A., Identification
and Cloning of the Gene Encoding Pyrophosphate-
Dependent 6-Phosphofructokinase of Methylomonas
methanica, Doklady Akademii Nauk, 2005, vol. 405,
no. 6, pp. 837–839 [Doklady Akadevii Nauk. (Engl.
Transl.), vol. 405, pp. 468–470].

62. Reshetnikov, A.S., Rozova, O.N., Khmelenina, V.N.,
Mustakhimov, I.I., Beschastny, A.P., Murrell, J.C., and
Trotsenko, Y.A., Gene Cloning and Characterization of
Pyrophosphate-Dependent 6-Phosphofructokinase from
Methylococcus capsulatus Bath, FEMS Microbiol.
Letts., 2008, vol. 288, no. 2, pp. 202–210.

63. Karlsen, O.A., Ramsevik, L., Bruseth, L.J., Larsen, O.,
Brenner, A., Berven, F.S., Jensen, H.B., and Lillehaug,

J.R., Characterization of a Prokaryotic Haemerythrin
from the Methanotrophic Bacterium Methylococcus
capsulatus (Bath), FEBS J, 2005, vol. 272, pp. 2428–
2440.

64. Hou, S., Makarova, K.S., Saw, J.H.W., Senin, P., Ly, B.,
Zhou, Z., Ren, Y., Wang, J., Galperin, M.Y., Omel-
chenko, M.V., Wolf, Y.I., Yutin, N., Koonin, E.V., Stott, M.B.,
Mountain, B.W., Crowe, M.A., Smirnova, A.V., Dun-
field, P.F., Feng, L., Wang, L., and Maqsudul, A., Com-
plete Genome Sequence of the Extremely Acidophilic
Methanotroph Isolate V4, Methylacidiphilum infer-
norum, a Representative of the Bacterial Phylum Verru-
comicrobia, Biology Direct, 2008, vol. 3, no. 26, pp. 1–28.

65. Semrau, J.D., Dispirito, A.A., and Murrell, J.C., Life in
the Extreme: Thermoacidophilic Methanotrophy, Trends
Microbiol, 2008, vol. 16, no. 5, pp. 190–193.

66. Korotkova, N. and Lidstrom, M.E., Glyoxylate Regener-
ation Pathway in the Methylotroph Methylobacterium
extorquens AM1, J. Bacteriol., 2002, vol. 184, pp. 1750–
1758.

67. Baenziger, J.E., Jarrell, H., and Smith, I.S., Molecular
Motions and Dynamics of a Diunsaturated Acyl Chain in
Lipid Bilayer: Implication for a Role in Biological Mem-
branes, Biochemistry, 1993, vol. 31, pp. 3379–3385.

68. Bird, C.W., Lynch, J.M., Pirt, F.J., Reid, W.W.,
Brooks, C.-J.W., and Middleditch, B.S., Steroids and
Squalene in Methylococcus capsulatus Grown on Meth-
ane, Nature, 1971, vol. 230, pp. 473–474.

69. Bouvier, P., Rohmer, M., Benveniste, P., and Ourisson, G.,
Delta8(14)-steroids in the Bacterium Methylococcus cap-
sulatus, Biochem. J., 1976, vol. 159, pp. 267–271.

70. Lamb, D.C., Colin, J.J., Warrilow, A.S., Manning, N.J.,
Kelly, D.E., and Kelly, S.L., Lanosterol Biosynthesis in
the Prokaryote Methylococcus capsulatus: Insight Into
the Evolution of Sterol Biosynthesis, Mol. Biol. Evol.,
2007, vol. 24, no. 8, pp. 1714–1721.

71. Cvejic, J.H., Bodrossy, L., Kovacs, K.L., and Rohmer, M.,
Bacterial Triterpenoids of the Hopane Series from the
Methanotrophic Bacteria Methylocaldum spp.: Phyloge-
netic Implications and First Evidence for an Unsaturated
Aminobacteriohopanepolyol, FEMS Microbiol. Letts.,
2000, vol. 182, pp. 361–365.

72. Medvedkova, K.A., Khmelenina, V.N., and Trot-
senko, Yu.A., Sucrose as a Factor of Thermal Adapta-
tion of the Thermophilic Methanotroph Methylocaldum
szegediense O-12, Mikrobiologiya, 2007, vol. 76, no. 4,
pp. 567–569 [Microbiology (Engl. Transl.), vol. 76,
no. 4, pp. 500–502].

73. Cumino, A., Curatti, L., Giarrocco, L., and Salerno, G.L.,
Sucrose Metabolism: Anabaena Sucrose-Phosphate Syn-
thase and Sucrose-Phosphate Phosphatase Define Minimal
Functional Domains Shuffled During Evolution, FEBS Let-
ters, 2001, vol. 517, pp. 19–23.

74. Billi, D., Wright, D.J., Helm, R.F., Prickett, T., Potts, M.,
and Crowe, J.H., Engineering Desiccation Tolerance in
Escherichia coli, Appl. Environ. Microbiol., 2000,
vol. 66, no. 4, pp. 1680–1684.

75. Lunn, J.E., Price, G.D., and Furbank, R.T., Cloning and
Expression of a Prokaryotic Sucrose-Phosphate Syn-
thase Gene from the Cyanobacterium Synechocystis sp.
PCC 6803, Plant Mol. Biology, 1999, vol. 40, pp. 297-
305.



MICROBIOLOGY      Vol. 78      No. 4     2009

THERMOPHILIC AND THERMOTOLERANT AEROBIC METHANOTROPHS 401

76. Khmelenina, V.N., Kalyuzhnaya, M., Sakharovsky, V.G.,
Suzina, N.E., Trotsenko, Y.A., and Gottschalk, G.,
Osmoadaptation in Halophilic and Alkaliphilic Methan-
otrophs, Arch. Microbiol., 1999, vol. 172, no. 5, pp. 321–
329.

77. Khmelenina, V.N., Eshinimaev, B.Ts., Reshetnikov, A.S.,
Suzina, N.E., and Trotsenko, Yu.A., Aerobic Methanotrophs
of Extreme Environments, in Trudy Instituta Mikrobiologii
(Proc. Winogradsky Inst. Microbiol.), Galchenko, V.F., Ed.,
Moscow: Nauka, 2006, vol. 13, pp. 147–171.

78. Ali, M.H., Scanlan, J., Dumont, M.G., and Murrell, J.C.,
Duplication of Soluble Methane Monooxygenase Genes
in Methylosinus sporium and Mutational Analysis of the
mmo Operon, Microbiology, 2006, vol. 152, pp. 2931–
2942.

79. Medvedkova, K.A., Khmelenina, V.N., Baskunov, B.P.,
and Trotsenko, Yu.A., Synthesis of Melanin by a Moder-
ately Thermophilic Methanotroph Methylocaldum sze-
gediense Depends on Cultivation Temperature, Mikrobi-
ologiya, 2008, vol. 77, no. 1, pp. 126–128 [Microbiology
(Engl. Transl.), vol. 77, no. 1, pp. 112–114].

80. Sparnins, V. and Dagley, S., Altenative Routes of Aro-
matic Catabolism in Pseudomonus acidovorans and
Pseudomonus putida: Gallic Acid as a Substrate and
Inhibitor of Dioxygenases, J. Bacteriol., 1975, vol. 121,
no. 3, pp. 1374–1381.

81. Sparnins, V. and Chapman, P., Catabolism of Tyrosine by
the Homoprotocatechuate Pathway in Gram-Positive
Bacteria, J. Bacteriol., 1976, vol. 127, no. 1, pp. 362–
366.

82. Plakunov, V.K., Geidebrekht, O.V., and Shelemekh, O.V.,
Microorganisms under Multistress: Harm or Good? in
Trudy Instituta Mikrobiologii (Proc. Winogradsky Inst.
Microbiol.), Galchenko, V.F., Ed., Moscow: Nauka, 2004,
vol. 12, pp. 361–375.

83. Bergmann, D.J., Zahn, J.A., Hooper, A.B., and Dispi-
rito, A.A., Cytochrome P460 Genes from the Methan-
otroph Methylococcus capsulatus Bath, J. Bacteriol.,
1998, vol. 180, pp. 6440–6445.

84. Bergmann, D.J., Zahn, J.A., and DiSpirito, A.A., High
Molecular-Mass Multi-c-Heme Cytochromes from
Methylococcus capsulatus Bath, J. Bacteriol., 1999,
vol. 181, pp. 991–997.

85. Elmorea, B.O., Bergmann, D.J., Klotzc, M.G., and
Hoopera, A.B., Cytochromes P460 and c-Beta; A New
Family of High-Spin Cytochromes c, FEBS Letters,
2007, vol. 581, pp. 911–916.

86. Zahn, J.A., Arciero, D.M., Hooper, A.B., Coats, J.R., and
Dispirito, A.A., Cytochrome c Peroxidase from Methy-
lococcus capsulatus Bath, Arch. Microbiol, 1997,
vol. 168, pp. 362–372.

87. Karlsen, O.A., Kindingstad, L., Angelska, S.M.,
Bruseth, L.J., Straume, D., and Puntervoll, P., L. Identi-

fication of a Copper-Repressible c-Type Heme Protein of
Methylococcus capsulatus (Bath). A Member of a Novel
Group of the Bacterial Di-Heme Cytochrome c Peroxi-
dase Family of Proteins, FEBS J, 2005, vol. 272,
pp. 6324–6335.

88. Fjellbirkeland, A., Kleivdal, H., Joergensen, C., Thes-
trup, H., and Jensen, H.B., Outer Membrane Proteins of
Methylococcus capsulatus (Bath), Arch. Microbiol.,
1997, vol. 168, pp. 128–135.

89. Fjellbirkeland, A., Bemanian, V., McDonald, I.R., Mur-
rell, C.J., and Jensen, H.B., Molecular Analysis of an
Outer Membrane Protein, MopB, of Methylococcus cap-
sulatus (Bath) and Structural Comparisons with Proteins
of the OmpA Family, Arch. Microbiol., 2000, vol. 173,
pp. 346–351.

90. Fjellbirkeland, A., Kruger, P.G., Bemanian, V., Hogh, B.T.,
Murrell, C.J., and Jensen, H.B., The C-Terminal Part of
the Surface-Associated Protein MopE of the Methan-
otroph Methylococcus capsulatus (Bath) Is Secreted Into
the Growth Medium, Arch. Microbiol., 2001, vol. 176,
pp. 197–203.

91. Karlsen, O.A., Berven, F.S., Stafford, G.P., Larsen, O.,
Murrell, J.C., Jensen, H.B., and Fjellbirkeland, A., The
Surface-Associated and Secreted MopE Protein of Meth-
ylococcus capsulatus (Bath) Responds to Changes in the
Concentration of Copper in the Growth Medium, Appl.
Environ. Microbiol., 2003, vol. 69, pp. 2386–2388.

92. Zahn, J.A. and Dispirito, A.A., Membrane-Associated
Methane Monooxygenase from Methylococcus capsula-
tus (Bath), J. Bacteriol., 1996, vol. 178, pp. 1018–1029.

93. Choi, D.W., Antholine, W.E., Do, Y.S., Semrau, J.D.,
Kisting, C.J., Kunz, R.C., Campbell, D., Rao, V., Hart-
sel, S.C., and DiSpirito, A.A., Effect of Methanobactin
on the Activity and Electron Paramagnetic Resonance
Spectra of the Membrane-Associated Methane Monoox-
ygenase in Methylococcus capsulatus Bath, Microbiol-
ogy (UK), 2005, vol. 1, pp. 3417–3426.

94. Kim, H.J., Galeva, N., Larive, C.K., Alterman, M., and
Graham, D.W., Purification and Physical-Chemical
Properties of Methanobactin: a Chalkophore from Meth-
ylosinus trichosporium OB3b, Biochemistry, 2005,
vol. 44, pp. 5140–5148.

95. Choi, D.W., Semrau, J.D., Antholine, W.E., Hartsel, S.C.,
Anderson, R.C., Carey, J.N., Dreis, A.M., Kenseth, E.M.,
Renstrom, J.M., Scardino, L.L., Van Gorden, G.S.,
Volkert, A.A., Wingad, A.D., Yanzer, P.J., McEllistrem, M.T.,
de la Mora, A.M., and Dispirito, A.A., Oxidase, Superoxide
Dismutase, and Hydrogen Peroxide Reductase Activities of
Methanobactin from Types I and II Methanotrophs, J. Inorg.
Biochem., 2008, vol. 102, no. 8, pp. 1571–1580.

96. Lidstrom, M.E. and Maldrum, D.R., Life-on-a-Chip,
Nat. Rev. Microbiol, 2003, vol. 1, pp. 158–164.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


