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Introduction

Methanotrophs are a group of bacteria possess-
ing a highly specialized metabolism restricted to
the utilization of methane and methanol and are
a subset of the methylotrophs, bacteria and
archaea able to utilize C1 compounds. Methan-
otrophs are by definition obligately methy-
lotrophic and do not have the ability to grow on
organic compounds possessing carbon-carbon
bonds. Besides methane, the only other substrate
generally utilized by methanotrophs for growth
is methanol; however, a few strains can utilize
methylamine and a narrow selection of other C1
compounds. Methanotrophs are an integral part
of the natural ecosystem, consuming much of the
methane that is biogenically (through methano-
genesis) and non-biogenically (e.g., from hydro-
carbon seeps, natural gas fields and coal mines)
derived. This interception of methane helps
maintain a balance of atmospheric methane.
Methanotrophs can utilize methane as they
possess an enzyme called methane monooxyge-
nase (MMO) which occurs, depending on the
methanotroph species, either in a particulate
(membrane-bound) or soluble (cytoplasmic)
form. In a process referred to as dissimilatory
methane oxidation, MMO oxidizes methane to
methanol and then methanol is further oxidized
to formaldehyde, which methanotrophs use for
cellular carbon. Excess formaldehyde is oxidized
to CO2 via formate. The pathway also provides
cells with reducing equivalents and drives elec-
tron transport for generation of ATP. The MMO
is a powerful catalyzer of oxidation reactions and
has been found able to oxidize a wide range of
carbon compounds. This has given methanotro-
phs a significant biotechnological potential that
has been harnessed in applications including
bioremediation and industrial processes.

There are two major groups of methanotrophs,
Type I and II. Type I methanotrophs are split into
two more groups (Type I and Type X). The biol-
ogy of Type I and Type II methanotrophs differs
in phylogeny, chemotaxonomy, internal ultra-
structure, carbon assimilation pathways, and cer-
tain other biochemical aspects. The differences

are summarized in Table 1. The Type I methan-
otrophs are housed within the family Methylo-
coccaceae which has six genera: Methylococcus
(the type genus), Methylocaldum, Methylomo-
nas, Methylobacter, Methylomicrobium and
Methylosphaera. The first two genera are also
referred to as Type X methanotrophs, and this
group is distinguished by certain physiological,
biochemical and phylogenetic characteristics.
The Type II methanotrophs are grouped in a
family called the Methylocystaceae with Methy-
locystis (type genus) and Methylosinus as the
member genera.

The taxonomy of the methanotrophs, which
started with limited descriptions of several spe-
cies groups, has undergone a series of develop-
ments (Whittenbury et al., 1970b). These studies
were  integral  in  advancing  our  understanding
of methanotrophs. The subsequent usage of a
systematic polyphasic approach (Murray et al.,
1990) has resolved methanotrophic intra- and
intergeneric relationships (Bowman et al., 1993b;
Bowman et al., 1995). However it is clear the
inherent  biological  and  physiological  diversity
of methanotrophs remains untapped, as they
appear to be ubiquitous in many environments.
With the exploration of novel habitats using
increasingly more sophisticated molecular tech-
niques, the isolation of novel methanotrophs is
inevitable. Thus, understanding of the role and
ecology of methanotrophs and their intrinsic
biology is still a highly active research area.

Phylogeny

The use of 16S ribosomal RNA-based phyl-
ogenetic analysis (Bratina et al., 1992; Brusseau
et al., 1994; Bowman et al., 1995) has helped to
resolve many nomenclatural problems which
previously affected methanotrophs (Whitten-
bury and Krieg, 1984). On the basis of 16S rRNA
sequence data, Type I methanotrophs belong in
the gamma subdivision of the Proteobacteria;
however, in most phylogenetic trees based on
available sequences, the Family Methylococca-
caeae is made up of two separate groups (Figure
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Type I methanotrophs, with evolutionary dis-
tances equal to other interposing genera. The
second cluster contains mesophilic and
psychrophilic type I methanotrophs, including
the genera Methylomonas,  Methylobacter, Meth-
ylomicrobium and  Methylosphaera, as well as
methanotrophic mytilid endosymbionts. This
cluster is most closely related to Methylophaga

Table 1. Characteristics of methanotroph types.

aSymbols: 

 

+, 90% or more of strains are positive; and 

 

−, 90% or more of strains are negative. RuMP pathway, ribulose
monophosphate pathway.
bAbsent in most Type I methanotrophs but is present in some strains of Methylococcus and Methylomonas.

Characteristics Type I Methanotrophs
Type X

Methanotrophs Type II Methanotrophs

Family Methylococcaceae Methylocystaceae
Member genera Methylosphaera Methylococcus Methylosinus

Methylobacter Methylocaldum Methylocystis
Methylomicrobium
Methylomonas

Resting stages Azotobacter-type cysts
(or none)

Azotobacter-type
cysts

Exospores or
lipoidal cysts

Intracytoplasmic membranes Type I Type I Type II
Soluble methane monooxygenaseb

 

−a

 

− +
Carbon assimilation pathway RuMP RuMP Serine
Benson-Calvin cycle enzymes

 

− + −
Major fatty acid carbon chain length 16 16 18
Major quinone Q-8 or MQ-8 MQ-8 Q-10
Mol% G

 

+C (Tm) 43–60 56–65 60–67
Phylogenetic group (Proteobacteria) Gamma Gamma Alpha

1). The first cluster includes the “Type X”
methanotrophs—thermotolerant and thermo-
philic methanotrophs of the genera Methylo-
coccus and Methylocaldum. This group deeply
branches  within  the  gamma  subdivision,  with
the Ectothiorhodospiraceae, Chromatiaceae and
Legionellaceae being amongst the closest rela-
tives. The clade is separate from the remaining

Fig. 1.
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and Cycloclasticus and various chemoautotro-
phic endosymbionts.

Phylogenetic analysis based on 16S rRNA
assigns Methylocystis and Methylosinus to the
alpha subdivision of the Proteobacteria (Bratina
et  al.,  1992;  Brusseau  et  al.,  1994).  Owing  to
the close relationship, Methylocystis spp. is not
clearly delineated from Methylosinus spp.
(Figure  2).  The  Type  II  methanotrophs  are
more distantly related to an assemblage of facul-
tatively methylotrophic, nitrogen-fixing and
phototrophic  bacteria  including  Azorhizo-
bium, Xanthobacter, Ancylobacter, Blastochloris,
Rhodoplanes, and Beijerinckia.

Taxonomy

Family Methylococcaceae

Genus Methylococcus and Genus
Methylocaldum Both Methylococcus and
Methylocaldum represent the Type X methan-
otrophs, a subset of Type I methanotrophs with
a thermotolerant or thermophilic growth ten-
dency. The type species of Methylococcus is
Methylococcus capsulatus, which was originally
described by Foster and Davis (1966) and
included strains isolated from sewage sludge.
Subsequent numerical taxonomic analyses sug-
gested several of the methanotrophic species
groups of Whittenbury et al. (1970b) were
related to Methylococcus, and new Methylococ-
cus species descriptions were later published
(Romanovskaya et al., 1978) including the
species Methylococcus bovis, Methylococcus
chroococcus, Methylococcus luteus, Methylococ-
cus vinelandii and Methylococcus whittenburyi
(“Methylobacter capsulatus”). However, later
investigations using immunological analysis, pro-

tein electrophoresis, fatty acid analysis and
genomic characteristics (Andreev and Gal-
chenko, 1978; Galchenko and Nesterov, 1981;
Bezrukova et al., 1983; Meyer et al., 1986, Bow-
man et al., 1991a; Bowman et al., 1991b) clearly
demonstrated the genus was made up of two
groups. This nomenclatural problem was
resolved when only Methylococcus capsulatus
and Methylococcus thermophilus were retained
in Methylococcus with the description of Methy-
lococcus appropriately emended to reflect the
change (Bowman et al., 1993b). The other spe-
cies were transferred to the genus Methylobacter,
the original name coined for them by Whitten-
bury et al. (1970b). Other species have been
described and include “Methylococcus fulvus”
(Malashenko et al., 1972), which appears to be a
synonym of Methylobacter luteus
(Romanovskaya et al., 1978), whereas the single
strain of the species “Methylococcus mobilis”
(Hazeu et al., 1980) unfortunately has been lost.

Moderately thermophilic methanotrophs were
recently described by Bodrossy et al. (1997) as
the genus Methylocaldum. This group includes
the species Methylocaldum szegediense (the type
species), Methylocaldum tepidum and Methylo-
caldum gracile. The latter species was renamed
from “Methylomonas gracilis” NCIMB 11128.
Bodrossy et al. (1997) noted phenotypic similar-
ity between Methylococcus thermophilus and
Methylocaldum spp., though they appear to be
phylogenetically distinct (evolutionary distance

 

∼0.08). However, high levels of DNA:DNA
hybridization have been recorded between
Methylococcus thermophilus IMV-2Yu and
Methylocaldum gracile NCIMB 11912 (Bowman
et al., 1993b). As 16S rRNA sequences for these
strains are quite divergent, the 16S rRNA
sequence of Methylococcus thermophilus  needs
to be verified.

Genus  METHYLOMONAS The type species of
the genus Methylomonas is Methylomonas
methanica. The genus was first described offi-
cially by Whittenbury and Krieg (1984); how-
ever, this species has been known for quite some
time as  it  was  first  isolated  by  Soehngen
(1906),  who  named  it  “Bacillus  methanica,”
making  it  the first recorded methanotroph.
Orla-Jenson (1909) subsequently renamed it
“Methanomonas methanica.” Morpholologically
similar pink-pigmented strains were isolated also
from methane:air enrichments of aquatic plants
and other freshwater habits and were referred to
as “Pseudomonas methanica” (Dworkin and Fos-
ter, 1956; Leadbetter and Foster, 1958). The
name Methylomonas methanica was eventually
coined by Whittenbury et al. (1970) for isolates
very similiar to “Pseudomonas methanica,”
which they enriched from freshwater sediment.

Fig. 2.
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Finally, the species was formally described by
Romanovskaya et al. (1978), who at the same
time described “Methylomonas rubra.” Other
pink-red pigmented groups of Methylomonas
described by Whittenbury et al. (1970b) were
regarded as variants of Methylomonas meth-
anica. However DNA:DNA hybridization and
phenotypic studies also suggested “Methylomo-
nas rubra” was simply a synonym of Meth-
ylomonas methanica (Bowman et al., 1990).
Additional  species  with  a  bright  orange  pig-
ment isolated from coal-mine drainage water
(Methylomonas fodinarum) and from sewage
sludge and marshy soils (Methylomonas auranti-
aca) also have been described (Bowman et al.,
1990).

During the 1970s, with interest in biotechnol-
ogy (particularly, the production of single-cell
protein) expanding (Anthony, 1982; Hou, 1984),
many methylotrophic bacteria were isolated
which were grouped in the genus Methylomonas.
Most of these species were able to utilize meth-
anol and methylamine but not methane. In addi-
tion, practically all of these species were clearly
misclassified, often lacking formal descriptions.
Admittedly at that time, formal taxonomic
arrangements were not available for the classifi-
cation of methylotrophic bacteria. Thankfully
most of these nomenclatural problems have now
been resolved. Several invalid Methylomonas
spp. are now recognized as belonging to Methy-
lobacillus glycogenes (Urakami and Komagata,
1986b), including “Methylomonas (Methanomo-
nas) methylovora” (Kuono et al., 1973), “Methy-
lomonas methanolica,” “Methylomonas espexii,”
“Methylomonas methanocatalesslica,” and
“Methylomonas methanofructolica” (Urakami
and Komagata, 1986a). “Methylomonas clara”
(Faust  et  al.,  1977)  has  been  shown  to  belong
to Methylophilus methylotrophus (Jenkins et al.,
1987).

A variety of methanotrophs were also grouped
in Methylomonas, including “Methylomonas
methaninitrificans” (Davis et al., 1964) and
“Methylomonas methanooxidans” (Brown and
Strawinski, 1958), both of which probably belong
to the genus Methylosinus (Whittenbury et al.,
1970a; Whittenbury et al., 1970b). The species
“Methylomonas margaritae” (Takeda et al.,
1974) and “Methylomonas flagellata” (Morinaga
et al., 1976) possess traits very similar to those of
Methylomicrobium agile; however, neither spe-
cies has extant cultures. The marine species
Methylomonas pelagica (Sieburth et al., 1987)
was initially transferred to the genus Methylo-
bacter (Bowman et al., 1993b) and then to the
genus Methylomicrobium (Bowman et al., 1995).

Genus  METHYLOBACTER The representative
type species of Methylobacter is Methylobacter

luteus. The genus Methylobacter was formed fol-
lowing the emendation of the genus Methylococ-
cus (Bowman et al., 1993b), and Methylobacter
species are equivalent to the similarly named
group first coined by Whittenbury et al. (1970b).
Two species, Methylococcus vinelandii and Meth-
ylococcus chroococcus, have been shown by
DNA:DNA hybridization to be synonyms of
Methylobacter whittenburyi, while Methylococ-
cus bovis is a synonym of Methylobacter luteus.
Polyphasic taxonomic analyses have further
refined the genus; species that cannot form cysts
and have different fatty acid profiles were moved
into the genus Methylomicrobium (Bowman et
al., 1995) [RG1]. Recently two species “Methy-
lobacter psychrophilus” (Omelchenko et al.,
1996) and “Methylobacter alcaliphilus” (Khme-
lenina et al., 1997) were proposed for classifica-
tion as strains, having been isolated from tundra
soil and soda lake habitats, respectively. The
genus contains the following validly described
species: Methylobacter luteus, Methylobacter
whittenburyi, and Methylobacter marinus.

Genus METHYLOMICROBIUM The type species of
Methylomicrobium is Methylomicrobium agile
and it includes motile methanotrophs unable to
form cysts. This genus was formed after polypha-
sic taxonomic analyses suggested that a number
of Methylobacter species possessed sufficiently
different traits (i.e., lack of encystment, more
rod-like morphology, different fatty acid profile)
to warrant the creation of a new genus (Bowman
et al., 1995). The genus currently contains two
terrestrial species, Methylomicrobium agile and
Methylomicrobium album, and one marine spe-
cies, Methylomicrobium pelagicum, previously
called Methylomonas pelagica (Sieburth et al.,
1987).

Genus METHYLOSPHAERA A psychrophilic non-
motile, non-cyst-forming species from Antarctic
lakes was found to form a distinct genus in the
Methylococcaceae and is called Methylosphaera
hansonii (Bowman et al., 1997).

Family Methylocystaceae

Genus METHYLOCYSTIS The type species of the
genus Methylocystis is Methylocystis parvus. The
name Methylocystis was originally created by
Whittenbury et al. (1970b); however, the actual
description was published by Romanovskaya et
al. (1978). Only Methylocystis parvus and “Meth-
ylocystis minimus” were included in the genus
at the time, and several other species including
“Methylocystis methanolicus,” Methylocystis
echinoides (Galchenko et al., 1977),“Methylocys-
tis pyreformis,” “Methylocystis fuscus” (Gal-
chenko, 1977), and “Methylocystis fistulosa”
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(Meyer, 1977) were ignored owing to lack of
data, lack of a type strain and/or to the possibility
that some were mixed cultures. The genus was
not included in the Approved Lists of Bacterial
Names (Skerman et al., 1980) but was
subsequently revived and re-described in 1993
(Bowman et al., 1993b) and now includes Meth-
ylocystis parvus and the spinate, Methylocystis
echinoides. Studies using protein electrophoresis
(Galchenko and Nesterov, 1981) and immuno-
typing (Bezrukova et al., 1983) still suggest the
diversity in Methylocystis is greater than what is
currently recognized. Strains designated Methy-
locystis echinoides by Galchenko et al. (1977)
were very similar to the strain IC 493S/5 (IMET
10491) of Haubold (1978) according to protein
electrophoretic patterns (Galchenko and Nest-
erov, 1981). The strain IMET 10491 thus subse-
quently became the type strain of Methylocystis
echinoides (Bowman et al., 1993b). “Methylocys-
tis minimus” IMET 10519 (Whittenbury et al.,
1970b; Romanovskaya et al., 1978) has been
shown to be a synonym of Methylocystis parvus
(Bowman et al., 1993b). Strain A of “Methylov-
ibrio soehngenii” (Hazeu and Steenis, 1970) is
probably just another strain of Methylocystis par-
vus (Anthony, 1982).

Genus METHYLOSINUS  The type species of the
genus Methylosinus is Methylosinus trichospo-
rium. As in the case of Methylocystis, the name
Methylosinus was  first coined by Whittenbury
et al. (1970b) but was not published with a
description until Romanovskaya et al. (1978)
described the genus and two species, Methylosi-
nus trichosporium and Methylosinus sporium.
The genus was not included in the Approved
Lists of Bacterial Names (Skerman et al., 1980)
but was subsequently revived in 1993 (Bowman
et al., 1993b). A variety of microorganisms have
been confused with Methylosinus species includ-
ing “Blastobacter henrici,” which was misidenti-
fied as Methylosinus trichosporium (Trotsenko et
al., 1989). “Methylovibrio soehngenii” strain B
(Hazeu and Steenis, 1970) appeared to have a
morphology identical to that of Methylosinus
sporium (Anthony, 1982). Based on morphology,
nitrogen-fixing methanotrophic strains desig-
nated “Methylomonas methaninitrificans” (Davis
et al., 1964) and “Methylomonas methanooxi-
dans” (Brown and Strawinski, 1958) are proba-
bly synonyms of Methylosinus trichosporium and
Methylosinus sporium, respectively (Whitten-
bury and Krieg, 1984). Based on morphology and
16S rRNA sequences, “Methylosporovibrio
methanica” strain 81Z (Tsuji et al., 1990) also
appears to be equivalent to Methylosinus
sporium. Methylosinus-like strains possessing a
brilliant-red prodigiosin-like pigment (Strauss

and Berger, 1983) also appear to belong to Meth-
ylosinus sporium.

Habitats

Methane is the next most important greenhouse
gas after CO2 and is the most abundant organic
gas in the atmosphere. Methanotrophs’ greatest
significance is that they are the largest global
methane sink and, as a result, are ubiquitous in
nature. The largest and most active populations
occur in environments with a stable gas
exchange, in which both oxygen and methane are
readily and continually available (Oremland and
Cuthbertson, 1992; Reeburgh et al., 1993).
Research indicates methanotrophs make up a
high proportion of the total bacterial biomass in
many freshwater aquatic environments, mostly
within surface sediments (Boon et al., 1996; Ross
et al., 1997). However their predominance in
marine ecosystems is relatively unknown. Within
these ecosystems methanotrophs represent a
part of the basal trophic level and their carbon
accumulates in the food web. Biogenic methane
derived from methanogenesis is highly 13C-
depleted, and stable isotopic analyses indicate
that carbon from methanotrophs reflects this.
Measurement of 13C isotope also suggests that a
considerable proportion of carbon found in
aquatic life at different trophic levels can be
directly attributable to methanotrophic bacteria
(Boschker et al., 1998). In other words, lower
trophic levels such as zooplankton graze on
methanotrophs and accumulate methanotroph
carbon which is naturally 13C-depleted, and as
the zooplankton are consumed by higher life
forms, this carbon can be traced up the food
chain. Most generalist studies on methanotrophs
in natural samples have measured methane oxi-
dation rates as a very rough measure of popula-
tion size and relative activity, however. Studies
show in situ methane oxidation rates are affected
by numerous biological and physical factors and
are reviewed in some detail by Hanson and
Hanson (1996).

Habitats in which methanotrophs are common
include rice paddies; muddy soils of swamps and
marshes; river, pond and lake surface sediments;
meadow and deciduous forest soils; activated
sewage sludge; some peat bogs; coal mine sur-
faces and drainage waters. Methanotrophs have
in general not been isolated from “extreme”
environments such as hypersaline lakes, hot
springs and hydrothermal vents, even though
some methanogenic archaea are able to grow in
these habitats (e.g., Methanopyrus). For exam-
ple, a study of a hypersaline mat environment
failed to detect any methanotrophic activity
(Conrad et al., 1995). However, methanotrophs
have been isolated from Antarctic lakes, soda
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lakes and tundra soils (Omelchenko et al., 1996;
Khmelenina et al., 1997; Bowman et al., 1997)
and thus some species possess psychrophilic and
pH-based adaptations. In addition, methanotro-
phs (mostly of Type II) have been isolated from
masonry of old buildings (Kussmaul et al., 1998).

Indirect immunofluoresence studies suggest
Type I methanotrophs are common in surface
sediments, the water column of various fresh and
brackish water environments, and swampy soils
(Reed and Dugan, 1978; Saralov et al., 1984;
Ambramochkina et al., 1987; Malashenko et al.,
1987; Galchenko et al., 1988; Galchenko, 1994).
In addition 16S rRNA oligonucleotide signature
probes (Brusseau et al., 1994) and isolation
studies have demonstrated methanotrophs are
associated with the roots and stems of aquatic
macrophytes (Hanson et al., 1993; King, 1994;
Calhoun and King, 1998). Methylomonas and
Methylococcus spp. are found in significant pop-
ulations in subtropical muds and swampy soils
and in activated sludge (Bowman, 1992). Methy-
lococcus and Methylocaldum strains have been
isolated within and adjacent to thermal areas
including thermal muds and springs which have
temperatures up to 70°C or so (Malashenko et
al., 1975a; Malashenko et al., 1975b; Bodrossy et
al., 1997). The species “Methylobacter psychro-
philus” was isolated from swampy tundra soils
(Omelchenko et al., 1996), suggesting popula-
tions of methanotrophs in similar high latitude
environments could be quite significant. In gen-
eral little information exists on cold-adapted
methane cyclers including both methanotrophs
and methanogens. One place where such infor-
mation does exist is Ace Lake in Eastern Ant-
arctica, a marine-salinity meromictic water body
in which methanogenesis occurs in the bottom
water column and sediments (Franzmann et al.,
1997). The lake supports a population of Methy-
losphaera hansonii, which concentrates in the
oxycline of the lake (Bowman et al., 1997). It is
possible  this  organism  also  may  be  common
in surface sediments of the polar marine env-
ironments. Immunofluorescence studies suggest
Methylomicrobium pelagicum is common in the
upper mixing layers of temperate oceanic areas
but is much less populous in estuarine waters
(Sieburth et al., 1993). Conversely, Methylo-
bacter marinus can be isolated from estuarine
waters (Lidstrom, 1988). Various Type I meth-
anotroph strains, intolerant to agar media (Lees
et al.,  1991), have been isolated from seawater
off the coast of Britain.

Methylocystis and Methylosinus species have
been isolated from a variety of soil and fresh-
water sediment habitats. Methylosinus strains
tend to be isolated more regularly than Methylo-
cystis, possibly because exospore formation
makes them hardier. Indirect immunofluores-

cence studies suggest Methylocystis and Methy-
losinus can reach high populations in surface
sediments of various freshwater and brackish
water bodies (Reed and Dugan, 1978;
Ambramochkina et al., 1987; Malashenko et al.,
1987; Galchenko et al., 1988; Galchenko, 1994).
Methylosinus has been found to dominate the
culturable methanotroph population of ground-
water (Bowman et al., 1993a) and rice paddy
soils (Saralov and Babnazarov, 1982). Several
strains of Type II methanotrophs have been iso-
lated and detected on the root systems of the
various aquatic macrophytes (Calhoun and King,
1998) and have been detected by gene probe
methods in blanket peat bogs (McDonald et al.,
1996).

Detection Direct plating procedures suggest
methanotrophs are only a small proportion of
the total viable microbial population in most
samples. However direct plating methods are not
very ideal for estimating methanotroph popula-
tions because of the poor transfer onto agar sur-
faces (usually less than 10% of cells survive
subculture steps) and often rapid overgrowth by
contaminating bacteria and fungi. Plating also is
not aided by the intolerance to agar found in
several methanotrophic strains from marine eco-
systems. Most-probable-number counting based
on liquid media, though generally labor- and
materially intensive, gives  a clearer indication
of population levels (Bender and Conrad, 1994;
Bowman et al., 1997; Escoffier et al., 1997) with
the added advantage that methanotrophs can be
isolated more easily from the highest dilutions.

Indirect immunofluorescence and ELISA
techiques have been used extensively by
research groups to detect specific species of
methanotrophs, and the method appears useful
in gaining a generalized concept of the distr-
ibution of methanotrophs (see above; Brigmon
et al., 1998).

An alternative approach to detect methan-
otrophs involves use of specific phospholipid
fatty acid (PLFA) biomarkers. For example, the
PLFAs 16:1ω8c and 18:1ω8c (Nichols et al., 1985;
Bowman et al., 1991a;  Guckert et al., 1991) are
very useful signatures for the detection and
quantification of Type I and Type II methanotro-
phs, respectively, in environmental samples
(Nichols et al., 1987; Sundh et al., 1995; Guez-
zenec and Fiali-Medioni, 1996; Boon et al.,
1996). These fatty acids are practically methan-
otroph-specific. The detection of signature fatty
acids relies on the confirmation of the double-
bond geometry and isomeric state using gas
chromatography-mass spectrometry. The quan-
tity of the fatty acid also can be used to deter-
mine indirectly the biomass of methanotrophs in
a given sample. However, a potential limitation
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of this method is lack of sensitivity, as methan-
otroph populations in question must be rela-
tively high (usually >1% of the total population)
for lipid biomarkers to be reliably detectable. In
addition, some methanotrophs, such as the spe-
cies of Methylococcus and Methylocaldum, lack
distinctive fatty acid biomarkers.

Nucleic acid oligonucleotide probe methods
have been developed to detect methanotrophs
in natural samples and have the advantage of
detecting methanotrophs that have so far been
resistant to cultivation, for example methan-
otrophic endosymbionts (Distel and Cavanaugh,
1994). Oligonucleotide probes have been devel-
oped from 16S rRNA sequences and shown to
be specific for Type I and Type II methanotrophs
(Brusseau et al., 1994). The method has been
used for example to detect methanotrophs
closely associated with aquatic plants such as
duckweed (Hanson et al., 1993), freshwater lake
water and sediment (Boon et al., 1996), peat
(Dedysh et al., 1998; Edwards et al., 1998) and
soil (Dunfield et al., 1999). A limitation of this
method is that it depends on available sequence
data and may underestimate populations that are
present. To get around this problem gene probes
based on methylotrophic functional genes have
been developed also (Murrell et al., 1998). These
include probes based on conserved genes of
MMO and methanol dehydrogenase (McDonald
and Murrell, 1997a; McDonald and Murrell,
1997b), which are known to be present in all
methanotrophs and methylotrophs. Detection of
these genes by PCR amplification has been use-
ful in observing the distribution of methano-
trophs in various environments including
populations which so far have not been culti-
vated. For example methanotrophs detected in
peat (McDonald et al., 1996) and seawater sam-
ples (Holmes et al., 1995b; Holmes et al., 1996)
appear to belong to novel phylogenetic lineages
distinct from other known methanotrophs.
Finally more generalized molecular approaches
for examining microbial communities can be
applied to methanotroph studies. Jensen et al.
(1998) utilized the DGGE (denaturing gradient
gel electrophoresis) procedure to compare meth-
ane enrichments of agricultural soil and discov-
ered that a number of novel groups of Type II
methanotrophs were present. Also using DGGE,
Dunfield et al. (1995) found a Type II meth-
anotroph possessing a high affinity for methane
and capable of oxidizing atmospheric methane
(Bender and Conrad, 1992).

Endosymbionts Methanotrophic endosym-
bionts coexist with sulfur-oxidizing chemoau-
totrophic endosymbionts (Childress et al., 1986;
Cavanaugh et al., 1987; Fisher et al., 1993) in a
variety of unusual invertebrate communities

associated with hydrocarbon seeps on the Pacific
and Atlantic Ocean floor. Invertebrate hosts
include deep-sea mytilid mussels (family Mytl-
idae; Childress et al., 1986) and the pogono-
phoran tubeworm Siboglinum poseidoni
(Schmalijohann and Fluegel, 1987). Also cold
water reefs of algae-free coral found in waters
north of Norway, also associated with hydrocar-
bon seeps, are thought to use methane as a major
nutrient and thus presumably contain methan-
otroph symbionts substituting for the algae (Hov-
land and Judd, 1988). That invertebrates can exist
primarily on methane as a carbon source is shown
by stable carbon isotope analyses (Southward et
al., 1981; Cavanaugh, 1993). Methanotrophs
growing in the gills of mytilids have been identi-
fied as Type I methanotrophs by the presence of
key enzymes of the ribulose monophosphate
pathway (RuMP), fatty acids, and hydrocarbons
and by 16S rRNA oligonucleotide probes (Distel
and Cavanaugh, 1994; Jahnke et al., 1995). Phy-
logenetic analyses indicate mytilid symbionts
form a distinct lineage within the Methylococ-
caceae (Distel and Cavanaugh, 1994; Figure 1);
however, cultivation of methanotroph symbionts
has been unsuccessful to date. For more specific
information consult the section of The Prokary-
otes called “Symbiotic Associations between
Prokaryotes and Animals” in Marine Chemesyn-
thetic Symbioses in Volume 1.

Isolation and Cultivation

Media, Enrichment and Cultivation Methan-
otrophs can be enriched, isolated and cultivated
in a mineral medium containing an inorganic
nitrogen source and high purity methane in the
headspace. The nitrate mineral salts (NMS)
medium as described by Whittenbury et al.
(1970a) is used with only minor modification of
the mineral constituents. Nitrate salts are the
usual nitrogen source for methanotroph cultiva-
tion; however, a low concentration of ammonia
salts (<10 mM) can be substituted or used in
combination with nitrates. High levels of ammo-
nia are inhibitory to methanotrophs as it compet-
itively inhibits MMO. Adding low levels of
copper ensures good growth of all methanotro-
phs, as the membrane-bound form of MMO (see
Physiology section) is a copper-containing
enzyme. However, if copper is removed from the
medium the isolation of methanotrophs able to
form soluble MMO can be enhanced. Phosphates
are also necessary for the growth of methanotro-
phs and in general media require 10–100 mM.

Unless otherwise specified, methanotrophs are
always  grown under methane.  A small amount
of sample is  added to a liquid NMS medium
(see below) in serum vials or in cotton-wool-
stoppered flasks placed within air-tight contain-
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ers. Agar plates can be incubated easily in
containers, such as most desiccators and anaero-
bic jars, with an inlet tap or valve. An attached
pressure gauge can be used if accurate methane
additions are needed. Methane can then be
added directly to vials and containers by first
removing a portion of the headspace. The best
methane : air ratio to use is equivocal but should
be in a range of 1 : 10 to 1 : 1, as no dramatic
difference in growth rates or yields occurs with
the different ratios. Methane should be of high
purity as natural gas could contain acetylene,
which is a suicide substrate of MMO and will
prevent growth even at very low concentrations.
Static incubation proceeds at an appropriate
incubation temperature. Most known species of
methanotrophs, including those of Methylocystis,
Methylosinus, Methylomonas, Methylobacter
and Methylomicrobium, should be enriched and
cultivated at 25–30°C. “Methylobacter psychro-
philus” and Methylosphaera hansonii are psy-
chrophiles, and their enrichment and cultivation
should proceed at 2–10°C. In the case of the
thermotolerant methanotrophs (Methylococcus
and Methylocaldum), incubation should proceed
at about 40–45°C, and depending on the source
material, higher temperatures may be required.
Enrichments take several days to several weeks,
while pure cultures of most methanotrophs will
form distinct colonies within 3–5 days. Some
slow-growing species, such as Methylosphaera
hansonii, may take up to 2 weeks to develop
visible growth. Growth from the enrichments
can then be directly plated onto mineral salts
agar plates, which are then incubated under 1:1
methane:air or transferred to fresh liquid media
for serial dilution. If samples contain large num-
bers of methanotrophs, turbidity in the enrich-
ments will develop fairly rapidly (within 3–7
days) and static cultures often can develop a
well-defined pellicle of growth, especially if
Methylomonas species are enriched. For enrich-
ments that rapidily develop turbidity, plating cul-
tures early to achieve maximal biodiversity (if
desired) is prudent, owing to the eventual dom-
ination of the culture by a single genotype.
Unfortunately early plating does not make puri-
fication any easier. Pretreatment of samples can
aid in the isolation of Methylosinus strains as
they can be selected by exploiting the inherent
heat- and desiccation resistance of their
exospores. Soils and other samples should there-
fore be air-dried first and then heated to 80–85°C
for 10–15 min before addition to enrichment
media.

Methanotrophs also can be grown on metha-
nol; however, this compound can often be toxic
to methanotrophs due to accumulation of form-
aldehyde (see the Physiology section). Reliable
growth on methanol can be achieved by incubat-

ing plates or liquid cultures in a sealed vessel
containing a methanol-soaked tissue. The volatil-
ized methanol is sufficient for growth. Alterna-
tively, low levels of methanol can be used,
though growth may be somewhat limited. Meth-
anotrophs can be “trained” to tolerate higher
levels of methanol by gradually building up the
level of methanol (starting at 0.025% or so), with
some strains able to tolerate levels as high as 5%
(v/v). Specific strains of methanotrophs within a
restricted number of species may use other C1
compounds (formate, methylamine, dimethy-
lamine and formamide) for growth (see the Iden-
tification section).

Nitrate Mineral Salts Medium (NMS medium):
MgSO4 ⋅ 7H2O  1 g
KNO3 1 g
Na2HPO4 ⋅ 12H2O 0.717 g
KH2PO4 0.272 g
CaCl2 ⋅ 6H2O  0.2 g
Ferric ammonium EDTA  5 mg
Trace element solution  1 ml

Trace Element Solution:
Disodium EDTA  0.5 g
FeSO4 ⋅ 7H2O 0.2 g
H3BO3 0.03 g
CoCl2 ⋅ 6H2O  0.02 g
CuSO4 ⋅ 5H2O  0.03 g
ZnSO4 ⋅ 7H2O 0.01 g
MnCl2 ⋅ 4H2O  3 mg
Na2MoO4 ⋅ 2H2O  3 mg
NiCl2 ⋅ 6H2O  2 mg

Preparation of trace element solution: Add components
to distilled water and bring volume to 1 liter. Mix thor-
oughly. Neutralize pH with KOH.

Preparation of medium: Add components to 1 liter of
distilled water (see below) and mix thoroughly. Adjust pH
to 6.8 and distribute to culture vessels. If solid media are
desired, add agar (Noble agar or agarose may also be
used as well) to a concentration of 1.25 to 1.5% (w/v) and
boil gently to dissolve the agar. Autoclave at 15 psi pres-
sure (121°C) for 15 min to sterilize.

Artificial Sea Salts:
NaCl  24.32 g
MgCl2 5.143 g
Na2SO4 4.06 g
CaCl2 1.14 g
KCl  0.69 g
NaHCO3 0.2 g
KBr  0.1 g
H3BO4 0.027 g
Sr(NO3)2 0.026 g
NaF  0.003 g
Na2SiO3 0.002 g
FePO4 0.002 g
NH4NO3 0.002 g

Preparation of artificial sea salts solution: Add all
components to 1 liter of distilled water and dissolve
thoroughly. A slight precipitation of calcium salts may be
encountered but will not affect its use in media.
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Media modifications: For growth of marine methanotro-
phs (such as Methylomicrobium pelagicum and Methy-
losphaera hansoni), the medium is prepared with sea salts
(artificial or natural seawater) instead of distilled water,
and pH is adjusted to about 7.5. A few methanotrophs
prefer “brackish” media rather than seawater media
including “Methylobacter alkaliphilus” for which the
NMS medium is amended with 2% NaCl and the pH is
adjusted to 9.0. The growth of Methylobacter marinus
requires preparation of NMS medium with tap water and
emendation with 1–2% NaCl and, after autoclaving, addi-
tion of 1 ml of vitamin solution. Oddly this species will
not grow in media prepared with distilled water, even
with added NaCl and vitamins.

Vitamin Solution:
Pyridoxine ⋅ HCl  10 mg
Calcium pantothenate  5 mg
Nicotinamide 5 mg
Nicotinic acid  5 mg
Riboflavin 5 mg
Thiamine ⋅ HCl  5 mg
Biotin  2 mg
Folic acid  2 mg

Preparation of vitamin solution: Dissolve components in
1 liter of distilled water and then filter (0.45-µm or 0.22-
µm) sterilize the solution. For long-term storage, the solu-
tion should be refrigerated and shielded from light.

Other growth substrates: If methanol is desired it
should be added only after the liquid medium has cooled
to about room temperature. Agar media should be cooled
to about 50°C before addition of methanol. The methanol
should be filter-sterilized before use.

About 0.1% (w/v or v/v) formate, formamide methy-
lamine, dimethylamine, trimethylamine, or trimethy-
lamine N-oxide should be added as needed before
autoclaving.

Purification One of the most problematic areas
of methanotroph study is obtaining pure cul-
tures. In practically all situations methanotroph
enrichments are heavily contaminated by non-
methanotrophic (often methylotrophic) bacte-
ria, which can easily overgrow and/or predate
cultures. That is, predatory bacteria consume the
methanotrophic bacteria, thus hampering
isolation.

Because methanotrophs are relatively slow
growers and plates are incubated in high humid-
ity, fungal contamination is frequent unless
containers are thoroughly cleaned with ethanol
before each use. Combinations of fungicides such
as cycloheximide and nystatin added to the
medium are usually quite effective in reducing
this problem. Cycloheximide and a suspension of
nystatin can be added in a minimal amount of
methanol (up to 0.25 ml per liter) to yield final
concentrations of 200 U and 100 µg per ml of
media, respectively. One approach to obtain pure
cultures of methanotrophs is to use a plate micro-
scope to observe colonies at an early stage of
development (within 1–3 days). Colonies well
separated from others can be picked with a sterile

needle or loop and transferred to a clear section
of the plate—well away from other developing
microcolonies. Several colonies may have to be
transferred in this way to obtain one successfully
growing colony. It is necessary to make sure that
the agar plates are fairly dry and excess liquid
enrichment is not transferred onto the plate. This
helps restrict the spreading of oligotrophic glid-
ing bacteria and hyphomicrobia, both of which
are a particular nuisance as they can rapidly over-
grow the methanotroph colonies.

An alternative, rarely employed, straightfor-
ward approach to the isolation of methanotrophs
utilizes NMS agar media containing a small
amount of yeast extract (0.025% w/v) and meth-
anol (0.025% v/v) (Malashenko et al., 1975) with
incubation under a methane:air atmosphere. The
enrichment cultures  are serially diluted onto
the media to the point of extinction. The yeast
extract and methanol allow contaminants to
reach larger colony sizes without affecting the
growth of methanotrophs; indeed methanotroph
growth may be considerably stimulated. Thus,
methanotroph and contaminating bacterial colo-
nies are more clearly visible. Single colonies on
the spread plates are then transferred to liquid
media. A number of passages from liquid media
to spread plates and back to liquid media may be
necessary. Several methanotrophs grow poorly
or do not grow on agar. In some cases, highly
purified agars, such as agar noble, used at lower
concentrations may improve growth. Alterna-
tively, silica gel may be used (Galchenko et al.,
1975; Galchenko et al., 1977); however, prepara-
tion is often difficult and time consuming. For
direct purification of these strains, a useful
approach involves serially diluting in NMS liquid
media in 96-well plastic titer trays (Bowman et
al., 1997; Escoffier et al., 1997) as is done in most-
probable-number counting experiments. Several
strains can be purified in the same tray simulta-
neously. After sufficient incubation, the wells
with the highest dilutions showing growth are
examined microscopically. A number of separate
transfers and dilutions may be required to obtain
morphologically homogeneous cultures.

Some simple checks are necessary to assure
the purity of methanotroph cultures. The checks
include incubating methanotrophs on NMS agar
or in liquid NMS media without methane; no
growth should occur. In addition, strains should
be plated in a complex organic medium such as
nutrient agar (Oxoid or Difco) or R2A agar
(Oxoid) and incubated with and without meth-
ane; again no growth should occur.

Identification

This section includes fairly detailed information
on the morphology, ecophysiology, nutrition,
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genotype and chemotaxonomy of methanotro-
phs (subdivided on the basis of family and genus)
and can be used as a guide for identification. The
information (unless otherwise indicated) comes
from Bowman et al. (1993b). More specific infor-
mation on metabolism and on physiologically
related attributes, such as intracytoplasmic mem-
branes and resting stages, can be found in the
Physiology section. Characteristics differentiat-
ing the genera of the Methylococcaceae, e.g.,
Methylococcaceae and the Methylocystaceae,
are summarized in Table 2 and Table 3,
respectively.

Family  Methylococcaceae Genus Methylo-
coccus Cells of Methylococcus capsulatus are
usually spherical and lack flagella. The cell enve-
lope of Methylococcus species is typical for
Gram-negative bacteria and cells are covered by
an  exopolysaccharide  capsule  (Whittenbury
et al., 1970a) which often causes cells to clump.
Single-bodied spherical cysts similar to those
observed in Azotobacter chroococcum, but com-
paratively simpler and less defined in structure,
are formed by Methylococcus capsulatus and
Methylococcus thermophilus usually in the
stationary growth phase (Whittenbury et al.,
1970a; Malashenko et al., 1975b). Methylococcus
strains also contain granules of poly-β-hydroxy-
butyrate, which contribute to changes in cell
refractility. Cells also may contain polyphos-
phate (volutin) inclusions. Colonies on NMS
agar are circular, convex, and smooth with an
entire, even edge and have an off-white to pale
tan pigment. Methylococcus spp. are thermotol-
erant or moderately thermophilic with optimal
growth temperatures of 40–50°C, with no strains
so far found that grow higher than 65°C or below
about 25°C. No growth factors are required and
the strains are non-halophilic. Some Methylococ-
cus capsulatus strains can utilize methylamine,
formate and/or formamide as sole carbon and
energy sources. However, Methylococcus ther-
mophilus strains, the type strain of Methylococ-
cus capsulatus  ATCC 19069 (strain “Texas”),
and the more heavily studied strain ATCC 33009
(strain “Bath”) cannot utilize any of these com-
pounds. No carbon-carbon-bonded compounds
can be used for growth. Nitrogen sources are
usually provided in the form of a nitrate or
ammonium salt, though Methylococcus strains
can use yeast extract, casamino acids and amino
acids. In addition, Methylococcus capsulatus and
most strains of Methylococcus thermophilus can
fix atmospheric nitrogen using an oxygen-sensi-
tive nitrogenase (Murrell and Dalton, 1983b;
Zhivotchenko et al., 1995).

The G+C content of the DNA of Methylococ-
cus capsulatus ATCC 19069 has been found (62.5
mol%) using the buoyant density procedure.

Analysis of several other strains using the ther-
mal denaturation method found a range of 62 to
65 mol% (Tm). Methylococcus thermophilus
strains have 59 to 61 mol% G+C (Tm), with the
type strain IMV-2Yu possessing 59.1 (Tm; Table
3).

The major fatty acids in Methylococcus species
have been found to be 16:016:0.

Fatty acid nomenclature: A fatty acid structure
can be described as follows. The first digit indi-
cates the number of carbon atoms in the fatty
acid. Following the colon, the number indicates
the number of double bonds present. Following
this a symbol and digit indicate the position of
the double bond from the methyl end of the fatty
acid and is used to designate bonds from the
carboxyl end. Suffixes including “c” and “t”
indicate  the  isomeric  form  of  the  fatty  acid,
with “c” indicating a cis isomer and “t” a trans
isomer. Prefixes may also be present to indicate
structural modifications of the fatty acid. For
example, “i” indicates iso-branching, “a” anteiso-
branching, and “cy” that the terminal three
methyl units have been cyclized. The prefix “x-
OH” indicates the fatty acid is hydoxylated at the
x carbon position. Thus, 16:1ω7c is a cis isomer
with 16 carbon atoms and a single double bond
positioned next to the 7th carbon from the
methyl end (for fatty acid nomenclature see foot-
note). The high levels of 16:0 distinguish this spe-
cies from psychrophilic and mesophilic Type I
methanotrophs. The neutral lipid fraction of
Methylococcus capsulatus is unusual for a
prokaryote, containing squalene, methylated ste-
rols and hopanoids (Bird et al., 1971; Neunlist
and Rohmer, 1985). The unusual distribution of
cyclic triterpenes and cyclopropane fatty acids
(which increase with growth under reduced oxy-
gen tension) are believed to improve the stability
of outer- and intracytoplasmic membranes
(Jahnke and Nichols, 1986; Jahnke et al., 1992).
The major respiratory coenzyme Q in Methylo-
coccus capsulatus and Methylococcus thermophi-
lus is 18-methylene-ubiquinone-8 (MQ-8; Collins
and Green, 1985). Detailed analysis of hydroxy
fatty acids from the outer membrane
lipopolysaccharide in various Methylococcus
strains (Bowman et al., 1991a) revealed the
major components are 3-OH 10:0, 3-OH 12:0, 3-
OH 14:0, and 3-OH 16:0.

Genus  Methylocaldum Strains of Methylocal-
dum (Bodrossy et al., 1997) appear as motile,
rod-like to coccoidal cells, 0.5–1.2 µm wide and
1.0–1.8 µm long. In logarithmic phase, cells usu-
ally appear as short rods; however, in stationary
phase, they are quite pleomorphic. Usually,
spherical cells are present which possess
Azotobacter-type cysts typical of other group I
methanotrophs such as Methylococcus. Cysts
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formed may or may not be heat resistant (able
to tolerate 80°C for 20 min). In addition, thinner
rods may be present in older cultures of Methy-
localdum gracile. Cells are arranged singly, in
pairs and, in the case of Methylocaldum szegedi-
ense and Methylocaldum gracile, in chains. All
strains have typical Gram-negative cell walls and
some strains may have extensive capsular mate-
rial, in particular, strains of Methylocaldum sze-
gediense. Colonies on NMS agar are circular,
convex, smooth or rough, with an entire even
edge, often have a cartilaginous consistency, and
are pigmented tan to dark brown. At early stages
of isolation a diffusible brown pigment is exuded
into the agar media; however, this property is
lost after repeated subculture.

Methylocaldum strains are obligately methan-
otrophic, growing best on methane as a sole car-
bon and energy source. Growth on methanol has
not been obtained possibly because cells have a
high level of sensitivity to formaldehyde. No
growth occurs on other C1 compounds nor any
compounds with carbon-carbon bonds. Methylo-
caldum strains can use either nitrate or ammonia
as nitrogen sources; however, nitrogen fixation
has been found to be absent. The genus includes
strains that are mesophilic to thermophilic.
Methylocaldum gracile and Methylocaldum tepi-
dum can grow as low as 20°C and 30°C, respec-
tively, and grow to a maximal temperature of
47°C, with an optimum of about 42°C. Methylo-
caldum szegediense can grow between 37 to
62°C, with an optimal growth temperature of
55°C. In other respects strains are neutrophilic
and non-halophilic.

Methylocaldum strains possess mol% G+C
values ranging from 56.5 to 57.2. Information on
the chemotaxonomic properties is only available
for Methylocaldum gracile, which overall
appears to be similar to Methylococcus. The fatty
acid profile is dominated by 16:0, 16:1ω7c and,
depending on growth conditions, cy17:0. Also,
the primary lipoquinone of this species has been
found to be 18-methyleneubiquinone-8 (MQ-8;
Collins and Green, 1985).

Genus Methylomonas The cells of Methylomo-
nas species are regular-shaped rods, which are

either straight or slightly curved, and they are
also occasionally branched. Cells occur singly, in
pairs, and sometimes as chains. All species are
motile by a single unsheathed polar flagellum.
They possess standard Gram-negative cell walls,
well-defined slime capsules, and standard type I
intracytoplasmic membranes. Cells contain sim-
ple single-bodied cysts similar to but better
defined than cysts typically observed in Azoto-
bacter and similar to those observed in Methylo-
coccus species. In both species, cysts do not confer
either desiccation or heat resistance. On NMS
agar, colonies are circular, convex, and smooth,
possess an entire edge and a creamy consistency
and are pigmented either bright pink or orange.
The colonies of Methylomonas aurantiaca have a
more mucoid consistency and often segregate
into rough-textured, cartilaginous variants.

Methylomonas spp. are obligate methano-
trophs with sole carbon and energy sources
restricted to methane and methanol; however,
some Methylomonas aurantiaca strains also can
utilize methylamine and more rarely dimethy-
lamine. Other C1 compounds that have been
tested but are not utilized include formate, trim-
ethylamine and trimethylamine N-oxide. Use-
able nitrogen sources include nitrate, ammonia,
yeast extract, casamino acids, and various amino
acids; however, the addition of complex nutrient
sources such as yeast extract generally does not
lead to growth stimulation and can be growth
inhibitory at concentrations over 0.25% (w/v).
Most Methylomonas strains can form a urease
and use urea as a nitrogen source. Methylomonas
fodinarum and Methylomonas aurantiaca are
also able to fix atmospheric nitrogen by an oxy-
gen-sensitive nitrogenase, while nitrogenase
activity has only been detected in a few Methy-
lomonas methanica strains. All Methylomonas
species have a mesophilic and non-halophilic
ecophysiology and grow between 10 and 42°C
without the need for growth factors. Methylomo-
nas fodinarum strains have temperature optima
of about 25–30°C, while Methylomonas
methanica and Methylomonas aurantiaca have
temperature optima slightly higher, ranging from
30–35°C. The growth pH range is from 5.5 to 8.5
and best growth occurs at approximately pH 7.0.

The mol% G+C of the DNA of Methylomonas
ranges from 50 to 59 (Tm). Fatty acid profiles of
Methylomonas species have been found very
similar, with 16:1ω8c, 14:0, 16:1ω7c and 16:1ω5t
being the most abundant components. The rela-
tively high levels of 14:0 and 16:1ω8c distinguish
Methylomonas species from those of Methylo-
bacter and Methylomicrobium. The fatty acids
16:1ω8c and 16:1ω5t are unusual and, beyond
some other Type I methanotrophs, are practically
unknown in bacteria and thus make excellent
environmental signatures (see Ecology section).

Table 3. Differentiation of the Type II methanotrophs (Fam-
ily Methylocystaceae) Methylosinus and Methylocystis.

aSymbols: +, 90% or more of strains are positive; −, 90% or
more of strains are negative; D, result varies between species
of the genus.

Characteristics Methylosinus Methylocystis

Morphology Pyriform or
vibrioidal

Reniform to
rod-like

Motility +a −
Exospores + −
Lipid cysts, spinae − D
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The hydroxy fatty acids from the outer mem-
brane lipopolysaccharide have been analyzed in
detail in Methylomonas methanica, Methylomo-
nas fodinarum and Methylomonas aurantiaca
(Bowman et al., 1991a). The major component
hydroxy fatty acid detected was 3-OH 16:0.
Smaller proportions of 3-OH 12:0, 3-OH i13:0,
and 2-OH 14:0 were also present, the levels of
which vary considerably between the species.
The primary respiratory lipoquinone has been
identified as MQ-8 (Collins and Green, 1985).

Genus Methylobacter The cells of Methylo-
bacter species possess a characteristic elliptical
rod-like morphology with a width of 0.8–1.5 µm
and a length of 1.2–3.0 µm and occur mostly sin-
gly or in pairs; however, chain formation is prev-
alent in some strains in the late exponential
growth phase. Methylobacter luteus is nonmotile,
while Methylobacter whittenburyi strains usually
are motile when first isolated but can spontane-
ously lose the ability after extensive subculture.
Motility appears most pronounced in young cul-
tures of Methylobacter whittenburyi and Methy-
lobacter marinus, with older cultures often
devoid of motile cells. Motility is conferred by a
single polar flagellum. Cells are surrounded by
capsular material detectable by India ink
staining, and cell walls are typical of Gram-neg-
ative bacteria. Methylobacter species form well-
defined Azotobacter-type cysts which may give
cells a refractile appearance (Whittenbury et al.,
1970a). Poly-β-hydroxybutyrate granules tend to
form in early log-phase cultures. Colonies on
NMS agar are circular, convex, smooth, have an
entire edge and possess a creamy consistency.
The colonies of Methylobacter luteus are pig-
mented yellow and some strains form a diffusible
yellow pigment. Both Methylobacter whitten-
buryi and Methylobacter marinus colonies are
tanner and slowly exude tan to brown pigments
into the agar media.

Methylobacter strains are strictly aerobic
obligate methanotrophs with carbon and energy
substrates limited to methane and methanol;
however, a few strains can also utilize met-
hylamine. Methane appears to be oxidized only
by particulate MMO. The presence of soluble
MMO (see Physiology section) has not been
demonstrated in Methylobacter strains so far
(Stainthorpe et al., 1991; Stainthorpe et al., 1991;
Murrell et al., 1998). Methylobacter can utilize
nitrate and ammonia salts, yeast extract,
casamino acids and various amino acids as nitro-
gen sources. High levels (>0.5% w/v) of complex
organic compounds are inhibitory to their
growth. Some strains, particularly those of Meth-
ylobacter luteus, can produce a urease, but none
are known to fix atmospheric nitrogen. Methylo-
bacter species are mostly mesophilic, with most

strains growing between 15 and 40°C and opti-
mally at about 30°C. However, “Methylobacter
psychrophilus” (Omelchenko et al., 1996) iso-
lated from tundra is psychrophilic with a growth
optimum of about 10°C and growth in the range
of 0–20°C. In addition, this species is able to form
gas vesicles. Methylobacter species are by nature
neutrophilic with the pH range for growth rang-
ing from 5.5 to 9.0 and a pH optimum at about
7.0. An exception is “Methylobacter alcaliphilus”
(Khmelenina et al., 1997), which was isolated
from a soda lake (in the Tuva region of Eastern
Siberia) and grows best between 9.0–9.5 and also
grows optimally with NaCl levels of 2–4%.
Neither Methylobacter luteus nor Methylobacter
luteus strains require growth factors, and they are
non-halophilic. The estuarine species Methylo-
bacter marinus grows optimally with about 0.1 M
NaCl in tap water or with half-strength seawater
salts. Some strains of Methylobacter marinus
require nicotinic acid for growth (Lidstrom,
1988).

The mol% G+C of Methylobacter DNA ranges
from 46 to 55 (Tm). Methylobacter species have
very similar fatty acid profiles, with 16:1ω7c pre-
dominating and accompanied by lower levels of
14:0, 16:1ω6c, 16:1ω5c, and 16:0. The lack of
16:1ω8c and the relatively low levels of 14:0 and
16:0 distinguish Methylobacter from other Type I
methanotrophs. The major fatty acids of “Meth-
ylobacter alcaliphilus” are 16:0, i16:0 and cy16:0,
which differs from that of the other Methylo-
bacter species (Khmelenina et al., 1997). The
fatty-acid and polar-lipid profiles of this species
vary  considerably  when  grown  under  differ-
ent cultivation  conditions  including  pH  and
salinity. The outer membrane lipopolysaccharide
hydroxy fatty acids have been analyzed in detail
in Methylobacter luteus and Methylobacter whit-
tenburyi (Bowman et al., 1991a). The major com-
ponents found in Methylobacter luteus are 3-OH
10:0 and 3-OH 16:0 plus smaller quantities of 2-
OH 12:0, 3-OH 14:0 and 3-OH 15:0, while the
major component of Methylobacter whittenburyi
is 3-OH 16:0, which is almost the only hydroxy
fatty acid present. Methylobacter spp. contain Q-
8 as their major respiratory lipoquinone (Collins
and Green, 1985).

Genus Methylomicrobium Cells of Methylomi-
crobium spp. appear as single or paired, regular
short rods, 0.5–0.1.5 µm wide and 1.5–2.5 µm
long. All species are actively motile, propelled by
a single polar flagellum, possess a standard
Gram-negative cell wall, and are surrounded by
a thin slime capsule. Cells contain type I intrac-
ytoplasmic membranes typical of other Methylo-
coccaceae; however, they lack the ability to form
cysts. Most strains contain poly-β-hydroxybu-
tyrate and polyphosphate granules. Cells are not
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heat- or desiccation resistant and are somewhat
sensitive to methane starvation, losing viability
in only a few days when exposed to a methane-
free  atmosphere.  Colonies  on  NMS  agar  are
nonpigmented, circular, convex-flat, and smooth
and possess a creamy consistency.

Methylomicrobium strains are strictly aerobic
obligate methanotrophs with carbon and energy
substrates limited to methane and methanol;
however, some strains of Methylomicrobium
agile can use methylamine, dimethylamine and
trimethylamine. Upon isolation most Methylo-
microbium strains can tolerate and grow quite
well on methanol. Methane appears to be oxi-
dized predominantly by a particulate MMO (see
Physiology section). The presence of soluble
MMO has not been demonstrated in Methylomi-
crobium strains so far. Methylomicrobium spp.
can utilize nitrate and ammonia salts, yeast
extract, casamino acids, and various amino acids
as nitrogen sources, though high levels (>0.5%
w/v) of complex organic compounds are inhibi-
tory to growth. Urease and nitrigen fixation
activity is absent. Methylomicrobium species are
mesophilic, growing between 10 and 30°C. Meth-
ylomicrobium agile and Methylomicrobium
album grow best at 25–30°C, while Methylomi-
crobium pelagicum grows optimally at about 20–
25°C. The pH range for growth is 6.0 to 9.0, with
optimal growth occurring at about pH 7.0. Nei-
ther Methylomicrobium agile nor Methylomicro-
bium album requires growth factors, and they are
non-halophilic. The marine species Methylomi-
crobium pelagicum grows optimally in media
containing either  natural  or  artificial  seawater
(Sieburth  et al., 1987).

 The mol% G+C of the DNA of Methylomi-
crobium is relatively broad, ranging from 48 to
60 (Tm). Fatty acid profiles of Methylomicrobium
species are quite similar and the most abundant
components are 16:1ω5c, 16:1ω5t, 16:1ω8c,
16:1ω7c and 16:0 (Table 2). The low levels of 14:0
and abundance of 16:1ω5t and 16:1ω8c distin-
guish Methylomicrobium from Methylobacter
and Methylomonas species. The high levels of the
trans fatty acid 16:1ω5t are unusual and do not
appear to be due to stressful cultivation condi-
tions. The carbohydrate fraction of the outer
membrane lipopolysaccharide in Methylomicro-
bium album includes D-glucose, L-fucose, and
D-heptose (Sutherland and Kennedy, 1986). The
hydroxy fatty acids from the lipopolysaccharide
fraction Methylomicrobium album and Methylo-
microbium agile (Bowman et al., 1991a) are pre-
dominantly 3-OH 16:0. The primary respiratory
lipoquinone is Q-8, as in Methylobacter spp.
(Collins and Green, 1985).

Genus Methylosphaera Methylosphaera hanso-
nii strains appear as featureless spherical cells,

which exhibit refractility by phase contrast
microscopy. Though cells may show signs of
uneven binary division, evidence for budding
division is still lacking. Methylosphaera cells pos-
sess standard Gram-negative cell walls and type
I ICM when grown under methane; however,
cells lack flagella, cysts or other types of resting
stages typically found in methanotrophic bacte-
ria. Cells actively accumulate poly-β-hydroxybu-
tyrate, while preliminary electron microscopic
examination indicates the presence of gas vesi-
cles (dimensions 0.05–0.1 µm by 0.2 µm; Bow-
man et al, 1997; Bowman, unpublished data).
The species is intolerant to all forms of agar and
so far has only been grown successfully in liquid
seawater-NMS media.

Methylosphaera hansonii uses methane and
methanol as sources of carbon and energy, and
no other C1 or carbon-carbon bonded compound
supports growth. Methane monooxygenase
activity appears to be restricted to the particulate
(pMMO) form with no soluble (sMMO) activity
detected by the naphthalene oxidation assay.
Methylosphaera strains can utilize nitrate,
ammonia and l-glutamine for nitrogen; however,
yeast extract and casamino acids are less suit-
able, causing partial inhibition of growth when
tested at 0.05–0.1% (w/v) and complete inhibi-
tion of growth at concentrations of 0.25–0.5%
(w/v). Though strains of Methylosphaera cannot
form a urease, they can fix atmospheric nitrogen.
All strains are psychrophilic with optimum and
maximum growth temperatures varying slightly
between strains. Optimal growth occurs at 10–
15°C, while no growth occurs at 25°C. A dou-
bling time of 20–24 hours was determined for
strains growing at or close to their optimum tem-
perature. In NMS-seawater liquid media, growth
occurs at pH 6.0–8.0 and a pH of approximately
7.5 is optimal for growth.

The DNA base composition values of Methy-
losphaera hansonii are the lowest among the
known methanotrophs, ranging from 43 to 46
mol%. The type strain AM6 (ACAM 549) pos-
sesses a mol% G+C of 44.8. The major fatty acids
of the genus include 16:1ω8c, 16:1ω7c and
16:1ω6c. The lack of 16:1ω5c and 16:1ω5t is use-
ful in differentiating the species from other Type
I methanotrophs.

Family  Methylocystaceae Genus  Methylo-
cystis Methylocystis strains typically appear as
small, nonmotile kidney bean-shaped or rod-
shaped cells (0.8–1.0 µm long, 0.4–0.5 µm wide)
which divide by binary division. Several light
microscopic photographs of Methylocystis par-
vus can be found in the article by Whittenbury
et al. (1970a, 1970b). Cells are in a well-defined
polysaccharide capsule. In Methylocystis parvus
strain OBBP (= ATCC 35066) the capsule is
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made up of a viscous exopolysaccharide polymer
consisting mainly of D-glucose and L-rhamnose
(Hou et al., 1978). Methylocystis echinoides
strains possess characteristic pericellular prosth-
ecate appendages called spinae (Coombs et al.,
1976; Easterbrook, 1989), which have a cylindri-
cal shape, about 300 nm long and 40 nm in diam-
eter, and up to 300 are found on each cell (Suzina
and Fikhte, 1977). The rib spacing on the individ-
ual spinae has been estimated at 6 to 12 nm
(Easterbrook, 1989). The function of the spinae
is currently unknown. On NMS agar, Methylo-
cystis parvus forms pale pink colonies with a cir-
cular shape, convex elevation, smooth creamy
consistency, and an entire edge. By comparison
Methylocystis echinoides grows poorly on agar-
solidified media, only producing scant growth
and forming white pinpoint colonies, and thus
this species should be routinely cultured in NMS
liquid.

Methylocystis strains are strict aerobic, obli-
gate methanotrophs that can only use methane
and methanol as sole carbon and energy sources
and have generation times estimated to be
about 4–5 hours when growing in methane
(Whittenbury et al., 1970b; Takeda, 1988). Meth-
ylocystis strains can form catalase, cytochrome c
oxidase, and can fix nitrogen using an oxygen-
sensitive nitrogenase (Murrell and Dalton,
1983b; Takeda, 1988). Methylocystis strains are
mesophilic and neutrophilic, with best growth
obtained at 25–35°C and at pH ranges of 6.5–
7.5. Strains will grow at 10–40°C, with poor to
moderate growth occurring at 37°C, and at pH
6.0–9.0. All Methylocystis strains are non-
halophilic and completely inhibited by 2–3%
(w/v) NaCl.

 The mol% G+C of the DNA of Methylocystis
parvus ranges from 63 to 67 (Tm), while the val-
ues for Methylocystis echinoides are slightly
lower, ranging from 61 to 62 (Tm).

Methylocystis species possess a fatty acid pro-
file consisting of mainly 18:1ω8c, 18:1ω7c and
18:0, with smaller amounts of cyclopropane fatty
acids (Table 3). The profile is very similar to that
of Methylosinus, differing only in the greater
abundance of 18:0 and lower level of 16:1ω7c.
The fatty acid 18:1ω8c is an unusual feature
found almost exclusively in the Methylocysta-
ceae, as it is very rarely encountered in other
prokaryotes. The major lipopolysaccharide-
derived hydroxy fatty acids include 3-OH 14:0
and 3-OH 18:0. In addition, Methylocystis spe-
cies also possess unusual ω-1 hydroxy fatty acids
with carbon chain lengths of 26 and 28 (Skerratt
et al., 1992) making up about 15% of the total
hydroxy fatty acids. These hydroxy acids have
been previously detected in freshwater sedi-
ments (Mendoza et al., 1987), and Methylocystis
and Methylosinus represent the first recognized
biological sources of these particular lipids.

Methylocystis species contain a suite of polar lip-
ids, which vary slightly between strains due pos-
sibly to cultivation conditions (Makula, 1978;
Andreev and Galchenko, 1983; Andreev and
Galchenko, 1983). Polar lipids are present and
include: phosphatidylethanolamine, phosp-
hatidylglycerol, diphosphatidylglycerol, phos-
phatidylmethylethanol-amine,  phosphatidyl-N,
N-dimethylethanolamine and lysophosphati-
dylglycerol. The major quinone (Collins and
Green, 1985) of Methylocystis species is Q-8.

Genus Methylosinus Strains of Methylosinus tri-
chosporium have a pear-shaped to rod-like mor-
phology with a width of 0.5–1.5 µm and a length
of 1.5–3 µm. By comparison, Methylosinus spo-
rium strains are of similar size but have a vibri-
oidal morphology. When grown in liquid media,
both species form rosettes consisting of 4–6 cells.
Several photomicrographs of the morphology of
Methylosinus species have been published by
Whittenbury et al. (1970a, 1970b). In logarithmic
phase, cells divide by standard binary division;
however, when cultures enter the stationary
growth phase, an increasing proportion of cells
reproduce by budding-off exospores as either
rosettes or individual cells. Once sporulated, the
mother cell ceases to divide or bud, becomes
granulated and eventually lyses. Sporulating cells
produce an extensive capsule compared to vege-
tative cells (Whittenbury et al., 1970a) (see Phys-
iology section for more details on exospores).
Methylosinus strains produce poly-β-hydroxybu-
tyrate as an internal carbon reserve (Weaver et
al., 1975; Best and Higgins, 1981) and have stan-
dard Gram-negative cell walls. However unlike
most other Gram-negative bacteria, Methylosi-
nus strains are very resistant to lysis by deter-
gents (such as sodium dodecyl sulfate) and to
lytic bacteria (Starostina and Pashkova, 1993).
Lysozyme pretreatment (1 mg/ml at 37°C, for
30–60 min) followed by addition of 2% sodium
dodecyl sulfate can force cell lysis. Colonies on
NMS agar are nonpigmented, circular, and con-
vex and have a smooth creamy texture and even
entire edge. Some strains of Methylosinus spo-
rium may form a brilliant-red prodigiosin-like
pigment.

Methylosinus strains are strictly aerobic and
obligately methanotrophic, and the only carbon
and energy sources supporting growth are meth-
ane and methanol. All strains produce catalase
and cytochrome c oxidase. Nitrate and ammonia
salts, amino acids, yeast extract and casamino
acids can be used as sources of nitrogen (Warner
et al., 1983; Toukdarian and Lidstrom, 1984b). In
addition, Methylosinus spp. are capable of fixing
atmospheric nitrogen using an oxygen-sensitive
nitrogenase (Murrell and Dalton, 1983b) which
appears to be similar to the Methylocystis spp.
enzyme. Methylosinus strains are mesophilic and
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neutrophilic and grow at 10–40°C and pH 5.5–
9.0. Optimal growth occurs at about 30°C and at
pH 6.5–7.0. Most strains will not grow or grow
poorly in presence of more than 0.3M NaCl and
no strains have been found to require growth
factors.

The DNA of Methylosinus strains have mol%
G+C values ranging from 62 to 67 (Tm). Methy-
losinus trichosporium strains possess values of
62–63 (Tm), while M. sporium strains have values
of 65–67 (Tm). Methylosinus species possess
phospholipid fatty acids consisting mainly of
18:1ω8c, 18:1ω7c and 16:1ω7c with smaller
amounts of 18:0 and cyclopropane fatty acids.
The profile is very similar to that of Methylocystis
but differs only by having more 16:1ω7c and less
18:0. The major lipopolysaccharide-derived
hydroxy fatty acids include 3-OH 14:0, 3-OH
16:0 and 3-OH 18:0 (Bowman et al., 1991a). In
addition, about 15% of the total hydroxy fatty
acids of Methylosinus sporium are unusual ω-1
hydroxy fatty acids with carbon chain lengths of
26 and 28 (Skerratt et al., 1992). The neutral
sugar components of the LPS oligosaccharide
core in Methylosinus trichosporium OB3b
include mostly rhamnose, glucose and heptose
(Sutherland and Kennedy, 1986). Methylosinus
spp. contain a suite of phospholipids (Makula,
1978; Andreev and Galchenko, 1983) including
phosphatidyldimethylethanolamine, phosphati-
dylglycerol, phosphatidylmethylethanolamine,
phosphatidylcholine and lysophosphatidylglyc-
erol. The major quinone of Methylosinus is Q-8
(Collins and Green, 1985).

Preservation

Viability of most methanotrophs on plates or in
liquid cultures is lost in a week or so, when they
are deprived of methane. This is particularly true
for cystless methanotrophs such as species of
Methylomicrobium and Methylosphaera and
also Methylomonas spp., for unknown reasons.
However when placed under a 1 : 1
methane : air atmosphere plate or slant cultures,
methanotrophs can be stored for several months
at 4°C. Takeda (1988) found the shelf-life of type
II methanotrophs was enhanced to over 12
months if cultures were kept in a 100% nitrogen
atmosphere. Methylocystis and Methylosinus
strains are amenable to cryopreservation (using
20% v/v dimethylsulfoxide or 20–30% v/v glyc-
erol as a cryoprotectant) and to freeze drying
(using 20% w/v skim milk or 10% v/v horse
serum as cryoprotectant). Most Type I methan-
otrophs unfortunately do not survive freezing
well (Nesterov et al., 1986). Cryopreservation
with 20–30% glycerol may be used in most cases;
however, vials must be replaced quite regularly
(once every 1–2 months), which limits this
method’s usefulness. Type I methanotrophs can

be kept more successfully in liquid nitrogen;
however, recoverability usually becomes prob-
lematic after 6 months.

Physiology and Genetics

Detailed aspects of the genetics of methanotro-
phs as well as the biochemistry of the oxidation
of methanol (and other C1 compounds) are cov-
ered in the chapter “Aerobic Methylotrophic
Prokaryotes” in Volume 2. This section details
the major physiological characteristics of obli-
gate methanotrophs.

Metabolism Methanotrophs possess a strictly
aerobic metabolism, which uses C1 compounds.
Most methanotrophs are limited to methane and
methanol as substrates; however, a few species
can utilize other C1 compounds including for-
mate and methylamine. In some strains, complex
carbon sources can be used as a source of carbon
by methanotrophs grown in the presence of
methane. In some cases this results in significant
growth stimulation (Whittenbury and Dalton,
1981).

Methanotrophic strains can grow over a wide
range of oxygen concentrations (<0.5% to 60%
v/v) and are not microaerophilic, as has been
suggested in some previous studies. Only when
oxygen levels drop below 0.5% does growth
become limiting (Ren et al., 1997) and in some
species, significant growth still takes place at
<0.1% oxygen. The work of Takeda (1988) and
more recent research (Roslev and King, 1994;
Roslev and King, 1995) have shown methanotro-
phs can survive anoxia for several months (pre-
sumably due to resting cell formation) and can
rapidly respond when methane and oxygen once
again become available.

Resting  Stages Cyst Formation within the
Methylococcaceae. Single- or multibodied spher-
ical cysts, similar to those in Azotobacter species,
develop in stationary growth phase cultures of
Methylobacter and Methylobacter-like species
(Whittenbury et al., 1970a; Malashenko et al.,
1975b; Hazeu et al., 1980). Increased cyst forma-
tion is usually associated with increasing cell
refractility and increased (tan) pigmentation of
colonies. The cysts appear to confer some advan-
tages to cells experiencing deprived conditions
(such as lack of methane availability and drying),
and thus the cysts are able to survive desiccation
for several weeks. However the cysts do not con-
fer heat resistance such as that provided by the
exospores of Methylosinus species. In other Type
I methanotrophs (Methylomonas, Methylococ-
cus and Methylocaldum species), cyst formation
is  not  as  profuse  as  has  been  found  in  species
of Methylobacter nor are cysts (appearing as
single bodies) as well defined or as resistant to



282 J. Bowman CHAPTER 3.1.14

dessication. Moreover, cysts contain glucan-type
polysaccharides, which may act as an
endogenous source of energy (Sutherland and
MacKenzie, 1977). Cysts can be visualized by
light microscopy by using a stain developed for
Azotobacter- type cysts (Vela and Wyss, 1964).

Lipid Cysts of Methylocystis. In stationary
growth phase, a proportion of Methylocystis par-
vus cells (but not its sister species Methylocystis
echinoides) becomes refractile and more coc-
coid, eventually forming lipoidal cysts. These
cysts are different from glucan-rich Type I
methanotroph cysts by containing mostly poly-β-
hydroxybutyrate and also possess a degree of
desiccation resistance but no significant heat
resistance.

Exospores of Methylosinus. As cultures enter
the stationary growth phase, an increasing
proportion of cells reproduce by budding-off
exospore resting stages either when the cells are
arranged in rosettes or by individual cells. When
spores appear they are initially nonrefractile,
Gram-negative, coccoidal bodies at the end of
sporulating cells and as spores mature, they
become increasing refractile and acid-fast. The
malachite green spore stain (Doetsch, 1981) can
be used to visualize mature spores. Thin sections
show that exospores consist of an electron-dense
outer coat (exosporium) surrounded by a cell
wall derived from the parent cell. Methylosinus
trichosporium exospores possess a capsular coat,
attached to the exosporium but distinct from the
parent cell’s capsular layer (Reed et al., 1980).
Within the exospore, there is a laminated inner
coat and a poorly defined cortex (Reed et al.,
1980; Dugan et al., 1982) lacking dipicolinic acid
(a chemical present in the spores of Gram-
positive bacteria) and no detectable respiratory
activity. Exospores are resistant to desiccation,
surviving 18 months of drying, and can also with-
stand heating at 85°C for 10 min and 10 min of
ultrasonication.

Intracytoplasmic Membranes Methane oxida-
tion usually takes place in methanotrophs within
membrane systems referred to as intracytoplas-
mic membranes (ICM), which appear as a series
of intracellular elaborate membrane folds that
can be readily observed by electron microscopy.
Intracytoplasmic membranes occur in two major
ultrastructural forms. In Type I methanotrophs,
ICM appear as a series of laminations or vesicu-
lar arrangements of the cytoplasmic membrane
crossing the cell horizontally. In Type II methan-
otrophs, the ICM occur along the periphery of
the cell wall and encloses a distinct lumen. Intra-
cytoplasmic membranes are formed best when
methanotrophs grow on methane, but ICM form
to a lesser extent when methanotrophs grow on
methanol (Best and Higgins, 1981). The amount

of ICM increases in proportion to methane oxi-
dation rates, acting to increase available surface
area for the oxidation of methane. The affinity of
methanotrophs to methane appears to vary with
growth conditions, changing by greater than an
order of magnitude (Km 0.05→1 µM). The shifts
in affinity are linked to the concentration of
MMO within cells and changes in the relative
levels of ICM  (Dunfield  et  al.,  1999).
Methanotrophs  in natural habitats experiencing
low fluxes of methane are thus able to cope by
maximizing methane-oxidizing efficiency. Meth-
anotrophs experiencing oxygen limitation
exhibit a reduction in ICM (Scott et al., 1981),
while ICM synthesis is inhibited by removing
copper from the medium (Prior and Dalton,
1985), which is linked to the concomitant repres-
sion in the synthesis of pMMO (see below).

Dissimilatory Methane Oxidation This path-
way results in the oxidation of methane to CO2

and is used by methanotrophs to generate energy
and obtain carbon for biosynthesis. The first step
of the pathway involves the oxidation of meth-
ane to methanol. Methanol is then oxidized to
formaldehyde, the compound through which
methanotrophs obtain the majority of their cel-
lular carbon. A proportion of the formaldehyde
is oxidized to formate and then to CO2. In these
latter steps, reducing power in the form of
NAD(P)H2 is generated and is used by methan-
otrophs to power electron transport and ATP
synthesis. Only the first step of this pathway is
dealt with in detail in this section, as the oxida-
tion of methane to methanol is central to the
growth of methanotrophs. The biochemistry and
genetics of the remaining steps of the pathways
are described in the chapter “Aerobic Methy-
lotrophic Prokaryotes” in Volume 2.

Methane Monooxygenase (E.C.1.14.13.25)
Methane monooxygenase (MMO) is the enzyme
responsible for the oxidation of methane to
methanol. It does this by incorporating a single
atom of oxygen and the reaction has the fol-
lowing stoichiometry (Dworkin and Foster,
1956):

CH4 + NAD(P)H2 + O2 →
CH3OH + NAD(P+) + H2O

Particulate Methane Monooxygenase
(pMMO). Two types of MMO have been found
in methanotrophs; however, all methanotrophs
possess pMMO—a copper-containing enzyme
which is tightly bound within the ICM. Particu-
late MMO has an active site which includes cop-
per and in the presence of copper limitation,
pMMO synthesis is repressed, resulting in
reduced  growth  yields  on  methane  (unless
the methanotroph possesses sMMO) and in
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reduced ICM development. Previously it was
found that the amoA gene, which codes for the
active subunit of ammonia monooxygenase,
hybridizes to methanotroph DNA (Semrau et
al., 1995). Using amoA as a probe, the genes for
pMMO were isolated and sequenced (Semrau et
al., 1995) in three methanotrophs (Methylococ-
cus capsulatus, Methylomicrobium album and
Methylosinus trichosporium). In each of these
species pMMO contains two subunits, coded by
pmoA and pmoB (45- and 27-kDa, respectively),
which are present in duplicate gene copies in
methanotrophs. The pmoA gene product has
considerable amino acid sequence similarity to
amoA product and the genes are believed evolu-
tionarily related (Holmes et al., 1995a).

Soluble Methane Monooxygenase (sMMO)
Some methanotrophs can form a soluble, mem-
brane-free, form of MMO, sMMO. Soluble
MMO is distributed irregularly amongst the
methanotrophs and has been detected so far in
most Methylosinus strains (Bowman et al.,
1993a), some strains of Methylocystis
(McDonald et al., 1997), Methylococcus capsula-
tus (i.e., strain ATCC 33009; Brusseau et al.,
1990), and Methylomonas methanica (Koh et al.,
1993). This enzyme has engendered consider-
able research interest owing to its enormous
lack of substrate specificity. More than 250
known compounds of many different structural
types (ranging from alkanes to heterocyclic
compounds) can be oxidized by sMMO. This
versatility has suggested a potential role for
sMMO in bioremediation and industrial appli-
cations (see Applications section). Soluble
MMO consists of three proteins including a
non-heme hydroxylase, a ferredoxin-like reduc-
tase, and a regulatory coupling enzyme, with the
separate proteins coded by a single gene cluster.
The mmo operon has been characterized and
sequenced in both Methylococcus capsulatus
(Bath) (Stainthorpe et al., 1990) and Methylosi-
nus trichosporium (OB3b) (Cardy et al., 1991).
The hydroxylase component is a dimer of three
separate subunits and has a non-heme di-iron
active site (Nordlund et al., 1992). It is the
unusual nature of this active site that is respon-
sible for the potent oxidative nature of sMMO.
The individual subunits are coded by mmoX,
mmoY and mmoZ, respectively. The 3-dimen-
sional structure of the non-heme hydroxylase
enzyme has been resolved (Rosenzweig et al.,
1993). The ferrodoxin-like reductase enzyme
(coded by mmoA and mmoC) transfers elec-
trons to the hydroxylase for the catalysis of
methane oxidation. The coupling protein, coded
by mmoB, links the reductase and the hydroxy-
lase. It is thought this enzyme has a regulatory

role, decoupling the hydroxylase and reductase
possibly when formaldehyde reaches a critical
level. Soluble MMO synthesis in methanotrophs
is repressed in the presence of copper (at levels
as low as 50 nM) with concurrent increased syn-
thesis of pMMO, and thus it is thought sMMO
may have evolved in conditions of copper limi-
tation (Hanson and Hanson, 1996). Limitation
in copper may arise from chelation, adsorption
and complexation processes, especially with
various organic compounds. Copper-limited
environments such as groundwater are often
dominated by sMMO-producing methanotrophs
(Bowman et al., 1993a). When growing methan-
otrophs for the purpose of making sMMO, all
glassware and media should be free of trace
copper ions. Soluble MMO can be readily
detected by the naphthalene oxidation assay
(Brusseau et al., 1990; Graham et al., 1992), by
gene probe (for example using regulatory gene,
mmoB; Stainthorpe et al., 1991), or by PCR
using specific primers (McDonald et al., 1995;
Murrell et al., 1998). The genes for both pMMO
and sMMO are genetically distinct (Martin and
Murrell, 1995); however, they have a common
copper-inducible regulatory pathway (Neilsen et
al., 1997).

Carbon Assimilation Pathways Methanotrophs
fix carbon in the form of formaldehyde, which is
rapidly cycled owing to its high toxicity. Formal-
dehyde is fixed by two different pathways in meth-
anotrophs: the ribulose monophosphate (RuMP)
pathway used by Type I methanotrophs and the
serine pathway used by Type II methanotrophs
(Anthony, 1982; Hanson and Hanson, 1996). By
assaying the key enzymes of these pathways, Type
I and II methanotrophs may be distinguished. In
the case of the RuMP pathway, the key enzyme is
hexulose phosphate synthase, whereas in the
serine pathway the key enzyme is hydroxypyru-
vate reductase. More details on these pathways
can be found in the chapter “Aerobic Methy-
lotrophic Prokaryotes” in Volume 2.

Nitrogen  Metabolism Most methanotrophs
assimilate ammonia and nitrate by the glutamine
synthetase-glutamine 2-oxoglutarate amino-
transferase system (Shishkina and Trotsenko,
1979; Murrell and Dalton, 1983a; Toukdarian
and Lidstrom, 1984b). Methanotrophs also can
assimilate nitrogen from amino acids and other
complex mixtures such as yeast extract. In addi-
tion, many methanotrophs are able to fix atmo-
spheric nitrogen and include all Type II
methanotrophs and various members of the Type
I methanotrophs, including Methylomonas spp.,
Methylococcus capsulatus, and Methylosphaera
hansonii. In most cases the nitrogenase formed
is oxygen-sensitive (Murrell and Dalton, 1983b;
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Takeda, 1988; Zhivotchenko et al., 1995), except
for Methylosphaera hansonii, which appears to
possess a more oxygen-tolerant enzyme (Bow-
man et al., 1997). In the case of methanotrophs
with oxygen-sensitive nitrogenase, reducing the
oxygen partial pressure in the headspace
enhances growth on agar under nitrogen-free
conditions; however, oxygen concentrations over
10% will abolish nitrogenase activity almost
completely (Zhivotchenko et al., 1995). A num-
ber of homologs of nifH have been shown in
strains such as Methylomonas methanica, which
appeared unable to fix nitrogen in vitro (Oakley
and Murrell, 1988). Southern blotting indicates
the nif genes of various methanotrophs are
homologous with each other and genes of Kleb-
siella pneumoniae (Toukdarian and Lidstrom,
1984a; Oakley and Murrell, 1988).

Applications

Methanotrophs have been considered as cheap
sources of single-cell protein (Anthony, 1982)
and poly-beta-hydroxybutyrate (a natural poly-
mer; Hou, 1984; Wendlandt et al., 1998). How-
ever most biotechnologically directed studies of
methanotrophs have focused on the capability of
sMMO from Methylosinus trichosporium OB3b
to co-oxidize a wide range of carbon substrates.
The compounds oxidized are too many to list but
include a wide range of aliphatic, heterocyclic
and aromatic compounds (Burrow et al., 1984).
Several studies have focused on the industrial
applications of this biocatalytic ability, in partic-
ular in the production of epoxides for plastics
manufacture (Hou, 1984), but the primary focus
of research has been in the bioremediation field,
and this aspect has been reviewed extensively
(Sullivan et al., 1998). Methylosinus trichospo-
rium OB3b and other strains forming sMMO can
co-metabolize a range of chlorinated aliphatic
compounds including major groundwater pol-
lutants such  as  trichloroethylene,  chloroform
and tetrachloroethylene (Oldenhuis et al., 1989;
Tsien et al., 1989; Castro et al., 1996; Hamamura
et al., 1997; Moran and Hickey, 1997; Tartak-
ovsky et al., 1998). However, the industrial appli-
cation of methanotrophs has been hampered by
their relatively slow growth and requirement for
methane, a potentially explosive substrate which
also competitively inhibits co-metabolic reac-
tions. Another problem is that trace copper lev-
els can suppress sMMO activity, thus eliminating
or reducing transformation rates (Oldenhuis et
al., 1989; Lontoh and Semrau, 1998). To over-
come this, constitutive mutants lacking sMMO
activity suppression [RG7] have been created by
chemical mutagenesis and by marker exchange
(Phelps et al., 1992; Fitch et al., 1993; Martin and
Murrell, 1995; Tellez et al., 1998). These mutants

have been shown to be able to co-metabolize
trichloroethylene  in  the  presence  of  high
levels of copper. Some of these copper-tolerant
mutants have been utilized in treatments of chlo-
rinated aliphatic pollutants (Tschantz et al.,
1995). In addition, the sMMO gene cluster has
been successfully cloned into Pseudomonas
putida F1, which is not only able to degrade
trichloroethylene but can grow much faster and
lacks the problem associated with methane com-
petitive inhibition (Jahng and Wood, 1994; Jahng
et al., 1996).
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