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Foreword

There are two kinds of organism which stand out as the biosynthetic virtuosi
of the living world—the autotrophs and the methylotrophs. The autotrophs
are organisms which can synthesize all their cell constituents from carbon
dioxide as sole carbon source; methylotrophs can perform such total bio-
synthesis from reduced carbon compounds containing one or more carbon
atoms but containing no carbon-carbon bonds. Autotrophs have long been the
subject of intense study, if for no other reason than that they include the green
plants as well as microorganisms. Although the first methylotroph, Bacillus
methanicus, was discovered 76 years ago growing aerobically on methane, the
next 40 to 50 years saw the discovery of only a few other methylotrophs
growing on reduced Q compounds such as methane, methanol, methylamine
and formate. They were regarded as somewhat exotic organisms and received
scant biochemical attention; it was often speculated that they might merely
couple the energy of oxidation of the Cy substrate to the reduction of carbon
dioxide and thus in effect be chemosynthetic autotrophs. If this had turned out
to be the case, the subject of methylotrophy would have remained but a minor
variant on a familiar theme. However, it was recognised in the 1950s that
although some methylotrophs were indeed autotrophs in thin disguise, many
other methylotrophic organisms assimilated Cx units at levels more reduced
than carbon dioxide by unknown assimilatory processes. As a result an
explosive development of this whole field then took place. Biochemists espied
virgin areas of intermediary metabolism and energy transduction, the range of
methylotrophic microorganisms was greatly extended by development of new
enrichment procedures and the new organisms were ripe for genetic analysis
and manipulation. At the same time biotechnologists realized that methane
and methanol offered entirely new industrial possibilities as cheap and
readily available fermentation feedstocks, thus providing an additional
stimulus for research and development.

A wealth of publications resulted from all this activity and for 20 years this
burgeoning literature has been reviewed at frequent intervals by various
investigators. With many of the major biochemical problems now solved, and
the remaining ones clearly defined, it has been clear for some time that there
was an urgent need for a definitive and wide-ranging textbook on the subject.
The present book has been written to meet such a demand and it is hoped that
it will serve as a standard reference book for all aficionados of this field,
whether they be newcomers or veterans. The newcomers can be assured that
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it has been written by a biochemist who, since 1960, has himself been a
highly active investigator and an authority on methylotrophy; the veterans
will not need any such prefatory assurance from me.

Sheffield 1982 J. R. Quayle



Preface

In 1960, when I started working with methylotrophs I had half a dozen
reprints (the total available) on these organisms. The growth of the literature
since then has been exponential, and the decision to write this book is based
on the well-established practice of harvesting in the mid-log phase; this is in
order to avoid being completely submerged beneath the methylotrophic
culture.

A preface usually defines the limits of the author's intentions; the ground
covered and the likely readership. I shall do likewise; this book covers
everything to do with the biochemistry of methylotrophs and it is written to
suit everyone.

Perhaps I had better attempt to justify this bold claim. My first aim was
to cover all aspects of methylotrophy in the detail required by anyone active
in research in this field, whether they be microbiologists, microbial physio-
logists, "metabolic" biochemists or enzymologists. Such an aim, however,
might tend to diminish the usefulness of a book to those using it as an
introduction to any aspect of the subject; this is because more fundamental
aspects can be obscured by detail, and submerged beneath lines of references
to the original sources. I have tried to avoid this in two ways. When possible
I have arranged references in separate tables so as to leave the text clear.
More important, each chapter starts with a descriptive section which I have
tried to make comprehensible to a senior undergraduate. The evidence for
conclusions initially presented is then discussed in separate sections. When
in doubt I have erred, I hope, on the side of too much explanation rather than
too little.

As the subject of the book is biochemistry, the first chapter was to have
been a very brief introductory guide to the methylotrophs themselves.
This intention was abandoned when I realised that the biochemists for whom
it was written could probably cope with any biochemistry they might come
across in the literature, but might find the microbes themselves bewildering
beyond belief. I hope that the first chapter now provides a complete account
of the methylotrophic bacteria in a way that allows a ready evaluation of
which are likely to be biochemically similar and which are probably different.

Chapters 2, 3, 4 and 5 cover the carbon assimilation pathways of methylo.-
trophic bacteria. The pathways, and evidence for them, are first described;
this is followed by summaries of the distribution of the pathways amongst
the methylotrophs; the individual enzymes are then described and regulation
of the assimilation pathways discussed.

vii
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Chapters 6 and 7 deal with the enzymes (many of them novel) involved
in the oxidation of methane, methanol and methylated amines.

Chapter 8 is devoted to electron transport and energy transduction; and
Chapter 9 attempts to interrelate all the biochemistry discussed in Chapters
2 to 8 in a discussion of growth yields and bioenergetics in methylotrophs.

Because the biochemistry of oxidation and assimilation of methanol in
yeasts differs in most important respects from that in methylotrophic bacteria,
Chapter 10 is exclusively concerned with metabolism in methylotrophic
yeasts.

Chapter 11 is a self-contained chapter on methanogens and methanogenesis.
Although few methanogens are actually methylotrophs, the recent rapid
advances in our knowledge of the unique biochemistry of these "archae-
bacteria" made the temptation to include this complete review irresistible.

Chapter 12 deals with the commercial exploitation of methylotrophs.
The biochemistry of microbes growing on methane or methanol makes them
especially suitable for commercial exploitation; this includes their use as
single cell protein (SCP); their use for the production of carboxylic acids,
amino acids and vitamins; their use as biocatalysts; and their use in electro-
enzymology and biofuel cells. Although not dealing with detailed practical
aspects of such processes, this chapter aims to provide a foundation for
understanding this rapidly-developing area of biotechnology.

February 1982 C. Anthony
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2 The biochemistry of methylotrophs

I. Introduction

Once upon a time there was a lonely methylotroph called Bacillus methanicus,
sole representative in the literature of a metabolic type of microorganism
capable of growth on methane or methanol as sole source of carbon and
energy (Sohngen, 1906). Relatively few additions were made to the list of
known bacteria with these growth characteristics in the next half century and
J.R. Quayle was able to quote only seven references to bacteria growing on
methane or methanol in his first paper on Pseudomonas AMI (Peel and
Quayle, 1961). In the next ten years many new bacteria were described and
much of their basic biochemistry elucidated. Since then an appreciation
of the potential of these bacteria for production of single cell protein from
methane or methanol has stimulated the isolation of many new species of
bacteria and yeasts able to grow on these substrates. A measure of the growth
of interest in these microbes and their metabolism is indicated by the holding
of the International Symposia on Microbial Growth on Q-compounds;
the first informal symposium was in Edinburgh in 1973 and since then more
formal symposia have been held in Tokyo and Putschino-on-Oka, the last
being in Sheffield in the summer of 1980 (see Dalton, 1981).

The explosive development of this subject as outlined here has resulted in
a vast literature presenting a daunting prospect to anyone approaching it for
the first time. It is for such workers that this book has been written; it is also
hoped that it will provide a useful guide for those who, like the author,
have helped produce this literature and are now finding themselves becoming
submerged beneath it.

II. Definition of methylotrophy and the
taxonomy of methylotrophs

Microbes growing on Q-compounds as their sole source of carbon and
energy must make every carbon-carbon bond "de novo", and this problem
is shared with microbes growing on compounds having more than one
carbon atom but having no carbon-carbon bonds

These microbes are called methylotrophs by analogy with those autotrophs
that are able to use CO2 as their sole source of carbon.

Colby and Zatman (1972) have provided a generally accepted definition of
methylotrophs which I use here in a slightly altered form to allow the in-
clusion of bacteria assimilating reduced Cx compounds by way of CO2 and
the ribulose bisphosphate pathway. Methylotrophs are those microorganisms
able to grow at the expense of reduced carbon compounds containing one or
more carbon atoms but containing no carbon-carbon bonds. Obligate
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methylotrophs grow only on such compounds whereas facultative methylo-
trophs are also able to grow on a variety of other organic multicarbon com-
pounds.

Table 1 lists those substrates known to support the growth of methylo-
trophs. Bacteria able to grow on carbon monoxide are, strictly speaking,
methylotrophs, obtaining their energy by oxidising CO to CO2 and assimil-
ating the CO2 by the "autotrophic" ribulose bisphosphate pathway. They
are not discussed further in this book and the reader is referred to the follow-
ing references for useful reviews of these organisms (Zavarzin and Nozhev-
nikova, 1976; Colby et al., 1979; Schlegel and Meyer, 1981; Cypionka et al.,
1980; Meyer and Schlegel, 1980).

TABLE 1
Substrates used for methylotrophic growth

Compounds containing one
carbon atom

Methane
Methanol
Methylamine
Formaldehyde
Formate
Formamide
Carbon monoxide

CH4

CH3OH
CH2NH2

HCHO
HCOOH
HCONH2

CO

Compounds containing more
one carbon atom

Dimethyl ether
Dimethylamine
Trimethylamine
Tetramethylammonium
Trimethylamine N-oxide
Trimethylsulphonium

than

(CH3)2O
(CHS)2NH
(CH3)3N
(CH3)4N+
(CH3)3NO
(CH3)3S+

Ideally this first chapter would include a taxonomic survey of methylo-
trophs with some generally acceptable suggestions on nomenclature. However,
this has proved impossible for a number of reasons. The first is that the
property of methylotrophy is a very special property; very few bacteria in
culture collections grow on methane or methanol unless they were first
isolated on these substrates. Thus methylotrophs do not always fit neatly into
previously characterised groups. A second difficulty is that the obligate
methylotrophs have relatively few features that can be used in conventional
taxonomic studies. A third problem is that many methylotrophs were
initially isolated with the aim of studying their peculiar metabolism, and
while this has been achieved, the original description may be inadequate or no
longer correspond to the characteristics of the organism which is now
available in culture collections and used for extensive biochemical investiga-
tions, or for production of millions of tons of single cell protein.

The best that this chapter can hope to achieve is to place the methylotrophs
into groups having similar growth properties and, sometimes, structural
features. These groups will be for convenient storage of information and they
are not necessarily taxonomic groups with genetic relationships.
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Methylotrophic yeasts (discussed separately in Chapter 10) do not pose such
a problem as the bacteria, because they are typical yeasts which can be
classified with previously described non-methylotrophic yeasts. The extra
genetic information required for the oxidative and assimilatory pathways
during growth on methanol may be sufficiently great, however, to warrant
separate species for them.

The nomenclature of methylotrophs is confusing and likely to remain so.
It has been stated by Cowan (1970) in his heretical taxonomy for bacterio-
logists that "names are only labels and have no significance except as a means
of communication". Although this is a sound principle aimed at avoiding
wrangles over nomenclature, it still leaves the problem of what is actually
communicated in the name chosen. Many methylotrophs were first isolated
by biochemists with little interest, expertise or experience in taxonomy or
nomenclature; some chose to give completely new names, some gave the name
of the most similar non-methylotrophic bacteria while others, in desperation
I suppose, produced a prosaic series of numbers. The result of this is that the
information communicated by the name may be wrong or non-existent.
A further problem is that two methylotrophs may have the same generic name
but be very different, while very similar bacteria may have completely
different names.

In this book I have used the names in most common use and I have tried to
indicate where differently named bacteria are very similar when this is
particularly relevant.

III. Microbes growing on methane (methanotrophs)

A major landmark in the development of our knowledge of methanotrophs
was the description in 1970 of more than 100 new isolates by Whittenbury
and his colleagues at Edinburgh (Whittenbury et al., 1970a). This was a
landmark because previously only four methanotrophs had been described.
The first was called Bacillus methanicus (Sohngen, 1906), reisolated as
Pseudomonas methanica (Sohngen) by Dworkin and Foster (1956) and now
renamed Methylomonas methanica. In the half century between the work
of Sohngen and that of the Edinburgh group only three further methano-
trophs were described; these were Pseudomonas methanitrificans (Davis et al.,
1964), Methanomonas methano-oxidans (Brown et al., 1964) and Methylo-
coccus capsulatus (Foster and Davis, 1966). All of these were strictly aerobic,
obligate methylotrophs able to grow on methane, methanol or dimethylether
but not on multicarbon compounds.

It was only in 1974 that Hanson and his colleagues at Wisconsin first
described facultative methanotrophs (Patt et al., 1974), and in 1979 that they
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first described methanotrophic yeasts (Chapter 10). It is now clear that
methanotropfas are common in Nature and that there is a great biological and
biochemical diversity amongst these organisms. The very important role of
methanotrophs and methanogens (Chapter 11) in the global carbon cycle has
been discussed fully elsewhere (Schlegel et al., 1976; Vogels, 1979; Hanson,
1980).

A. General description of the methanotrophic bacteria

The main subject of this book is the biochemistry of methylotrophs and
the following descriptions are primarily for the convenience of biochemists
interested in their metabolism. It does not aim to evaluate taxonomic propo-
sals but merely to collate the available information into tables and to make a
few comments where the picture is rather confused. Whittenbury and his
colleagues originally categorised their new isolates into groups and sub-
groups and they avoided genus and species designations. In the subsequent
literature, however, they have referred to them as genera and species and I
shall do likewise.

The descriptions of Whittenbury's 100 new isolates provides a convenient
introduction to the methanotrophs. Because they only grow on Cx compounds,
the characteristics available for division into genera and species are necessarily
structural and biochemical and these characteristics are discussed in later
sections of this chapter.

1. The isolates of Whittenbury and his colleagues

Table 2 is a list of properties of the obligate methanotrophs in the collect-
ion of R. Whittenbury and these properties are shared by most other obligate
methanotrophs. Table 4 is based on the main characteristics of the five
genera initially described, and it includes only those features that might be
expected to remain important in any classification scheme (Whittenbury
et ah, 1970a,b; Davies and Whittenbury, 1970; Davey et al., 1972). This
table also includes the Methylobacterium species which are the facultative
methanotrophs whose properties are more fully described in Table 7.

Table 3, based on that of Colby et al. (1979), includes some of the bio-
chemical generalisations that can be made about the main groups of methano-
trophs. The use of these biochemical properties in the classification of
methanotrophs is discussed below.

Table 5 is based on the table of properties of subgroups or species of
methanotrophs isolated by Whittenbury et al. (1970a) and is included as an
illustration of the relative paucity of physiological properties available for
classification of methanotrophs.



TABLE 2
Properties of the obligate methanotrophs in Professor

Whittenbury's collection

Most of these properties are also shared by the majority of obligate methanotrophs
isolated by other workers (see text).

All are Gram-negative, strictly aerobic, and are rods, vibrios or cocci.
All form a differentiated resting body (exospore or cyst).
All possess a complex internal arrangement of paired membranes.
All are catalase-positive, oxidase-positive and have typical cytochromes a, b and c.
All are (to some degree) sensitive to normal oxygen tension in air. Some do not grow

in shaking flasks. During nitrogen fixation they become extremely oxygen-sensitive.
All use methane, methanol, methyl formate, dimethylcarbonate and (those tested)

formaldehyde as sole carbon and energy sources.
All use ammonia as nitrogen source; most use nitrate and nitrite. Some use urea,

amino acids and yeast extract. All those with a serine pathway (and some with
the RuMP-pathway) fix molecular nitrogen.

All reduce nitrate to nitrite, but do not grow anaerobically on methane.
All oxidise (or co-oxidise) methane, methanol, ammonia, carbon monoxide,

dimethylether, propane, ether, ethanol, propanol, butanol, formaldehyde and
formate.

TABLE 3
Further properties of methanotrophic bacteria

Type I bacteria (RuMP
pathway)
(Methylococcus, Methylo-
monas and Methylobacter)

Type II bacteria (serine
pathway)
(Methylosinus, Methylo-
cystis and the facultative
Methylobacterium)

TCA cycle

Nitrogenase
Chain length of main

fatty acid in lipid
Glucose-6-phosphate

dehydrogenase
6-phosphogluconate

dehydrogenase
Pentose phosphate

isomerase

Incomplete (no oxoglutarate
dehydrogenase)

Present in some
16 carbon atoms

Present (NADP+-specific)

Present (NADP+-specific)

High level

Complete

Present in all tested
18 carbon atoms

Absent during growth on
methane

Absent

Low level

Methylococcus Methylomonas
Methylobacter

NAD+-specific NAD+ and
NADP+

Low activity High activity

some+

Isocitrate
dehydrogenase

Malate dehydrogenase
Ribulose bisphosphate

carboxylase
Phosphoribulokinase
Growth at 45°C

All Type II bacteria

NADP+-specific

High activity

Not all strains have been tested for all characteristics and discrepancies in these general-
isations may well arise. Most enzyme measurements are taken from Davey et al. (1972).



TABLE 4
Properties characterising the main groups (Genera) of methanotrophs

Type /" (obligate)
Methylococcus

Methylomonas

Methylobacter

Type 11" (obligate)
Methylosinus

Methylocystis

Type 11" (facultative)
Methylobacterium

Morphology

Coccus

Rod

Rod

Rod or
pear-shaped

Rod or
vibroid

Rod

Resting stageb

Azotobacter-type
cyst (immature)
Azotobacter-type
cyst (immature)
Azotobacter-type

cyst

Exospore

'Lipid cyst'

Exospore

Rosette
formation

—

—

—

+

+

DNA base ratio
(G + C)

62-64%

50-54%

50-54%

62-5%

62'5%

58-66%

Major carbon
pathway

RuMP pathway

RuMP pathway

RuMP pathway

Serine pathway

Serine pathway

Serine pathway

Motilhy0

—

+P

±P

+PT

—

+P

a Type I bacteria have internal membranes arranged as bundles of vesicular discs; Type II bacteria have membranes arranged in pairs around the
cell periphery.
* Not all organisms form an identifiable resting stage.
c P indicates a single polar fiagellum; PT indicates polar tufts of flagella; + indicates that some strains are motile (see Table 5); all Methylomonas
strains were motile except M. streptobacterium.



TABLE 5
Properties of species (sub-groups) of methanotrophs (taken from Whittenbury et al., 1970a)

Organism
Type I bacteria
Methylomonas methanica
Methylomonas albus
Methylomonas streptobacterium
Methylomonas agile
Methylomonas rubrum
Methylomonas rosaceous
Methylobacter chroococcum
Methylobacter bovis
Methylobacter capsulatus
Methylobacter vinelandii
Methylococcus capsulatus
Methylococcus minimus

Type II bacteria
Methylosinus trichosporium
Methylosinus sporium
Methylocystis parvus

Number oj
strains

30
3
5
4
7
2
9
5
4
5
3
5

9
12

1

Growth at
37°C 45°C

— _
4- —
— —
+ —
— —
— —
— —

I
— —

4- 4-
4- 4-
— —

+ —
i

4- —

Growth on Motility and Capsule
methanol flagellation formed

Growth on methane
enhanced by yeast

extract, malate,
acetate, or succinate

(0-1%)

HPT)
+ (PT)

It has been suggested that Methylococcus minimus should be changed to Methylomonas minimus because it is rod-shaped (Whittenbury, personal
communication). Slight variations from the original have been included after discussion with Professor Whittenbury. The capsules of Type II bacteria
consisted of short fibres radiating from the cell wall; no structure was seen in capsules of Type I bacteria. Motility was by way of a polar flagellum
(P) or by polar tufts of flagella (PT).
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2. Other obligate methanotrophs

Methanomonas methano-oxidans (Stocks and McCleskey, 1964b; Brown
et al., 1964; Smith and Ribbons, 1970) is most similar to the Methylosinus
strains. It is rod- or pear-shaped; it grows in rosettes, has Type II (peripheral)
membranes; it assimilates its cell carbon by the serine pathway (Lawrence
and Quayle, 1970) and it has a complete TCA cycle (Wadzinski and Ribbons,
1975b). It may differ from Methylosinus sp. in having only a single polar
flagellum rather than a tuft of polar flagella and in forming microscopic
colonies.

Pseudomonas methanitrificans was suggested by Whittenbury et al. (1970a)
to be a strain of Methylosinus. Its original name was given because it was
isolated using atmospheric nitrogen as the sole nitrogen source. As mentioned
in Table 4 nitrogen fixation is a characteristic common to all Type II bacteria
so far tested.

Pseudomonas methanica (Sohngen, 1906; Dworkin and Foster, 1956; Lead-
better and Foster, 1958) conforms to the description of the most commonly
isolated methanotroph, Methylomonas methanica.

Methylococcus capsulatus was first isolated by Foster and Davis (1966),
and the name adopted by Whittenbury et al. (1970a, b) for all their similar
isolates.

The Methylobacter vinelandii strains of Whittenbury et al. (1970a, b)
resemble the methanotrophs isolated by Leadbetter and Foster (1958).

Methylovibrio sohngenii strains (Hazeu and Steenis, 1970) were later
identified as strains of Methylosinus sporium and Methylocystis parvus(Ha.zeu,
1975).

Methylococcus thermophilus. Malashenko (1976), in a study of thermo-
tolerant and thermophilic methanotrophs described an organism very
similar to Methylobacter vinelandii (Tables 4 and 5) but having an unusually
high percentage (G + C) ratio (59 %). In the same study he described a new
species of thermophile which he named Methylococcus thermophilus. This
differed from typical Methylococcus strains (Tables 2 and 3) in being motile.

Methylococcus mobilis. Hazeu et al. (1980) have recently published a
thorough description of this novel species of obligate methanotroph. This
non-pigmented coccus appears singly or in pairs, chains or tetrads that are
occasionally motile and have one or two flagella. In some conditions multiple-
bodied cysts like those of Methylobacter are formed. Carbon is fixed by the
ribulose monophosphate pathway and electron micrographs reveal the
presence of Type I membranes as well as reserve material: this is probably
polysaccharide because these bacteria do not form poly 3-hydroxybutyrate.
Growth only occurs on methane or methanol but peptone increases the
growth rate on methane and in these conditions unusual tubular structures
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become visible in electron micrographs of cross-sections of bacteria. No
fixation of atmospheric nitrogen was observed. The temperature optimum is
30cC but some growth occurs at 37°C. The percentage (G + C) ratio of 56-3
differs from values recorded for both Methylobacter and Methylococcus
species (Table 4). The cysts are more like those of Methylobacter species but
the new isolate is a coccus. This poses a problem of taxonomy which the
authors have avoided by including this interesting organism in the more
widely-defined Methylococcus genus as defined by Romanovskaya et al. (1978)
(see below).

Many strains of obligate methanotrophs similar to those described above
and in Tables 2,3,4 and 5 have been isolated in recent years (e.g. Malashenko,
1976; Trotsenko, 1976; Galchenko et al., 1978; Romanovskaya et al., 1978).
A problem that has arisen during these studies has been due to the isolation
of motile cocci and of thermophilic methanotrophs. Romanovskaya et al.
(1978) in their proposed scheme for the classification of obligate methano-
trophs have included these species together with all Methylobacter species
(Tables 3 and 5) into the genus Methylococcus; the species proposed are
given with a brief list of their properties in Table 6.

Besides the Gram-negative methanotrophs described above a number of
Gram-positive bacteria (Mycobacterium sp. and Nocardia sp.) are said to be
able to grow on methane but no full descriptions of these are available and
little biochemical work on them has been reported (see Seto et al., 1975).

3. The facultative methanotrophs {Methylobacterium spp.)

Eleven strains of facultative methanotrophs have been described, four of
these in some detail (Table 7). All are Gram-negative rods having the Type II
membrane arrangement and assimilating Q compounds by the serine pathway.
All were originally isolated on methane and many were isolated from fresh-
water lakes at depths where O2 concentrations are relatively low; and some
isolates (e.g. M. organophilum XX) grow best at low O2 concentrations.
Most are motile by polar flagella and have a (G + C) ratio of 66%; the
exception is Methylobacterium ethanolicum which is non-motile and has a
(G + C) ratio of only 58 % (Lynch et al., 1980). Some isolates are resistant to
high temperatures (Patt et al., 1974) and exospores were observed in the R6
strain (Patel et al., 1978). The facultative methanotroph described first and
used for many biochemical investigations is Methylobacterium organophilum
XX. This strain usually contains poly-3-hydroxybutyrate and is catalase- and
oxidase-positive. It is similar to Methylococcus capsulatus in having phos-
phatidyl choline, squalene and sterols in its membranes (Patt et al., 1976;
Bird et al., 1971).



TABLE 6
Summary of some properties of Methylococcus species as defined by Romanovskaya et al. (1978)

Organism

Methylococcus capsulatus
Methylococcus thermophilus
Methylococcus minimus
Methylococcus luteus
Methylococcus bovis

(Methylobacter bovis)
Methylococcus chroococcus

{Methylobacter chroococcum)
Methylococcus ucrainicus
Methylococcus whittenburii

(Methylobacter capsulatus)
Methylococcus vinelandii

(Methylobacter vinelandii)

Shape

coccal
coccal or rod
cocca)
oval
coccal or rod

oval

oval rods
oval rods

oval rods

Motile in some
growth phase

—

+(P)
—
—
—

—

+(P)
+(P)

+(P)

%{G + C) ratio

62-5%

63-3%
(62-5%)
53-0%

(50-54%)

(50-54%)

52-7%
(50-54%)

(50-54%)

Temperature range
and optimum

20-50°C (37°C)
37-62°C (55°C)
20-30°C
20-37°C (33°C)
2O-37°C (30°C)

20-30°C

20-37°C (30°C)
20-30°C

20-45°C

A complete description of the proposals is given in the paper on "A corrected diagnosis of the genera and species of methane-utilizing bacteria"
by Romanovskya et al. (1978). The names in parentheses are those given by Whittenbury et al. (1970a, b) (Table 5) when these differ from those
given in this table. Percentage (G 4- C) ratios given in parentheses are those stated to be typical of the genus by Whittenbury et al. (1975).



TABLE 7
The facultative methanotrophs {Methylobacterium sp.)

Colour on solid media

Size
Motility
% (G + C) ratio
Vitamin requirement
Fixation of molecular Na

Spores or heat-stable forms
Alternative carbon sources

nutrient broth
methanol
methylamine
formate
ethanol
acetate
succinate
malate
fumarate
glucose
fructose
galactose
xylose
sucrose
lactose

M. organophilum
XX(ATCC 27886)

pink, (white in
first description)

1 by 1 -5 (xm
+

66%
—

+
+

+
+
—

n.d.
—

+
+
+
+
+

n.d.
+

n.d.

+
+

Seven other
Methylobacterium sp

white, yellow or
orange
Various

n.d.
n.d.
n.d.
n.d.

some

+
n.d.
n.d.
n.d.

+
+
+
+
+

n.d.

+
n.d.

+
+

Methylobacterium
R6

light-brown

0-6 by 2-0 urn
+

n.d.
—

n.d.

+
+
—
_
+
+
+

n.d.
n.d.

+
n.d.
—

n.d.
—
—

M. hypolimneticum

white

0-4 by 0-9 (xm

+
66%

+
n.d.
n.d.

+
—

n.d.
n.d.
—

±
+
±

n.d.

±
+
+
+
—
±

M. ethanolicum

yellow

0-5 by 2-0 nm
—

58%
—

+
n.d.

+
—

n.d.
n.d.
+
±

+
n.d.

+
±
—

+
a:
±

All strains (tested) have Type II membranes, the serine pathway and a complete TCA cycle. Some contain poly-3-hydroxybutyrate and are pleo-
morphic in shape. Methylobacterium organophilum XX is described in Patt et al. (1974, 1976) and Lynch et al. (1980). Seven other Methylobacterium
sp. are described in Patt et al. (1974). Methylobacterium R6 is described in Patel et al. (1978b) and Lynch et al. (1980). M. ethanolicum and hypo-
limneticum are described in Lynch et al. (1980).
n.d., not determined; + , growth (not necessarily good growth); —, poor growth
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In the original descriptions all facultative methanotrophs were described
as white, yellow or orange and M. organophilum XX was said to be white,
turning orange on ageing. However, subsequent descriptions of this organism
have stated that it is pink on solid media and a culture of this strain that has
lost the ability to grow on methane is said to be similar to the typical pink
facultative methylotrophs that grow on methanol but not on methane
(Green and Bousefield, 1981).

The main criterion by which the organisms in Table 7 are grouped into the
single genus Methylobacterium is that of ability to grow on methane. It must
therefore be emphasised that these facultative methanotrophs do not grow
rapidly on this substrate (no information is available on cell yields on methane).
Indeed, the species name "organophilum" was chosen to indicate the prefer-
ence of these bacteria for multicarbon substrates. It has been suggested that
the genetic information for growth on methane may be encoded on a plasmid
and this would certainly explain the ease with which this characteristic is lost
by some facultative methanotrophs (see Hanson, 1980; O'Connor, 1981).

B. Structural features of methanotrophic bacteria

1. Resting stages

In the natural environment most methanotrophs use only methane as
energy source, even methanol being toxic to many of them. This apparently
precarious existence is relieved by their ability to form resting stages (exo-
spores and cysts) having survival properties not found in the vegetative
organisms; the following description of these resting stages is taken from the
first report of them by Whittenbury et al. (1970b) which includes many
excellent electron micrographs as illustrations.

(a) Exospores. The only obligate methylotrophs to form exospores are
Methylosinus sp. Exospore formation is also indicated in an electron micro-
graph of the facultative methanotroph Methylobacterium R6 (Patel et al.,
1978b). The exospores confer resistance to desiccation, surviving in the dried
state for at least 18 months, and to heat, surviving 85°C for 15 min; they are
also resistant to ultrasonication for 10 min.

(i) Spore formation. As cultures enter the stationary phase 5-95% of
organisms (depending on the strain) elongate and taper to a pear-shape
{Methylosinus trichosporium) or comma shape (Methylosinus sporium) at
the opposite end from the flagella, the round spore being finally budded at
this tapered end. In Methylosinus trichosporium, but not in Methylosinus
sporium a second, ill-defined capsule forms around the developing spore and
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remains attached to it after budding. This spore capsule is more finely
fibrous than that of the vegetative cell; neither capsule is stainable by conven-
tional capsule stains and neither is removable by ultrasonication. After
ageing for one to seven days many spores become refractile and acid-fast;
for convenient observation they may be stained with malachite green spore
stain. The immature exospores of Methylosinus trichosporium are cup-shaped
and, in favourable conditions, are able to germinate before formation of the
mature spherical exospore (Reed et ah, 1980).

(ii) Spore structure. The structure of the exospores bears some resemblance to
the endospores of Bacillus species in having no well-defined cortex, respira-
tory activity or dipicolinic acid. The exospore has an outer coat derived from
the vegetative organism, a laminated inner coat, an area corresponding to the
cortex of endospores, a protoplasmic membrane and an inner protoplast.
The exospores of Methylosinus are similar in many respects to those of
Rhodomicrobium vannielii (Reed et ah, 1980; Dow and Whittenbury, 1980).

(iii) Spore germination. Methane is essential for spore germination which
occurs within 2-15 days, the germination time being affected by the age of the
spores and by treatments such as drying or heating. Before germination the
capsular coat, only present on spores of Methylosinus trichosporium, is
usually shed and appears to play no part in conferring the properties of heat
and desiccation resistance. Spores do not swell before germination; the first
observable change is that they lose refractility and the property of acid-
fastness. This is followed by the emergence of a rod from the spore which
increases in length and either divides or, rarely, forms another spore. The
inner spore coat, but not the outer wall, remains an integral part of the
germination organism for at least two divisions. The germination process,
from loss of refractility to the first division, lasts 6-7 h.

On isolation all strains spore profusely but many strains tend to lose this
property after subculturing a few times; this can sometimes be overcome by
transferring to a medium lacking a nitrogen source.

(b) Lipid cysts. These have a complex wall structure and contain laige lipid
inclusions; they bear little resemblance to other bacterial cysts apart from
their ability to resist desiccation. They are formed by only one strain, Methylo-
cystis parvus, a Type II organism, very similar to Methylosinus sp. and which
might therefore have been expected to form exospores.

In the exponential phase the bacteria are small rods, free of inclusions and
stainable by conventional stains. As the stationary phase is entered a propor-
tion (5-90%) of bacteria increase in size and form large lipid inclusions
consisting mainly of poly-3-hydroxybutyrate which, after 7-14 days, can only
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be stained with acid-fast stain. The only difference in fine structure of these
"lipid organisms" compared with the vegetative organisms is the increased
complexity in their walls and their lack of a complex internal membrane
system.

The "lipid organisms" fail to resist 65°C for 30 min but are resistant to
desiccation, 80 % surviving after a week. On transfer to a fresh medium the
lipid organisms become sensitive to desiccation, losing their lipid inclusions
and the property of acid-fastness.

(c) "Azotobacter-^pe" cysts. These are formed only by Methylobacter sp.
"Immature Azotobacter-type" cysts are formed by most other Type I
bacteria (see below). The cysts are single, double or multiple-bodied and
resemble in all ways the cysts formed by Azotobacter species. They are
produced as cultures enter the stationary phase, the rod or oval-shaped
bacteria becoming larger, round and refractile; this process is often accom-
panied by a change from creamy white pigmentation to various shades of
yellow to brown. The mature cysts have a central body, an inner wall and an
outer coat or exine. They are not heat-resistant but are resistant to desiccation.

(d) "Immature Azotobacter-?y/>e" cysts. These are produced by those Type I
bacteria not forming mature cysts, Methylomonas sp. and Methylococcus sp.
These bacteria pfoduce rounded bodies which appear to be an immature form
of the Azotobacter-typt cysts produced by Methylobacter sp. (see above);
they possess a wall structure intermediate between that of a vegetative cell
and a mature cyst and survive the absence of methane for 5-6 weeks in
contrast to the vegetative bacteria which survive only 2-3 days.

2. Internal membranes

All methanotrophs have a complex internal membrane structure (Procter
etal., 1969; Davies and Whittenbury, 1970; de Boer and Hazeu, 1972; Patt
et ah, 1974; Hazeu et al, 1980) resulting in a surface area4-8 times that of the
cytoplasmic membrane. The Type I bacteria {Methylococcus, Methylomonas
and Methylobacter) have bundles of disc-shaped vesicles which appear to be
formed by invagination of the cytoplasmic membrane (Fig. 1) while Type II
bacteria Methylosinus, Methylocystis and Methylobacterium have a system
of paired peripheral membranes (Fig. 2). Although all methanotrophs are
able to form these membranes the extent of formation depends on the
growth conditions. In the Type I Methylococcus capsulatus the membranous
development observed in methane-grown bacteria persisted when they were
grown on methanol (Linton and Vokes, 1978) but internal membranes were
absent from the facultative Type II organism Methylobacterium organophilum
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Fig. 1. Methylomonas methanica (a) and Methylococcus capsulatus (b) showing Type I
membranes. This electron micrograph was kindly provided by Professor D. W. Ribbons.
Type I membranes are typically arranged as bundles of disc shaped vesicles.
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Fig. 2. Methanomonas methano-oxidans showing Type II membranes. This electron micro-
graph was kindly provided by Professor D. W. Ribbons. Type II membranes are typically
arranged as a system of paired peripheral membranes.

when grown on methanol or glucose (Patt et al., 1974; Patt and Hanson,
1978; O'Connor, 1981). In this organism the internal membranes increased in
extent under low oxygen tension during growth on methane. Low oxygen
tension also appears to stimulate membrane production in the obligate
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Type II bacterium Methylosinus trichosporium; a review by Higgins et al.,
(1981a) suggests that membranes are only produced under conditions of
oxygen-limitation and that cultures growing rapidly under conditions of
rapid gas transfer do not contain membranes (see also Best and Higgins,
1981; Scott etal, 1981).

The role of the internal membranes is a matter for speculation (see Procter
et al., 1969; Davies and Whittenbury, 1970; Higgins, 1979a; Higgins et al.,
1981a) but it is probable that they are associated with peculiar oxidative
properties of methanotrophs because similar membrane systems are found in
photosynthetic bacteria, ammonia and nitrite oxidisers, cyanobacteria and
some higher hydrocarbon utilisers all of which have specialised electron
transport requirements. As methylotrophs able to grow on methanol but not
methane do not possess internal membranes, then it seems reasonable to
conclude that they perform some special function in the initial step in
methane hydroxylation. The membranes may merely act by anchoring
the oxygenase components or they may be involved as a solvent for methane
or oxygen as proposed by Higgins (1979a).

3. Rosette formation, flagella and pigmentation

(a) Rosette formation. The majority of Type II, but not Type I, bacteria are
able to form rosettes of bacteria held together and anchored at their non-
flagellated poles by polysaccharide "holdfast" material which is visible
under the light microscope (Whittenbury et al., 1970a).

(b) Motility and flagella. Many methanotrophs are motile at some stage
during growth; this is by way of polar flagella which are single or (in Methylo-
sinus) arranged in tufts. Motility is often lost during laboratory culture and
may thus be a confusing characteristic in classification schemes.

(c) Pigmentation. The most commonly isolated methanotrophs are the pink or
red species very similar to those described by Leadbetter and Foster (1958).
These are now named Methylomonas methanica; the majority of methano-
trophs able to form pink-red carotenoid pigments are included in Methylo-
manas methanica, Methylomonas rubrum or Methylomonas rosaceous.
When pigmentation is recorded it is usually that of colonies grown on solid
media; pigmentation recorded in pellets of bacteria centrifuged from aero-
bically-grown cultures is more difficult to use in classification because it may
often be due to cytochromes (particularly cytochrome c) rather than to
carotenoid pigments. Water-soluble pigments are rarely formed by methano-
trophs; Methylobacter produces a yellow pigment and, on iron-deficient
medium, Methylosinus sporium produces a brown-black pigment and Methylo-
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monas methanica a green to sapphire pigment. Many cyst-forming species
produce a brown pigment whenever the cysts are present.

C. Biochemical and physiological features of methanotrophs
used in their classification (see Table 3)

1. Major carbon assimilation pathways

Two major carbon assimilation pathways occur in methanotrophs;
the serine pathway in Type II bacteria and the ribulose monophosphate
(RuMP) pathway in Type I bacteria (Table 8). Because methanotrophs
usually have high levels of enzymes of only one of the pathways, some of the
enzymes peculiar to each pathway have been used as indicator enzymes.
That for the serine pathway has been hydroxypyruvate reductase and that for
the RuMP pathway has been hexulosephosphate synthase. Reports of low
levels of hydroxypyruvate reductase in Type I methanotrophs in which the
RuMP pathway is predominant emphasise that the mere presence of an
indicator enzyme is insufficient evidence for the presence of one pathway or
the other. Furthermore, the low levels of ribulose bisphosphate carboxylase
and phosphoribulokinase in Methylococcus cctpsulatus (but not other methano-
trophs) indicates that CO2 can be fixed by the RuBP (autotrophic) pathway to
some extent (very slight) even in the presence of a major alternative assimi-
lation pathway (Taylor et al., 1980).

2. The dehydrogenases for 2-oxoglutarate. ma/ate, isocitrate, glucose-
6-phosphate and 6-phosphogluconate

The levels of most TCA cycle enzymes are generally lower in Type I than in
Type II methanotrophs (Chapter 5). In particular, Type I bacteria {Methylo-
coccus and Methylomoncts) contain no 2-oxoglutarate dehydrogenase
whereas the levels of this enzyme in Type II bacteria (Methylosinus, Methylo-
cystis and Methylobacterium) are similar to those measured in non-methano-
trophic bacteria growing on methanol. Thus it appears that those bacteria in
which the major assimilation pathway is the RuMP pathway (Type I bacteria)
have an incomplete TCA cycle whereas those with the serine pathway have
a complete TCA cycle.

It has been suggested (Whittenbury et al., 1976) that the function of the TCA
cycle is to provide NADH for the serine pathway and for the hydroxylation
step in methane oxidation. This is unlikely to be the case because the pro-
duction of acetyl-CoA from methane by the serine pathway requires the same
amount of NADH as is produced by its subsequent oxidation by the TCA
cycle. Perhaps a more likely function of the cycle is the occasional provision
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of NADH for methane hydroxylation by oxidation of stored poly 3-hydroxy-
butyrate; this might be particularly important for the initial hydroxylation
of methane after germination of resting stages or after a period in the absence
of methane.

The analysis of Davey et al. (1972) has indicated that dehydrogenases for
glucose-6-phosphate and 6-phosphogluconate only occur in Type I organisms
and are NADP+-specific. The facultative Type II methanotroph, Methylo-
bacterium, is typical in lacking these enzymes during growth on methane
but they are induced during growth on methanol and glucose (when they are
NAD+-specific). The isocitrate dehydrogenases of Type II bacteria are N ADP+
specific, but use NAD+ or NADP+ in the Type I bacteria with the exception
of Methylococcus cctpsulatus in which the enzyme uses only NAD+. This
important organism is also the exception in its low activity of malate dehydro-
genase compared with all other methanotrophs. It is also unusual in having
the enzymes ribulose bisphosphate carboxylase and phosphoribulokinase,
albeit at very low levels compared with those in bacteria whose major path of
carbon assimilation is the ribulose bisphosphate pathway (Taylor et al., 1980).

3. Growth temperatures, growth on methanol and nitrogen fixation

{a) Growth temperature. Ability to grow at 45°C was initially used to dis-
tinguish between-various subgroups ("species") by Whittenbury et al. (1970a).
It is of interest that no Type II species is able to grow at this temperature.
Methylococcus minimus was originally separated from Methylococcus
capsulatus by its inability to grow at 37°C or 45°C but it has now been
suggested (Whittenbury, personal communication) that this should be
included with the Methylomonas species, because recent observations have
shown it to be rod-shaped, and not a coccus. The thermophilic methanotrophs
described by Malashenko (1976) are all Type I Methylococcus or Methylo-
bacter species.

(b) Growth on methanol. Ability or otherwise to grow on methanol is a
difficult characteristic to determine with any degree of certainty. Many
methanotrophs grow on methanol only if this substrate is provided in the
vapour phase or when it is the rate-limiting nutrient (and hence at negligible
concentration) in continuous culture.

(c) Nitrogen fixation. Many methanotrophs fix atmospheric nitrogen, using
this as their sole nitrogen source. The discrepancy between earlier reports
(Whittenbury et al., 1970a) and summaries included in recent reviews
(Colby et al., 1979) is because false negative results were originally obtained
when using the acetylene reduction test for nitrogenase. Nitrogenase requires



22 The biochemistry of methylotrophs

an added reductant and this was supplied as methane. This has been shown
to be unsuitable because acetylene inhibits the oxidation of methane; a
better test for the presence of nitrogenase thus uses methanol as the reductant
in the acetylene reduction test (Dalton and Whittenbury, 1976; Chapter 6).

4. DNA base ratios and predominant fatty acids

(a) DNA base ratio (percentage G + C). This is usually assumed to be a
fundamental characteristic and is thus given particular importance in
taxonomy. This is one reason why the merging of Methylobacter, having a
percentage (G + C) ratio of less than 56 %, into the Methylococcus group
(percentage G + C, 62-5%), as suggested by Romanovskaya et al. (1978),
has not been followed here.

(b) Predominant fatty acids. Type I and Type II bacteria differ in the pre-
dominant fatty acids in their membranes. As shown first by Ribbons and
co-workers, in Type I bacteria the predominant fatty acid is a saturated fatty
acid with 16 carbon atoms (16:0) while in Type II bacteria the predominant
fatty acid is a mono-saturated fatty acid with 18 carbon atoms (18: 1)
(see Colby et al, 1979 and Higgins, 1979a for references).

IV. Methylotrophs unable to grow on methane

I start this section by emphasising that although there may be some taxomomic
validity in the groupings used here, my approach when devising these groups
has been essentially pragmatic. A taxonomist would no doubt abhor the
division of methylotrophs into two major groups on the apparently single
characteristic of growth on methane, but this division is convenient and to
some extent justifiable. Ability to grow on methane is correlated with posses-
sion of methane mono-oxygenase, a complex membrane system and the
ability to form spores or resting stages. The organisms in the following
section have none of these characteristics. The existence of the facultative
methanotrophs (previous section) does, of course, confuse this neat division
to some extent and the possibility of an organism transferring from the
previous section into this one merely by losing a plasmid is rather irritating.
This is especially so if the rumour is justified that some methanotrophs can
be cured of "methane plasmids" by means of flight across the Atlantic
ocean!

It is not always obvious to which group individual organisms should be
allocated in this section. When in doubt, I have tended to group together
those organisms with biochemical similarities and this has sometimes
involved placing bacteria of the same (apparent) genus into different groups.
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This reflects my experience that it is probably easier to distinguish between
biochemical pathways than to allocate to a genus, with any certainty, an
organism having, for example, some of the characteristics of a Pseudomonas
sp. and some of an Arthrobacter sp.

Because of the importance I have placed on their biochemistry, I have
included in this section a summary of the distribution of the main carbon
assimilation pathways operating in the methylotrophs (Table 8).

TABLE 8
Distribution of carbon assimilation pathways in

methylotrophic bacteria

The RuBP pathway (Chapter 2)
This occurs only in facultative autotrophs and Pseudomonas oxalaticus (Table 15)

The RuMP pathway (Chapter 3)
(a) Type I obligate methanotrophs (KDPG/TA variant) (Tables 3 and 4)
(b) All obligate methylotrophs unable to use methane (KDPG/TA variant) (Tables

9 and 10)
(c) Some facultative methylotrophs unable to use methane; mainly non-motile

species; most Arthrobacter and Bacillus sp. (FBP aldolase/SBPase variant)
(Tables 13 and 14)

(d) Pseudomonas oleovorans (a Gram-negative, motile, facultative methylotroph
unable to use methane) (KDPG/TA variant). This organism is an exception to
many generalisations in this book.

The serine pathway (Chapter 4)
(a) Type II obligate methanotrophs (Tables 3 and 4)
(b) Type II facultative methanotrophs (icl~) (Tables 3, 4 and 7)
(c) Pink facultative methylotrophs (id-) (Table 11)
(d) The Hyphomicrobia (icl~)
(e) Most non-pigmented pseudomonads (icl+) (Table 12)
(f) A few non-motile, Gram-negative facultative methylotrophs (Table 13)

This is a rough guide; full distribution tables are presented as follows: RuBP pathway,
Table 16; RuMP pathway, Tables 18 and 19; serine pathway, Tables 26 and 27.

A. Obligate methylotrophs able to use methanol or methylamine
but not methane

Under this heading I am including the more restricted facultative methylo-
trophs. The distinction between obligate and facultative methylotrophs
among the methanol- and methylamine-utilisers is not as well-defined as
might at first appear; this is because some facultative methylotrophs are
almost obligate in nature. Some grow (very slowly) on only one or two multi-


