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A methane-utilizing organism capable of growth both on methane and on more
complex organic substrates as a sole source of carbon and energy, has been
isolated and studied in detail. Suspensions of methane-grown cells of this organism
oxidized C-1 compounds (methane, methanol, formaldehyde, formate); hydrocar-
bons (ethane, propane); primary alcohols (ethanol, propanol); primary aldehydes
(acetaldehyde, propionaldehyde); alkenes (ethylene, propylene); dimethylether;
and organic acids (acetate, malate, succinate, isocitrate). Suspensions of methanol-
or succinate-grown cells did not oxidize methane, ethane, propane, ethylene,
propylene, or dimethylether, suggesting that the enzymatic systems required for
oxidation of these substrates are induced only during growth on methane. Extracts
of methane-grown cells contained a particulate reduced nicotinamide adenine
dinucleotide-dependent methane monooxygenase activity. Oxidation of methanol,
formaldehyde, and primary alcohols was catalyzed by a phenazine methosulfate-
linked, ammonium ion-requiring methanol dehydrogenase. Oxidation of primary
aldehydes was catalyzed by a phenazine methosulfate-linked, ammonium ion-
independent aldehyde dehydrogenase. Formate was oxidized by a nicotinamide
adenine dinucleotide-specific formate dehydrogenase. Extracts of methane-grown,
but not succinate-grown, cells contained the key enzymes of the serine pathway,
hydroxypyruvate reductase and malate lyase, indicating that the enzymes of C-1
assimilation are induced only during growth on C-1 compounds. Glucose-6-phos-
phate dehydrogenase was induced during growth on glucose. Extracts of methane-
grown cells contained low levels of enzymes of the tricarboxylic acid cycle,
including a-keto glutarate dehydrogenase, relative to the levels found during

growth on succinate.

Among the methylotrophic organisms are
both obligate and facultative methylotrophs.
Obligate methylotrophs are capable of utilizing
only carbon compounds containing no carbon-
carbon bonds (methane, methanol, dimeth-
ylether, methylamine, etc.) as sole sources of
carbon and energy. Facultative methylotrophs
can use compounds containing no carbon-carbon
bonds as well as complex organic compounds
with carbon-carbon bonds as sole sources of
carbon and energy (6).

Almost all methane-utilizing bacteria isolated
in pure culture exhibit obligate growth require-
ment for methane, methanol, or dimethylether
as a source of carbon and energy (5, 9, 11, 19, 32,
35). Organic compounds were unable to serve as
a carbon and energy source. Recently, Patt et al.
(25) reported the isolation and characterization
of bacteria in pure culture that utilize methane
as well as the complex organic compounds as
sources of carbon and energy.

In this paper we report on the isolation of
both obligate and facultative methane-utilizing
bacteria and on the characterization of one of
the facultative isolates.

MATERIALS AND METHODS

Bacterial strain. Methylobacterium organo-
philum strain xx (ATCC 27886) (27) was obtained
from the American Type Culture Collection, Rock-
ville, Md.

Media and growth condition. The salt medium
of Foster and Davis (11) was used for isolation and
growth of organisms. When agar (Difco, purified) was
present, it was added to a 1.5% (wt/vol) concentration.
Methane as a carbon and energy source was supplied
by filtering (through glass-wool filter) a mixture of
methane and air (1:1, vol/vol) into closed flasks con-
taining salt medium. Methanol, ethanol, or propanol
(0.1%, vol/vol) was added directly to the media and
was also provided via continuous release of vapors. All
other carbon sources were sterilized separately in wa-
ter and were added directly to the growth medium at
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a final concentration of 10 mM. Agar cultures were
maintained and grown on mineral salt agar plates in a
desiccator jar under an atmosphere of methane and
air (1:1, vol/vol) at 30°C. Liquid cultures were grown
at 30°C on a rotary shaker.

Experiments with cell-suspensions. Cells were
grown at 30°C in 2.8-liter flasks containing 700 ml of
salt medium (11) with methane (methane and air, 1:1),
methanol (0.2%, vol/vol) or succinate (10 mM) as the
sole carbon and energy source. Cells were harvested
by centrifuging for 15 min at 15,000 X g and were
washed twice in 25 mM potassium phosphate buffer,
pH 7.0, and suspended in the same buffer. Oxidation
of various compounds by methane-, methanol-, or
succinate-grown cell suspensions was studied polaro-
graphically with a Clark oxygen electrode (Yellow
Springs Instruments Co., Yellow Springs, Ohio). Re-
action mixtures contained the following in a final
volume of 3.0 ml: air-saturated 25 mM potassium
phosphate buffer (2.4 or 2.8 ml), 0.1 M substrate (0.1
ml), and cell suspensions (0.1 ml). When methane,
ethane, propane, dimethylether, carbon monoxide,
propylene, or ethylene was used as the substrate, 0.4
ml of 25 mM phosphate buffer, pH 7.0, saturated with
various substrate was used in the reaction mixture.
Protein in the cell suspension was estimated by the
method of Lowry et al. (20) with bovine serum albumin
as a standard.

Preparation of cell extracts. Cell-suspensions (2
g [wet weight]) in 10 ml of 25 mM potassium phos-
phate buffer, pH 7.0, containing 5 mM MgCl, were
sonically disrupted intermittently for 5 min at 2°C
with a Megason ultrasonic disintegrator. Sometimes
cell suspensions were disintegrated by two passes
through a French press at 15,000 Ib/in® pressure. The
broken cell preparations were centrifuged at 8,000 X
g for 15 min to remove intact cells and debris. The
supernatant extracts (crude extract) were fractionated
by centrifugation at 40,000 X g for 30 min to obtain
soluble and particulate fractions.

Enzyme assays. Methane monooxygenase activity
was assayed polarographically as described previously
(10, 28). Methanol dehydrogenase was assayed spec-
trophotometrically as described previously (21, 22).
Aldehyde dehydrogenase was assayed spectrophoto-
metrically by measuring oxidation of various alde-
hydes in the presence of the auxiliary electron acceptor
phenazine methosulfate. The reaction mixture, in a
total of 3.0 ml, contained 50 mM tris(hydroxy-
methyl)aminomethane-hydrochloride buffer, pH 7.0;
0.5 umol of 2,6-dichlorophenol indophenol, 2 umol of
phenazine methosulfate, and soluble fraction. The re-
action was started by addition of 50 umol of substrate,
and reduction of dye was measured at 600 nm. Specific
activities were expressed as nanomoles of 2,6-dichlo-
rophenol indophenol reduced per minute per milli-
gram of protein. Formate dehydrogenase was assayed
spectrophotometrically in the soluble fraction by
measuring the rate of reduction of oxidized nicotina-
mide adenine dinucleotide (NAD"*) at 340 nm as de-
scribed previously (23). The following enzymes were
assayed as described previously (3, 4, 12, 13, 15-18):
citrate synthase, isocitrate dehydrogenase, a-ketoglu-
tarate dehydrogenase, succinate dehydrogenase, mal-
ate dehydrogenase, glucose-6-phosphate dehydrogen-
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ase, hydroxypyruvate reductase, hexulose phosphate
synthase, and malate lyase. The changes in absorbance
were monitored with a Gilford recording spectropho-
tometer. Protein was determined by the Folin phenol
reagent method (20) with bovine serum albumin as a
standard. Specific activities were expressed as nano-
moles per minute per milligram of protein.

Electron microscopy. Electron microscopic ex-
periments were performed by Structure Probe, Inc.,
West Chester, Pa., by the following method. For a thin
section of the organism, preparations were fixed with
0.5% paraformaldehyde and glutaraldehyde buffered
with cacodylate at pH 6.3 for a duration of 1 h at 26°C.
After washing and centrifugation, the pelleted agar-
enrobed cells were fixed in 1% OsO, for 1 h. After
dehydration, all preparations were embedded in Epon-
Araldite. Thin sections were cut with a diamond knife
on a MT-2 Sorvall microtome, placed on Parlodion
and carbon-coated grids, and stained with uranylace-
tate and lead citrate before electron microscopic ex-
amination.

RESULTS

Isolation of methane-utilizing bacteria.
Enrichment and isolation techniques used were
similar to those described earlier (35). Soil sam-
ples collected from various sites at the Exxon
Bayway Refinery were used as inocula. The 1-g
soil samples were suspended in 10 ml of mineral
salt medium and allowed to stand at room tem-
perature for 1 h to settle soil particles. The
supernatant solution was inoculated into 300-ml
flasks containing 50 ml of mineral salt medium.
The enrichment flasks were incubated at 30°C
on a shaker under an atmosphere of methane
and air (1:1, vol/vol). Within 72 to 96 h the
culture medium became turbid, presumably due
to the growth of methane-utilizing bacteria.

Serial dilutions of the enrichment cultures
were made and spread onto mineral salt agar
plates. The plates were incubated in a desiccator
under an atmosphere of methane and air (1:1,
vol/vol) at 30°C. Isolated colonies were picked
and restreaked. It was discovered that one of
these eight morphologically different single-col-
ony isolates would grow on nutrient agar as well
as on methane.

Carbon and energy sources. Various sub-
strates were tested as sole sources of carbon and
energy for our isolates as well as M. organo-
philum strain ATCC 27886 (Table 1). Seven of
our isolates grew only on methane or methanol,
whereas isolate R6 was able to use methane,
methanol, and a variety of organic compounds,
including tricarboxylic acid cycle intermediates,
glucose, and nutrient agar. The seven obligate
methane-utilizing isolates were morphologically
similar to obligate methane utilizers isolated and
described previously by Whittenbury et al. (35).
Morphological and biochemical properties of
isolate R6 were further characterized.
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TaBLE 1. Utilization of carbon and energy sources by methylotrophic organisms

Carbon and en-

Isolate no.” M. organo-

ergy source R1 R4

philum ftrain

Ré6 R7 XX

Methanol ... .. .. . .. .. +
Methylamine .. ... .. ... -
Formaldehyde ...... .. .. -
Formate ... ... .. .. .. .. -

I+ +

Acetate ... . ... ... .. .. -
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Nutrient broth .. ... .. ..

P +4+|8
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4

-
|||+55+++||

2

|

Z

Z 'z
i+ +r+r+++ 1550+ 4+

+ |
|
|

® +, Growth; —, no growth; NT, not tested.
* Results of Patt et al. (25).

Morphological characterization of isolate
R6. The cells of isolate R6 were gram-negative
motile rods producing light brown colonies on
methane, methanol, succinate, glucose, or nutri-
ent agar plates. Cells grown on methane as the
sole source of carbon and energy had extensive
intracytoplasmic membranes arranged at the pe-
riphery of the cell (Fig. 1). This membrane type
has previously been designated as type II. The
organism measured 0.6 by 2 um.

Experiments with cell suspension. Sus-
pensions of cells grown on methane-oxidized C-
1 compounds (methane, methanol, formalde-
hyde, formate and carbon monoxide); hydrocar-
bons (ethane, propane); alkenes (ethylene, pro-
pylene); primary alcohols (ethanol, propanol,
butanol); primary aldehydes (acetaldehyde, pro-
pionaldehyde, butyraldehyde); and organic acids
(acetate, malate, succinate) (Table 2). Metha-
nol- or succinate-grown cell suspensions do not
oxidize methane, ethane, propane, ethylene, pro-
pylene, dimethylether, or carbon monoxide, sug-
gesting that the enzymes required for oxidation
of these substrates are induced only during
growth on methane. Cells grown on succinate do
not oxidize C-1 compounds, indicating that the
enzymes of C-1 oxidation are induced only dur-
ing growth on C-1 compounds. Organic acids are
oxidized at higher rates by succinate-grown cells
than methane- or methanol-grown cells.

Enzymes of C-1 oxidation. Table 3 shows
the activities of enzymes of C-1 oxidation in
isolate R6 grown at the expense of methane or
methanol. Particulate fractions of methane-, but
not methanol-grown, cells exhibited a low activ-
ity of a reduced NAD-linked methane monoox-

ygenase. Extracts of methane- and methanol-
grown cells contained a phenazine methosulfate-
linked, ammonium ion-requiring methanol de-
hydrogenase activity. Methanol dehydrogenase
also catalyzed the oxidation of other primary
alcohols, substituted primary alcohols, and
formaldehyde. Rates of oxidation of various pri-
mary alcohols are shown in Table 4. The enzyme
has a high pH optimum (pH 9.5). A similar
alcohol dehydrogenase with these properties has
been reported from other obligate (21, 22, 34)
and facultative methylotrophs (1, 2, 31). Oxida-
tion of formaldehyde by methanol dehydrogen-
ase is presumably due to the fact that in aqueous
solution formaldehyde is predominantly hy-
drated (>99.6%) and appears as an analog of
methanol for the dehydrogenase (31).

Oxidation of primary aldehydes was catalyzed
by a phenazine methosulfate-linked soluble al-
dehyde dehydrogenase (Table 5). The optimum
pH determined with propionaldehyde as a sub-
strate was 6.5. Aldehyde dehydrogenase does
not require ammonium ion as an activator, and
potassium ferricyanide could replace phenazine
methosulfate as an electron acceptor. NAD",
NADP, and flavine adenine dinucleotide did not
act as electron acceptors.

Extracts contained a soluble formate dehydro-
genase, similar to that found in other methane-
or methanol-utilizing organisms (Table 3). En-
zyme activity was demonstrated spectrophoto-
metrically with potassium ferricyanide or
NAD".

Methanol dehydrogenase, aldehyde dehydro-
genase, and formate dehydrogenase activities
could not be detected in succinate-grown cells,
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F16. 1. Electron micrograph of isolate R6 grown on methane. Magnification, X60,000.

indicating that the enzymes of C-1 oxidation are
induced only during growth on C-1 compounds.

Enzymes of C-1 assimilation. Enzymes that
play a key role in C-1 assimilation by the serine
or hexulose pathway of formaldehyde fixation
were examined in extracts of methane- and suc-
cinate-grown cells. Hydroxypyruvate reductase
activity was found in high levels in the methane-
grown cells, but could not be detected in succi-
nate-grown cells. A specific activity (nanomoles
of NADH oxidized per minute per milligram of
protein) of 241 was obtained with extracts of
methane-grown cells. Hexulose phosphate syn-

thase activity could not be detected in the solu-
ble or particulate fraction. This indicates that
the organism utilized the serine pathway for
cellular synthesis during growth on C-1 com-
pounds. Isocitrate lysase activity was not de-
tected in methane-grown cells; however, malate
lyase activity was detected. A specific activity
(nanomoles of glyoxylate formed per minute per
milligram of protein) of 21 was obtained with
extracts of methane-grown cells.

Enzymes of the tricarboxylic acid cycle.
The levels of a number of enzymes associated
with the tricarboxylic acid cycle in cells grown
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TABLE 2. Oxidation of various compounds by cell-

suspensions of isolate R6 grown on different carbon
sources

Rate of oxidation (nmol of O, con-
sumed per min per mg of protein)

Substrate
Methane- Methanol- Succinate-
grown cells grown cells’ grown cells
Methane ........ .. 106 0 0
Methanol .. ..... ... 114 104 0
Formaldehyde .. ... 102 96 0
Formate .. ... ... ... 20 15 0
Ethane ... ... ... ... 38 0 0
Ethanol ....... .. .. 49 48 0
Acetaldehyde ... ... 65 42 0
Acetate ... ... ... ... 10 8 12
Propane ......... .. 40 0 0
Propanol .... ... ... 49 42 0
Propionaldehyde ... 61 48 0
Ethylene ........ .. 32 0 0
Propylene ..... . ... 36 0 0
Succinate . ......... 10 10 87
Malate ........ ... 9 10 270
Fumarate ... .... ... 8 9 60
Carbon monoxide .. 50 0 0
Dimethylether . .. .. 60 0 0
Isocitrate ....... ... 12 10 57
a-Keto glutarate ... 10 10 55

TABLE 3. Enzymes of C-1 oxidation in extract of
isolate R6 grown on different carbon sources®

J. BACTERIOL.

TABLE 4. Rate of oxidation of alcohols by methanol

dehydrogenase
Rate of Oxi-
Substrate dation” (%)
Formaldehyde ........................... 82
Methanol ... ... ... ... ... ... ... 100
Ethanol ........... ... ... ... ... ... . .. 75
Propan-1-ol ........... ... ... ... .. .. ... 75
Butan-1-0l ... .. .. .. .. ... .. .. ... ... ... 87
Pentan-1-ol ........ ... . ... .. .. ... ... . .. 85
Hexan-1-ol ............................ .. 87
Heptan-1-ol ............................. 75
Octan-1-0l ... ... ... ... . ... ............ 75
Nonan-1-ol ... .. .... ... ... . ... ... . ... .. 75
Decan-1-0l ........................ ... ... 70
3-Chloro-1-propanol ..................... 62
2-Methoxyethanol .. ............ ... .. . .. 75
2-Phenoxyethanol ... ... .. ... ... ... . .. . .. 80
Octan-2-0l ........... ... .. ... ... ... ... 0
Butan-2-0l ..... .. ... ... .. .. .. ... ... .. ... (1]
Isobutanol ... .. ... ... ... . ... ... .. ... ... 0
Cyclohexanol .. ... ... ... ........ ... . .. 0
Benzyl alcohol ... ... ... .. .. ... ... .. .. 0
Iso-propanol ........ ... ... ... ... .. ... ... 0
4-Chloro-1-butanol . . .. ... ... ... .. .. ... 85

® Methanol dehydrogenase activity was estimated
by using phenazine methosulfate and 2,6-dichloro-
phenol indophenol as electron acceptor as described
previously (21, 22). 100% rate of oxidation represents
110 nmol of 2,6-dichlorophenol indophenol reduced
per min per mg of protein.

Sp act (nmol/min per mg of TABLE 5. Rate of oxidation of aldehydes by
E protein) aldehyde dehydrogenase
nzyme

Methane- Methanol- Rate of oxi-

grown cells  grown cells Substrate dation® (%)
Methane monooxygenase .... 16 0 Formaldehyde . . ................. ... ... .. 100
Methanol dehydrogenase .... 85 110 Acetaldehyde ......... ... . ... ... ... ... 67
Aldehyde dehydrogenase . ... 250 280 Propionaldehyde ..................... ... 72
Formate dehydrogenase ..... 13 11 Butyraldehyde ....................... . . 130
“ Methane monooxygenase activity was estimated ﬁe';?igh;:“f € g:
by using NADH as an electron carrier as described He talg }{: ............................ e
(10, 28). Methanol dehydrogenase activity was esti- O:tl:al d ; g € 45
mated by using phenazine methosulfate and 2,6-di- ° nal:l{: ............................ 1
chlorophenol indophenol as electron acceptors. Spe- chal d ehy de """"""""""""""" 10
cific activity was expressed as nanomoles of 2,6-dich- Be nzal; li' : """"""""""""""" 20
lorophenol indophenol reduced per minute per milli- Sali lale d 3;1 ed """""""""""""" 20
gram of protein with methanol as substrate (21, 22). cy N t: YA 12
Aldehyde dehydrogenase was estimated by using Glz gga?deh& de 13

phenazine methosulfate and 2,6-dichlorophenol indo-
phenol as electron acceptors. Specific activity was
expressed as nanomoles of 2,6-dichlorophenol indo-
phenol reduced per minute per milligram of protein
with propionaldehyde as a substrate. Formate dehy-
drogenase was estimated by using NAD as an electron
acceptor (23).

on either methane or succinate are shown in
Table 6. Extracts of methane-grown cells con-
tained low levels of enzymes of the tricarboxylic
acid cycle, including a-ketoglutarate dehydro-
genase. The specific activity of enzymes of the

® Aldehyde dehydrogenase activity was estimated
by using phenazine methosulfate and 2,6-dichloro-
phenol indophenol as electron acceptor as described
in the text. 100% rate of oxidation represents 275 nmol
of 2,6-dichlorophenol indophenol reduced per min per
mg of protein.

tricarboxylic acid cycle during growth on succi-
nate was several-fold higher than that on meth-
ane-grown cells.

Glucose-6-phosphate dehydrogenase was in-
duced only during growth on glucose. Activity
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TABLE 6. Enzymes of tricarboxylic acid cycle in
isolate R6 grown on methane and succinate

Sp act (nmol/min per

mg of protein)

Enzyme Meth- Succi-

ane- nate-

grown grown

cells cells

Citrate synthetase . ......... .. ... 120 254
Aconitase .. ..................... 24 63
Isocitrate dehydrogenase ... ... ... 16 475
a-Ketoglutarate dehydrogenase ... 10 30
Succinate dehydrogenase . . . . . . . .. 17 40
Malate dehydrogenase ........ ... 14 167

of glucose-6-phosphate dehydrogenase was not
detected in methane-grown cells. NAD or
NADP were equally effective as electron accep-
tors for glucose-6-phosphate dehydrogenase ac-
tivity. A specific activity (nanomoles of NAD"
or NADP* reduced per minute per milligram of
protein) of 76 and 56 was obtained with NAD"
and NADP*, respectively, as electron acceptor
in extracts of glucose-grown cells.

DISCUSSION

This paper describes the isolation and char-
acterization of a facultative methylotrophic or-
ganism, isolate R6, which in addition to methane
and methanol utilizes many common organic
carbon and energy sources.

Methylotrophs have been classified into two
distinct divisions. This division was initially
made on the basis of the organization of intra-
cytoplasmic membranes (8, 30), but subse-
quently it was found that the pathway of re-
duced C-1 compound assimilation follows a sim-
ilar division (18). Type I methylotrophs possess
closely packed bundles of membranes consisting
of a number of disk-shaped vesicles found
throughout the cell and use the hexulose phos-
phate pathway of formaldehyde fixation. Type
II methylotrophs possess a system of paired
membranes running throughout the organism or
aggregated at the periphery and use the serine
pathway to incorporate C-1 unit. Furthermore,
type I methylotrophs have an incomplete tricar-
boxylic acid cycle with no detectable a-ketoglu-
tarate dehydrogenase enzyme, whereas type II
methylotrophs have a complete tricarboxylic
acid cycle (6, 7, 17, 24, 27, 29, 33).

The enzymatic data and electron microscopic
studies indicate that isolate R6 belongs in the
type II group. Isolate R6 has a complete tricar-
boxylic acid cycle, including a low level of a-
ketoglutarate dehydrogenase and the key en-
zymes of the serine pathway, hydroxy pyruvate
reductase and malate lyase. Hexulose phosphate
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synthetase, the key enzyme of the hexulose
phosphate pathway of formaldehyde fixation,
was not detected in the particulate or soluble
fraction.

Methylotrophs that utilize the serine pathway
are further divisible into two groups: the obligate
methylotrophs which can only use C-1 com-
pounds and the facultative methylotrophs which
use methanol, methylamine, formate, and com-
plex organic compounds, but are unable to use
methane (6, 27). Recently, Patt et al. (25) iso-
lated and described facultative methane-utiliz-
ing organisms and characterized one, the isolate
xx (ATCC 27886), in detail. Isolate xx was placed
in the type II group on the basis of its organi-
zation of intracytoplasmic membranes and its C-
1 assimilation pathway. They proposed Methy-
lobacterium as a new genus name for facultative
methane utilizers and Methylobacterium organ-
ophilum as a name for the type species, due to
its preference for organic carbon and energy
sources more complex than methane (26).

We propose that isolate R6 be included in
genus Methylobacterium on the basis of its abil-
ity to utilize methane and complex organic car-
bon sources. Isolate R6 differs in some morpho-
logical and biochemical properties from M. or-
ganophilum strain xx. Isolate R6 does not pro-
duce pink-pigmented colonies and is unable to
utilize lactose, galactose, or sucrose. Glucose-6-
phosphate dehydrogenase activity in glucose-
grown cells of M. organophilum strain xx was
found to be NADP*-specific; activity with
NAD" as an electron acceptor was fivefold lower
than with NADP*. However, glucose-6-phos-
phate dehydrogenase in glucose-grown cells of
isolate R6 was nonspecific;c NAD* or NADP*
was equally effective.

Oxidation of primary alcohols in isolate R6 is
catalyzed by an ammonium ion-requiring, phen-
azine methosulfate-dependent methanol dehy-
drogenase. A similar enzyme has been reported
from other obligate and facultative methylo-
trophs (14). The enzyme catalyzed the oxidation
of primary alcohols, substituted primary alco-
hols and formaldehyde. Secondary alcohols,
isoalcohols, and aromatic alcohols were not oxi-
dized. In contrast, Wolf and Hanson (H. J. Wolf
and R. S. Hanson, Abstr. Annu. Meet. Am. Soc.
Microbiol. 1977, K231, p. 224) purified methanol
dehydrogenase from M. organophilum strain xx
and reported that this enzyme also catalyzed the
oxidation of secondary, tertiary, and cyclic al-
cohols at a reduced rate. Ammonium ion was
not required for activity until the enzyme had
been stored for several weeks.

Oxidation of primary and aromatic aldehydes
in isolate R6 was catalyzed by a phenazine meth-
osulfate-linked aldehyde dehydrogenase. A non-
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specific 2,6-dichlorophenol indophenol-linked
aldehyde dehydrogenase has been reported in
the obligate methane-utilizing organism, Pseu-
domonas methanica and the facultative meth-
anol-utilizing organism, Pseudomonas AM, (14)
which catalyzed the oxidation of primary alde-
hydes. Aromatic aldehydes were not oxidized.

ACKNOWLEDGMENT

We thank Allen I. Laskin for his continued encouragement
and assistance in preparing this manuscript.

LITERATURE CITED

1. Anthony, C., and L. J. Zatman. 1967. The microbial
oxidation of methanol. Purification and properties of
the alcohol dehydrog of Pseud sp. Ma:.
Biochem. J. 104:953-959.

2. Anthony, C., and L. J. Zatman. 1967. The microbial
oxidation of methanol. The prosthetic group of the

alcohol dehydrog of Pseud sp. Ma:: a new
oxidoreductase prosthetic group. Biochem. J.
104:960-969.

3. Banerjee, S., and D. G. Fraenkel. 1972. Glucose-6-phos-
phate dehydrogenase from Escherichia coli and from
a “high level” mutant. J. Bacteriol. 110:155-160.

4. Bellion, E., and L. B. Hersh. 1972. Methylamine metab-
olism in a Pseudomonas sp. Arch. Biochem. Biophys.
153:368-374.

5. Brown, L. R, R. J. Strawinsky, and C. S. McCleskey.
1964. The isolation and characterization of Methano-
monas methanooxidans. Can. J. Microbiol. 10:791-799.

6. Colby, J., and L. J. Zatman. 1972. Hexose phosphate
synthase and tricarboxylic acid-cycle enzymes in bac-
terium 4B6, an obligate methylotroph. Biochem. J.
128:1373-1376.

7. Davey, J. F., R. Whittenbury, and J. F. Wilkinson.
1972. The distribution in the methylobacteria of some
key enzyme concerned with intermediary metabolism.
Arch. Mikrobiol. 87:359-366.

8. Davis, S. L., and R. Whittenbury. 1970. Fine structure
of methane and other hydrocarbon utilizing bacteria. J.
Gen. Microbiol. 61:227-232.

9. Dworkin, M., and J. W. Foster. 1956. Studies on Pseu-
domonas methanica (Sohngen) nov. comb. J. Bacteriol.
72:646-659.

10. Ferenci, T., T Strom, and J. R. Quayle. 1975. Oxida-
tion of carbon monoxide and methane by Pseudomonas
methanica. J. Gen. Microbiol. 91:79-91.

Foster, J. W., and R. H. Davis. 1966. A methane-de-
pendent coccus, with notes on classification and nomen-
clature of obligate methane-utilizing bacteria. J. Bac-
teriol 91:1924-1931.

12. Harder, W., and J. R. Quayle. 1971. Aspects of glycine

and serine biosynthesis during growth of Pseudomonas
AMI on C, compounds. Biochem. J. 121:763-769.

13. Heptinstall, J., and J. R. Quayle. 1970. Pathway leading
to and from serine during growth of Pseudomonas AMI
on C, compounds or succinate. Biochem. J.

117:563-572.

14. Johnson, P. A., and J. R. Quayle. 1964. Microbial
growth on C, compounds. Oxidation of methanol, form-
aldehyde and formate by methane grown Pseudomo-
nas, AM 1. Biochem. J. 93:281-290.

15. Large, P. J., D. Peel, and J. R. Quayle. 1961. Microbial
growth on C, compounds. 2. Synthesis of cell constitu-
ents by methanol and formate grown. Pseudomonas
AMI and methahol grown Hyphomicrobium vulgare.
Biochem. J. 81:470-480.

16. Large, P. J., and J. R. Quayle. 1963. Microbial growth

11

—

17.

18.

19.

21.

23.

24.

25.

27.

31.

32.

J. BACTERIOL.

on C, compounds. 5. Enzyme activities in extracts of
Pseud AML. Biochem. J. 87:386-396.

Lawrence, A. J., M. B. Kemp, and J. R. Quayle. 1970.

Synthesls of cell constituents by methane-grown Meth-
latus and Meth methanoox-
idans. Biochem. J. 116:631-639.

Lawrence, A. J., and J. R. Quayle. 1970. Alternate
carbon assimilation pathways in methane-utilizing bac-
teria. J. Gen. Microbiol. 63:371-374.

Leadbetter, E. R., and J. W. Foster. 1958. Studies on
some methane-utilizing bacteria. Arch. Mikrobiol.
30:91-118.

. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.

Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

Patel, R. N,, H. R. Bose, W. J. Mandy, and D. S.
Hoare. 1972. Physiological studies of methane- and
methanol-oxidizing bacteria: comparison of a primary
alcohol deydrogenase from Methylococcus capsulatus
(Texas strain) and Pseudomonas species M27. J. Bac-
teriol. 110:570-577.

. Patel, R. N., and A. Felix. 1976. Microbial oxidation of

methane and methanol: crystallization and properties
of methanol dehydrogenase from Methylosinus spor-
ium. J. Bacteriol. 128:413-424.

Patel, R. N., and D. S. Hoare. 1971. Physiological studies
of methane and methanol-oxidizing bacteria: oxidation
of C-1 compounds by Methylococcus capsulatus. J.
Bacteriol. 107:187-192.

Patel, R. N., S. L. Hoare, D. S. Hoare, and B. F.
Taylor. 1975. Incomplete tricarboxylic acid cycle in a
type I methylotroph, Methylococcus capsulatus. J. Bac-
teriol. 123:382-384.

Patt, T. E., G. C. Cole, J. Bland, and R. S. Hanson.
1974. Isolation and characterization of bacteria that
grow on methane and organic compounds as sole source
of carbon and energy. J. Bacteriol. 120:955-964.

. Patt, T. E., G. C. Cole, and R. S. Hanson. 1976. Meth-

ylobacterium, a new genus of facultative methylotropic
bacteria. Int. J. Syst. Bacteriol. 26:226-229.

Quayle, J. R. 1972. The metabolism of C, pounds by
microorganisms. Adv. Microb. Physiol. 7:119-203.

. Ribbons, D. W. 1975. Oxidation of C, compounds by

particulate fractions from Methylococcus capsulatus:
distribution and properties of methane-dependent re-
duced nicotinamide adenine dinucleotide oxidase
(methane hydroxylase). J. Bacteriol. 122:1351-1363.

. Ribbons, D. W., J. E. Harrison, and A. M. Wadzinski.

1970. Metabolism of single carbon compounds. Annu.
Rev. Microbiol. 24:135-158.

. Smith, W., and D. W. Ribbons. 1970. Fine structure of

Methanomonas methanooxidans. Arch. Mikrobiol.
74:116-122.

Sperl, G. T., H. S. Forrest, D. T. Gibson. 1974. Sub-
strate specificity of the purified primary alcohol dehy-
drogenases from methanol-oxidizing bacteria. J. Bacte-
riol. 118:541-550.

Stocks, P. K., and C. S. McClesky. 1967 Morphology
and physiology of Meth xidans. J.
Bacteriol. 88:1071-1077.

. Wadzinski, A. M., and D. W. Ribbons. 1975. Utilization

of acetate by Meth methanooxidans. J. Bac-
teriol. 123:380-381.

. Wadzinski, A. M., and D. W. Ribbons. 1975. Oxidation

of C, compounds by particulate fraction from Methy-
lococcus capsulatus: properties of methanol oxidase
and methanol dehydrogenase. J. Bacteriol.
122:1364-1374.

‘Whittenbury, R., K. C. Phillips, and J. F. Wilkinson.
1970. Enrichment, isolation and some properties of
methane-utilizing bacteria. J. Gen. Microbiol.
61:205-218.



