
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Feb. 1983, p. 401-410
0099-2240/83/020401-10$02.00/0
Copyright C) 1983, American Society for Microbiology

Vol. 45, No. 2

Methane Oxidation by Nitrosococcus oceanus and
Nitrosomonas europaeat

RONALD D. JONES AND RICHARD Y. MORITA*
Department ofMicrobiology and School of Oceanography, Oregon State University, Corvallis, Oregon 97331

Received 6 July 1982/Accepted 11 October 1982

Chemolithotrophic ammonium-oxidizing and nitrite-oxidizing bacteria includ-
ing Nitrosomonas europaea, Nitrosococcus oceanus, Nitrobacter sp., Nitiospina
gracilis, and Nitrococcus mobilis were examined as to their ability to oxidize
methane in the absence of ammonium or nitrite. All ammonium oxidizers tested
had the ability to oxidize significant amounts of methane to CO2 and incorporate
various amounts into cellular components. None of the nitrite-oxidizing bacteria
were capable of methane oxidation. The methane-oxidizing capabilities of Nitro-
sococcus oceanus and Nitrosomonas europaea were examined with respect to
ammonium and methane concentrations, nitrogen source, and pH. The addition of
ammonium stimulated both CO2 production and cellular incorporation of meth-
ane-carbon by both organisms. Less than 0.1 mM CH4 in solution inhibited the
oxidation of ammonium by Nitrosococcus oceanus by 87%. Methane concentra-
tions up to 1.0 mM had no inhibitory effects on ammonium oxidation by
Nitrosomonas europaea. In the absence of NH4-N, Nitrosococcus oceanus
achieved a maximum methane oxidation rate of 2.20 x 10-2 ,umol of CH4 h-1 mg
(dry weight) of cells-', which remained constant as the methane concentration
was increased. In the presence of NH4-N (10 ppm [10 ,ug/ml]), its maximum rate
was 26.4 x 10-2 ,umol of CH4 h-1 mg (dry weight) of cells-' at a methane
concentration of 1.19 x 10-2 mM. Increasing the methane concentration above
this level decreased CO2 production, whereas cellular incorporation of methane-
carbon continued to increase. Nitrosomonas europaea showed a linear response
throughout the test ranIe, with an activity of 196.0 x 10-2 ,umol of CH4 h-1 mg
(dry weight) of cells - at a methane concentration of 1.38 x 10-1 mM. Both
nitrite and nitrate stimulated the oxidation of methane. The pH range was similar
to that for ammonium oxidation, but the points of maximum activity were at lower
values for the oxidation of methane.

Ammonium oxidation by chemolithotrophic
ammonium oxidizers and methane oxidation by
methane-oxidizing bacteria have been shown to
be quite similar (5, 13, 14). Many methane-
oxidizing bacteria will oxidize ammonium to
nitrite (10, 13). This ability is linked to the lack
of specificity of the methane oxygenase system
(5, 10). The oxidations of ammonium and meth-
ane both start with the hydroxylation of the
substrates (14). Despite these similarities, prior
research using oxygen uptake measurements has
indicated that Nitrosomonas europaea is unable
to oxidize methane (4, 11). However, with
[14C]methane, we found that ammonium oxidiz-
ers including Nitrosomonas europaea and Nitro-
sococcus oceanus are able to oxidize significant
amounts of methane to 14CO2 and incorporate

t Published as technical paper no. 6565, Oregon Agricultur-
al Experiment Station.

some of the carbon from methane into cellular
components.
Ammonium oxidizers are considered to be

metabolically limited to a very few substrates (3,
15), and their ability to oxidize methane poses
interesting questions as to the interactions be-
tween the oxidation of ammonium and methane.

This paper addresses the ability of ammonium
oxidizers to incorporate methane into cellular
components as well as respire the methane to
carbon dioxide in the presence and absence of
ammonium and other nitrogen sources.

MATERIALS AND METHODS
Cultures and inoculum. Cultures of Nitrosococcus

oceanus, Nitrosomonas marinas sp. strain C-15, Ni-
trococcus mobilis, Nitrospina gracilis, Nitrobacter sp.
strain Nb297 (provided by S. W. Watson), Nitroso-
monas europaea (provided by E. L. Schmidt), and
several of our isolates representing marine, estuarine,
freshwater, and soil nitrifiers were used in this study.
The ammonium oxidizers were grown and assayed for
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purity, using the medium and continuous-flow meth-
ods described by Jones and Hood (9). Nitrite oxidizers
were cultured in an identical manner, using the medi-
um described by Watson and Waterbury (12) with
seawater being replaced by Instant Ocean synthetic
sea salts (Aquarium Systems, Inc.) in distilled water to
give a salinity of 32/1o*. A standard inoculum was
prepared by filtering cells onto a membrane filter (type
HA, 0.45 p.m; Millipore Corp.). The cells were washed
twice with sterile NH4- or N02-free medium, pH 7.8,
and resuspended to an optical density of 0.2 at 550 nm
(Bausch & Lomb Spectronic 20 spectrophotometer).
Portions (1 ml) of these suspensions were used as the
inoculum to test for methane oxidation by the various
nitrifiers.
The medium used for preparing these suspensions and

for methane oxidation determinations had the following
composition: MgSO4 - 7H20, 0.2 g; CaCl2, 0.02 g;
K2HPO4, 0.114 g; Fe-EDTA (77 mg of FeSO4 * 7H20 +
103 mg of Na EDTA in 50 ml of distilled water), 1.0 ml;
Na2MoO4 * 2H20, 1.0 ,ug; COC12 * 6H20, 2.0 ,ug;
ZnSO4 * 7H20, 100 jig; K2CO3, 0.1 g; N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES) (Sigma
Chemical Co.), 2.4 g; distilled water, 1.0 liter. The pH of
the medium was adjusted to 7.8 with 5 N NaOH. The
salinity of the medium was adjusted with Instant Ocean
synthetic sea salts to 10%o4, for Nitrosomonas sp. strain
lS10, 180/,, for Nitrosomonas marinus sp. strain C-15,
and 3204,,, for the remaining marine isolates.

Suspensions of Nitrosococcus oceanus and Nitroso-
monas europaea used for the evaluation of the interac-
tions of methane and ammonium were subjected to cell
counts, using acridine orange fluorescent microscopy
(8) and dry weight determinations. For dry weights,
5.0 ml of culture was filtered onto a predried
preweighed Millipore membrane filter (type HA, 0.45
,um) and dried at 80°C until a constant value was
obtained.
The mean density of Nitrosococcus oceanus sus-

pensions prepared in the described manner was 1.1 x
108 cells ml-', with an average dry weight of 36 ,ug
ml-'. The values for Nitrosomonas europaea suspen-
sions were 3.2 x 108 cells ml-' and 26 ,ug ml-1. One-
milliliter portions of these suspensions were used as
the standard inoculum.
Methane oxidation determinations. The method used

for 14CH4 preparation and methane oxidation rate
determinations was similar to those described by Grif-
fiths et al. (6). A 1-ml amount of standard inoculum
was inoculated into 60-ml serum bottles containing 25
ml of NH4-free medium buffered with 0.2 M HEPES,
pH 7.8. The bottles were then sealed with serum
stoppers, and 1.0 ml (unless otherwise noted) of 14CH4
(1.0 ,uCi ml-1; specific activity, 59 mCi mmol-1;
Amersham Corp.) in nitrogen was added to the head
space. The final concentration of 14CH4 in solution
ranged from 13.8 nM for the Nitrosomonas europaea
(freshwater) cultures to 11.9 nM for the Nitrosococcus
oceanus (marine) cultures (16). All bottles were pre-
pared in triplicate and all experimental sets were
duplicated. Controls without cells and with acid-killed
cells were run with each experiment. The bottles were
incubated for 48 h at 25°C at 100 rpm on a rotary
shaker. After incubation, 14Co2 production and 14C
incorporated into cellular material were measured, and
methane oxidation rates were determined from these
data. Confidence intervals were calculated for each

data point. The variation among replicates did not
exceed the 95% confidence interval for the population
mean.
Once the ability of ammonium oxidizers to oxidize

methane was determined, further detailed examina-
tions of Nitrosococcus oceanus and Nitrosomonas
europaea were made with respect to ammonium and
methane concentrations, nitrogen source, and pH.
To test the effects of ammonium, a series of bottles

containing 0, 1, 10, 50, and 100 ppm (,ug/ml) of NH4-N
as (NH4)2SO4 was prepared and incubated as previ-
ously described.

Bottles containing various nitrogen sources were
prepared to examine their effects on methane oxida-
tion. The following additions were made: 10 ppm of
NH4-N, 10 and 40 ppm of N02-N, 10 and 40 ppm of
N03-N, and 10 ppm of yeast extract (Difco Labora-
tories). Controls which contained no additional nitro-
gen source were also run.
The effects of methane concentration on methane

oxidation were examined. A series of bottles contain-
ing 0.0001, 0.001, 0.01, 0.1, 0.5, 1.0, 5.0, and 10%
methane head spaces was prepared. The concentra-
tions of 0.0001 and 0.001% CH4 were prepared by
injecting 0.1 and 1.0 ml of the 14CH4-N2 mixture. The
higher methane concentrations were prepared by in-
jecting 1.0 ml of 14CH4-N2 and 3.4, 38, 190, 1,900, and
3,800 ,ul of unlabeled methane into the head space to
make up the balance. The addition of unlabeled meth-
ane resulted in a serial dilution of specific activity. It
was assumed that there would be no significant isoto-
pic fractionation by the microorganisms, and therefore
only the dilution effects were taken into account when
calculating activity. Methane concentrations ranged
from 1.19 x 10-6 to 1.19 x 10-1 mM for Nitrosococ-
cus oceanus and 1.38 x 10-6 to 1.38 x 10-l mM for
Nitrosomonas europaea. Methane series were pre-
pared both with and without 10 ppm of NH4-N.
A pH series was prepared by adjusting the medium

to various pH values between 4.0 and 11.0, using
either 1.0 N HCI or 1.0 N NaOH. Series were prepared
both with and without the addition of 10 ppm of NH4-
N. Bottles containing ammonium were assayed for
nitrite production, using the spectrophotometric meth-
od of Bendschneider and Robinson (2), to determine
ammonium oxidation.
The effects of dissolved carbonate concentration on

cellular incorporation of C from 14CH4 were deter-
mined by preparing a series of bottles that contained 0,
10, 50, 200, and 500 ppm of dissolved carbonate as
K2CO3. The dissolved carbonates were first removed
from the medium by acidification to pH 2.0 with HCI
and then boiling for 10 min. The solution was then
allowed to return to room temperature and adjusted to
pH 7.0 with 1.0 N NaOH. Carbonate additions were
made and the final pH was adjusted to 7.8 with 1.0 N
NaOH or HCl. The bottles were then sealed immedi-
ately, and the 14CH4, 10 ppm of NH4-N, and cells were
added.

Carbonate uptake. Bottles were prepared as usual,
and then Na2H14CO3 was added (specific activity, 4.5
,uCi mmol-l; Amersham Corp.) to give a final concen-
tration of 0.01 p.Ci ml-'. The bottles were sealed and
0, 0.1, 1.0, or 10% CH4 was added to the head space.
One set of bottles was given an addition of 1.0 ppm of
NH4-N. The bottles were then incubated as usual and
analyzed for 14C incorporation.
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METHANE OXIDATION BY AMMONIUM OXIDIZERS

Methane effects on ammonium oxidation. A 1-ml
amount of standard inoculum was inoculated into 60-
ml serum bottles which were then filled with 1.0 ppm
of NH4-N-0.02 M HEPES-buffered (pH 7.8) medium
and capped in such a manner as to exclude any air
bubbles. A 1-ml head space was then created by
injecting 1.0 ml of various CH4-N2 (Airco, grade 4,
ultrapure gas) mixtures and removal of 1.0 ml of
medium. The methane concentrations in the injected
gases were 0, 1, 10, 50, and 100%o, giving a concentra-
tion range of 0.0 to 1.38 mM dissolved methane for
Nitrosomonas europaea and 0.0 to 1.119 mM for
Nitrosococcus oceanus (16). These bottles were then
incubated for 12 h at 25°C at 100 rpm on a rotary
shaker. The bottles were then assayed for nitrite. All
bottles were prepared in triplicate, and each experi-
mental set was duplicated.

RESULTS
The rates of methane oxidation by each orga-

nism are shown in Table 1. All of the ammonium
oxidizers examined were able to oxidize meth-
ane to CO2 and incorporate it into cellular com-
ponents, in the absence of ammonium. The
nitrite oxidizers examined were unable to oxi-
dize methane. The rate of methane oxidization
under these conditions varied significantly be-
tween species, with Nitrosococcus oceanus hav-
ing the highest rate and Nitrosomonas sp. strain
2SO the lowest. The ratio of methane-carbon
incorporated into cellular material to that of CO2
produced from methane also varied significant-
ly. With the exception of Nitrosomonas sp.
strain 3S30, an Oregon coast isolate, all of the
marine isolates had a lower incorporation rate
than the freshwater, soil, and estuarine isolates.
The presence of ammonium stimulated the

production of 14CO2 and 14C-cellular C by both
Nitrosococcus oceanus and Nitrosomonas euro-
paea (Fig. 1). Nitrosomonas europaea was stim-
ulated to a greater extent, but both organisms
showed the same trends. A 10-ppm portion of
NH4-N caused the greatest increases in methane
oxidation, with further increases in ammonium
concentration causing a decrease in activity.

In addition to being stimulated by ammonium,
nitrite, nitrate, and yeast extract also stimulated
methane oxidation (Table 2). Increasing the con-
centrations of NO2 and NO3 from 10 to 40
ppm did not cause any further increase in meth-
ane oxidation.
The response of Nitrosococcus oceanus to

methane concentration both with and without 10
ppm of NH4-N is shown in Fig. 2. In the absence
of ammonium, both '4CO2 production and 14C-
cellular incorporation from 4CH4 showed a lin-
ear response to increasing methane concentra-
tions up to 1.19 x 10-3 mM CH4. At this point
14C-cellular incorporation continued to increase,
whereas 14CO2 production remained essentially
constant. In the presence of 10 ppm of ammoni-
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FIG. 1. Ammonium effects on methane oxidation.
Activity is expressed as dpm of 14C ml of standard
inoculum' 24 h-1. Symbols: (0) Nitrosococcus oce-
anus, 14C02 produced; (0) N. oceanus, 14C-cellular
material; (O) Nitrosomonas europaea, 14CO2 pro-
duced; (N) N. europaea, "4C-cellular material.

um, 14C-cellular incorporation showed a similar
linear trend, whereas 14Co2 production showed
linearity to 1.19 x 10-2 mM and then decreased
with further increases in methane concentration.
The response of Nitrosomonas europaea to
methane concentration is shown in Fig. 3. In
both the presence and absence of ammonium the
response of Nitrosomonas europaea to methane
concentration was linear. In the absence of
ammonium at methane concentrations above
1.38 x 10-2 mM, the cellular incorporation of
14CH4-C exceeded the amount of 14CO2 pro-
duced.
The ratios of methane incorporated into cellu-

lar material to that released as CO2 are shown in
Table 3. In the absence of ammonium the values
for Nitrosococcus oceanus remained essentially
constant until a methane concentration of 0.595
x 10-2 mM; at this point the ratio increased until
48.8% of the methane oxidized was incorporated
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TABLE 1. Methane oxidation by nitrifiers in the absence of ammonium
Methane oxidation rate

Organism Source (dpm)a C-cellular
CO2 "4C-cells material/4CO2

produced

Nitrosococcus oceanus Marine, North Atlantic 15,051 293 0.019
Nitrosomonas europaea Soil 596 60 0.101
Nitrosomonas marinus sp. Marine, South Pacific 233 13 0.055

strain C-15
Nitrosomonas sp. strain lSlO Estuarine, Florida coast 924 194 0.210
Nitrosomonas sp. strain 2S0 Freshwater, Louisiana marsh 179 19 0.106
Nitrosomonas sp. strain 6S30 Marine, Alaskan coast 1,285 27 0.021
Nitrosomonas sp. strain 9W0 Freshwater, Oregon marsh 782 85 0.109
Nitrosomonas sp. strain 3S30 Marine, Oregon coast 2,590 370 0.143
Nitrosomonas sp. strain 11W30 Marine, Oregon coast 2,983 51 0.017
Nitrobacter sp. strain Nb297 Marine 3 0
Nitrospina gracilis Marine, South Atlantic 0 1
Nitrococcus mobilis Marine, South Pacific 1 0

a Activity is expressed as dpm of 14C ml of standard inoculum-1 24 h-1.

into cellular material at 1.19 x 10-1 mM CH4. In
the presence of 10 ppm of NH4-N, the ratio
remained constant until a methane concentra-
tion of 0.595 x 10-1 nM, at which point it
increased an order of magnitude and then in-
creased further until 75.7% of the methane oxi-
dized was incorporated into cellular carbon at
1.19 x 10-1 mM CH4. Nitrosomonas europaea
also incorporated more 14C as the methane
concentration increased. In the absence of am-
monium in the presence of methane concentra-
tions above 1.38 x 10-2 mM, more 14C was
incorporated than released as 14CO2. With am-
monium, the incorporation of methane carbon
ranged from 20.7% at 1.38 x 10-5 mM to 31.6%
at 1.38 x 10-1 mM.

Nitrosococcus oceanus in the absence of am-
monium oxidized 2.20 x 10-2 ,umol of CH4 h-1
mg (dry weight) of cells-' at 1.0% methane head
space (1.19 x 10-2 mM CH4 dissolved) and 26.4
x 10-2 ,umol in the presence of 10 ppm of
ammonium at the same methane concentration.
Nitrosomonas europaea with a 10% methane
head space (1.38 x 10-1 mM CH4 dissolved)
oxidized 11.1 pumol of CH4 h-1 mg (dry weight)

of cells-' in the absence ofammonium and 196.0
x 10-2 ,umol in the presence of ammonium.
The responses of methane oxidation by both

organisms to pH were quite similar. Nitrosococ-
cus oceanus had an optimum range for ammoni-
um oxidation ofpH 8.0, whereas methane oxida-
tion occurred optimally at pH 7.0 (Fig. 4).
Nitrosomonas europaea had an optimum for
ammonium oxidation of pH 9.5, whereas meth-
ane oxidation occurred optimally at pH 7.5 (Fig.
5). Both organisms exhibited a broad range of
high methane oxidation activity in the presence
or absence of ammonium.

Increasing the carbonate concentration in so-
lution caused a corresponding decrease in the
amount of 14CH4-C incorporated into cellular
material in cultures containing ammonium (Ta-
ble 4).
The uptake of "4CO3 by either Nitrosococcus

oceanus or Nitrosomonas europaea was not
increased by the addition of methane at any
concentration, in the absence of ammonium.
The effects of methane concentration on am-

monium oxidation were quite different for the
two organisms. The ability of Nitrosococcus

TABLE 2. Effects of ammonium, nitrite, nitrate, and yeast extract on methane oxidation by Nitrosococcus
oceanus and Nitrosomonas europaea

Methane oxidation rate (dpm)a with given addition

Organism Fraction N2-N N3-N extract
None NH4-N extract3-

10 ppm 40 ppm 10 ppm 40 ppm ppm)

Nitrosococcus oceanus 14CO2 15,558 76,020 39,416 38,973 34,776 32,337 61,395
14C-cells 240 575 43 NDb 379 ND 931

Nitrosomonas europaea 14CO2 674 26,783 1,618 1,792 1,159 1,170 3,513
14C-cells 31 3,383 320 ND 286 ND 543

a Activity is expressed as dpm of 14C ml of standard inoculum-' 24 h-1.
b ND, Not determined.
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FIG. 2. Effects of methane concentration on rate of methane oxidation by Nitrosococcus oceanus. Activity is

expressed as dpm of 14C ml of standard inoculum' 24 h-1 multiplied by the dilution factor. Symbols: (0) "4CO2
produced, 0.0 ppm of NH4-N; (0) "4C-cellular material, 0.0 ppm of NH4-N; (E) 14CO2 produced, 10 ppm of NH4-
N; (N) "4C-cellular material, 10 ppm of NH4-N.

oceanus to oxidize ammonium was inhibited by
methane concentrations of <0.115 mM. Ammo-
nium oxidation by Nitrosomonas europaea was
not affected by any of the methane concentra-
tions (Fig. 6).

DISCUSSION
The similarities between ammonium oxidizers

and methane oxidizers have been noted by sev-
eral other workers (5, 13, 14). Methane oxidizers
have also been shown to oxidize ammonium to
nitrite (10, 13), although the rate of this process
is extremely slow. Work by Drozd (4) and
Suzuki et al. (11), using the relatively insensitive

method of oxygen uptake, were unable to detect
any oxidation of methane by Nitrosomonas eur-
opaea and concluded that no methane oxidation
took place. With a more sensitive method in-
volving the use of 14CH4, the results of this
research show that ammonium oxidizers includ-
ing Nitrosomonas europaea can oxidize meth-
ane. Whether this is due to the lack of specificity
of the ammonium oxygenase system, which
seems likely, or whether separate enzymes re-
sponsible for methane oxidation exist is not
known. Prior work by Suzuki et al. (11) has
indicated that oxidation of ammonium by Nitro-
somonas europaea was inhibited by methane.
We were unable to duplicate this with our strain
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FIG. 3. Effects of methane concentration on rate of methane oxidation by Nitrosomonas europaea. Activity

is expressed as dpm of 14C ml of standard inoculum-1 24 h-1 multiplied by the dilution factor. Symbols: (0)
14C02 produced, 0.0 ppm of NH4-N; (0) 14C-cellular material, 0.0 ppm of NH4-N; (O) "4CO2 produced, 10 ppm
of NH4-N; (U) "4C-cellular material, 10 ppm of NH4-N.

of Nitrosomonas europaea. Nitrosococcus oce-
anus did show an inhibitory response similar to
that reported by Suzuki et al. (11). This indicates
a marked difference between the two organisms.
The stimulation of methane oxidation by low
concentrations of ammonium seems to indicate
that the interactions between ammonium and
methane are more than simple competitive inhi-
bition; in fact, no inhibitory response was ob-
served for Nitrosomonas europaea. Ammonium

concentrations above 10 ppm of NH4-N de-
creased the methane oxidation activity for both
organisms, indicating a sort of one-sided "com-
petitive inhibition." These relationships may be
due in part to the relative insolubility of meth-
ane. Part of the increased activity caused by the
addition of low levels of ammonium may be due
to an activation of the enzyme system; the other
could be due to the presence of a nitrogen
source. Further evidence of this is the stimula-
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TABLE 3. Effects of methane concentration on cellular incorporation of 14CH4-C by Nitrosococcus oceanus
and Nitrosomonas europaea

Ratio "4C-cellular materiall4CO2 at given CH4 concn (mM)
Organism NH4-N o-5a 1.19 x 10-4/ 1.19 x iO31 5.95 x i-3/ 1.19 X 10-2/ 5.95 x 10-2/ 1.19 x 10-1/(ppm) 1.1.19 190 /T T TI0/59

1.38 x 10i 1.38 x 104 1.38 x 10i3 6.90 x 103 1.38 x 102 6.90 x 10-2 1.38 x 10-1

Nitrosococcus 0 0.016 0.011 0.017 0.041 0.096 0.387 0.488
oceanus 10 0.008 0.009 0.006 0.011 0.010 0.149 0.757

Nitrosomonas 0 0.389 0.426 0.394 NDC 1.133 ND 1.733
europaea 10 0.207 0.214 0.223 ND 0.277 ND 0.316

a Methane concentration for Nitrosococcus oceanus.
b Methane concentration for Nitrosomonas europaea.
c ND, Not determined.

tion of methane oxidation by nitrite and nitrate.
These data indicate an ammonium-stimulated
co-oxidation of methane and ammonium. Al-
though this co-oxidation is most active in the
presence of ammonium, the oxidation of meth-
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ane is not dependent upon the presence of
ammonium.
The pH range for methane oxidation was quite

wide, as for ammonium oxidation. The lower
optimum pH for methane oxidation is interesting
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FIG. 4. Effects of pH on methane oxidation by Nitrosococcus oceanus. Activity is expressed as dpm of 14C
ml of standard inoculum-t 24 h-1. Symbols: (0) 14CO2 produced, 0.0 ppm of NH4-N (0) 14C incorporated, 0.0
ppm of NH4N; (l) 14CO2 produced, 10 ppm of NH4-N; (H) 14C incorporated, 10 ppm of NH4-N; (A) nitrite
produced.
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FIG. 5. Effects of pH on methane oxidation by Nitrosococcus europaea. Activity is expressed as dpm of 14C
ml of standard inoculum-' 24 h-V. Symbols: (0) 14C02 produced, 0.0 ppm of NH4-N; (0) 14C incorporated, 0.0
ppm of NH4-N; (O) "4CO2 produced, 10 ppm of NH4-N; (U) 14C incorporated, 10 ppm of NH4-N; (A) nitrite
produced.

since methane does not have a similar ammonia-
ammonium shift with pH and its corresponding
effect on activity as reported by Anthonisen et
al. (1).
The oxidation of methane by Nitrosomonas

europaea follows the rules for first-order kinet-
ics. Nitrosococcus oceanus also follows this
approach until a methane concentration of 1.19
x 10-2 mM in the presence of 10 ppm of
ammonium. The continued increase in cellular
incorporation and decrease in 1'CO2 production
indicate a shift in the metabolic pathway. This is

further demonstrated by the continued increase
of the 14C-cellular incorporation/14CO2 ratios for
both organisms. This shift depends upon the
organism and the presence or absence of ammo-
nium and could represent a point at which the
methane concentration in solution becomes high
enough for the organism to stop using methane
solely for energy to maintain itself and start
building structural components. That the pres-
ence of 10 ppm of NH4-N shifts this point to a
higher value in Nitrosococcus oceanus is indica-
tive of this. Another factor in this shift is that at

TABLE 4. Effects of carbonate concentration on cellular incorporation of 14CH4-C in the presence of 10 ppm
of NH4-N

Ratio "C-cellular material/4CO2 at given carbonate concn (ppm)
Organism

0 10 50 200 500

Nitrosococcus oceanus 0.018 0.015 0.012 0.007 0.006
Nitrosomonas europaea 0.276 0.239 0.200 0.193 0.185
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source of energy when ammonium is limiting. It
appears that the oxidation of methane is most
likely not limited just to these organisms but
seems likely to be a characteristic of all of the
classical chemolithotrophic ammonium oxidiz-
ers. The ability of ammonium oxidizers to be
able to switch from the oxidation of ammonium
to methane and vice versa could be a survival
mechanism when one or the other is not avail-
able as the energy source. Since methane is
nearly always present in low concentrations, the
survival advantage of being able to use either
substrate is obvious. In situations where both

;o ammonium and methane are present in non-
'

0.2 0.4 0.6 0.8 1.0
growth-sustaining concentrations, the combina-

0 0.2 0.4 0.6 0.8 l.0 tion of the two and co-oxidation by ammonium

IETHANE CON CENTRATION (mM) oxidizers may be able to supply the necessary
carbon and energy requirements.

6. Methane effects on ammonium oxidation Attempts to grow the ammonium oxidizers on
?sococcus oceanus and Nitrosomonas euro- metemas th sol sue ocaon andieergy
ctivity is expressed as percentage of nitrite methane as the sole source ofcarbon and energy
n 12 h at 0.0-ppm CH4 levels. Symbols: (0) N. have failed even in the presence of 1.0 ppm of
(@)N. europaea. NH4-N as evidenced by cell counts. These re-

sults are indicative of a difference between the
ammonium- and methane-oxidizing bacteria.

thane concentrations ammonium oxida- Griffiths et al. (6) report that in their study of
ears to be responsible for at least 50% of naturally occurring methane oxidation the pro-
I4-C incorporation (Table 4) and that the portion of CH4 incorporated was low, indicating
of 14C03 was not stimulated by the that methane was used as an energy source. This

X of methane in the absence of ammoni- is suggestive of a role by ammonium oxidizers.
They also report that there is a distinct differ-

ate of methane oxidation by ammonium ence between their results for a marine system
rs ranged from 2.2 x 10-2 ,umol of CH4 and those reported for freshwater systems. Our
(dry weight) of cells-1 for Nitrosococcus data show that there is a distinct difference
s in the absence of ammonium to 196.0 x between marine and freshwater, estuarine, and
nol of CH4 h-1 mg (dry weight) of cells-1 soil ammonium oxidizers in the amount of CH4
,osomonas europaea in the presence of incorporated. With the exception of Nitroso-
of NH4-N. These rates indicate that monas sp. strain 3S30, marine isolates incorpo-

e may play a substantial role in the rate significantly less 14CH4-C than the other
lism of these bacteria under certain con- isolates. This discrepancy appears to be due in
The rates of methane oxidation are from part to the relative carbonate concentration in
120% of the methane oxidation rate re- freshwater and marine systems.
for the methane oxidizer Methylosinus In aerobic sediments and water columns over-
7orium, the organism with the highest lying methanogenic sediments, ammonium oxi-
e oxidation rate, and 10.1 to 389% of the dizers could account for a significant portion of
r Methylomonas agile, the organism with the methane oxidation. This type of environ-
est methane oxidation rate as reported by ment is usually high in ammonium and other
ibury et al. (13). These values demon- forms of inorganic nitrogen such that methane
hat the rate of methane oxidation by oxidation by ammonium oxidizers would be at
ium oxidizers is significant and may actu- an optimum. Harris and Hanson (7) in their work
Seed that of the classical methane oxidiz- with organisms in Lake Mendota (Wisconsin)
ler some conditions. show that nitrite is confined to the part of the
i an energetics viewpoint the oxidation of water column where rapid methane oxidation
of methane provides more energy than the occurs. They also state that this indicates that
on of 1 mol of ammonium. It is probable since methanotrophs are known to oxidize am-

co-oxidation of methane by ammonium monium (10, 13) methanotrophs may contribute
rs is a significant source of energy and significantly to the nitrogen cycle in Lake Men-
material under certain conditions, espe- dota. This study indicates that classical ammoni-
when the optimum pH for ammonium um oxidizers may be responsible for a portion of
on by Nitrosomonas europaea is 9.5. It is the methane oxidation and that the presence of
Dssible that methane could serve as a high levels of nitrite helps to confirm this. The
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oxidation of methane by Nitrosomonas euro-
paea has been confirmed by Wood and Hyman
(Soc. Gen. Microbiol. Annu. Meet., P2, 1982).
The observations made in this study indicate
that much more work needs to be done to
characterize the physiology and role that ammo-
nium oxidizers may play in the cycling of meth-
ane.
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