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(mean specific activity of CH4, 25.6 ,uCi/mmol).
This fact, together with the low amount of
[I4C]methane converted to '4CO2 in the killed
samples, let us conclude that a possible physical
or chemical process which is not biologically
catabolyzed accounts only for a quantitatively
unimportant portion of the total amount of CH4
converted to C02. A dilution of the sediment
inoculum resulted in a slower methane produc-
tion; the rate of methane oxidation was lowered
as well. The ratio of methane oxidized to meth-
ane formed, however, remained relatively con-
stant: 0.016 with 1:1 (vol/vol) diluted sediments
and 0.019 with a 1:10 (vol/vol) dilution. This is
a further evidence that the observed methane
oxidation is due to the presence of the anaerobic
habitat. The dilution experiments and those
summarized in Table 2 were also performed with
digested sludge. Qualitatively there was no dif-
ference between the results obtained with sludge
and those obtained with lake sediments. All
experiments presented below were done with
sediments and digested sludge, but we report the
results obtained with digested sludge only ifthey
markedly differ from those of the sediments or
if they help to clarify the findings from the
sediments.
Effect of oxygen on methane formation

and oxidation. By transferring the sediment or
the digested sludge into the serum vials, air
might have oxidized some reduced compounds
which can serve subsequently as electron accep-
tors for methane oxidation. To test this hypoth-
esis, a series of anaerobic sediment samples
(taken during the stagnation period) were di-
luted and shaken intensively and aerobically on
a rotary shaker at 370C in an open Erlenmeyer
flask for 6 h. The black mud turned to brown
during this treatment. This brown sediment
slurry was then incubated in sealed serum vials
with air as headspace. No positive effect of ox-
ygen on methane oxidation was observed (Fig.
3), and the oxygen was consumed (presumably
by the facultative anaerobic microorganisms).
Methane formation and methane oxidation
started simultaneously only after the oxygen
tension was reduced. The vials were not shaken
during incubation; therefore, strict anaerobic
microenvironments could be formed and meth-
ane could be produced in a vial where some
oxygen was still present. The addition of acetate
results in a faster oxygen consumption and con-
sequently a shorter lag phase for methane for-
mation and oxidation (data not shown). In di-
gested sludge, oxygen was used up after only 1
day of incubation, but qualitatively the results
obtained with sludge were similar to those in
Fig. 3. The inhibition of methane oxidation by

oxygen in these sediments suggests that oxygen
contamination is not responsible for the meth-
ane oxidation observed in our vials.
Temperature optimum for methane for-

mation and oxidation. The demonstration of
a temperature optimum provides strong evi-
dence that one step in a reaction observed is
biologically mediated (4). Methane oxidation in
sediments showed a distinct temperature opti-
mum. For comparison, the methane formation
optima are shown as well (Fig. 4). When the
sediments are incubated for 2 weeks at higher
temperatures (45 to 7000) a thermophilic pop-
ulation develops which forms methane and oxi-
dizes it at an optimum of 550C. Under thenno-
philic conditions methane is forned both from
carbon dioxide reduction as well as from acetate
decarboxylation (data not shown).

E

FIG. 3. Effect ofoxygen on methane formation and
anaerobic methane oxidation in previously anoxic
sediments ofLakeMendota. Initially, 2 ml ofmethane
(specific activity 27 ,uCi/mmol) was added to 15 ml of
headspace. Incubation was at 15°C.

TEMPERATURE (°C)

FIG. 4. Temperature optimum for endogenous
methane formation and anaerobic methane oxidation
by anoxic surface sediments of Lake Mendota.
Mesophilic optimum (solid lines) measured after 7
days of incubation and the thermophilic (dashed
lines) optimum after a total of 14 days.
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Depth distribution of methane oxidation
in anoxic sediments of Lake Mendota and
Izembek Bay. Methane oxidation as a function
of the depth in a core of sediment from Lake
Mendota was monitored for 8 weeks. The
amount of methane produced and oxidized in-
creased steadily during the time observed. The
values for week 6 are given in Fig. 5. This core
shows two distinct peaks of active methane for-
mation. Due to the softness of the sediments,
the two peaks can only be seen in Lake Mendota
samples if cores were taken by a scuba diver. In
the case of gravity core samples, maximum
methane formation and oxidation occur in the
first centimeter ofthe sediment. This is probably
due to the compression of the very loose top 8
cm of the sediment. As an example of a marine
habitat, Izembek Bay sediments were investi-
gated over a period of 125 days (Fig. 6). The
different sections of this core show a very long
lag before methane fornation and oxidation
starts. Here, as in Fig. 5, methane oxidation is
paralleled by methane fornation.

METHANE OXIDIZED (,CMOL)
0 Ql 02 0.3 Q4 0.5 0.6 07

METHANE FORMED (,MOL)

E

0

FIG. 5. Profile ofmethane formed and oxidized in
a core ofLake Mendota sediment sampled 26 August
1977 and measured after 6 weeks of incubation at
10°C. The values are given for 10 cm3 of wet sedi-
ments. The dry weight values for each depth given as

milligrams per milliliter oforiginal sediments are as

follows: 0 cm, 0.5; 1 cm, 12.2; 2 cm, 8.0; 3 cm, 15.2; 5
cm, 33.2; 7 cm, 26.8; 10 cm, 134.8; 15 cm, 161.0; 22 cm,

199.2; and 32 cm, 286.0.
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FIG. 6. Depth profile of methane formed and oxi-
dized by a core from the eelgrass beds ofthe Izembek
Bay Lagoon, Alaska. Incubated at 15°C for 125 days.
The insert shows the time course of the surface of the
sediments. The values are given for 10 cm3 of wet
sediments.

Inhibition of methane formation and ox-
idation with 2-bromoethanesulfonic acid. 2-
Bromoethanesulfonic acid is a specific inhibitor
for methane bacteria (1). Figure 7 gives a dose-
response curve of digested sludge and Lake Men-
dota sediments for 2-bromoethanesulfonic acid.
As shown, the anaerobic methane oxidation
process shows an even greater sensitivity to the
inhibitor than methane formation. Methane for-
mation is only inhibited at relatively high con-
centrations compared with pure culture studies
(8, 30), which show 50% inhibition at about a
106 M. In the complex system investigated here,
methanogenesis had a slower response to the
inhibitor and a 24-h preincubation with 2-bro-
moethanesulfonic acid had to precede the actual
experiments to observe the full effect of the
inhibitor. After preincubation with the inhibitor
the headspace was made free of methane, and
subsequently 2 ml of 14CH- of (44.8,uCi/mmol)
was added. The amount of methane oxidized
was determined after 48 h.

In Table 3 the 50% inhibition concentrations
for 2-bromoethanesulfonic acid are listed for
each individual substrate capable of supporting
methanogenesis. Methane oxidation is by far the
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FIG. 7. Inhibition of methane formation and oxi-
dation by 2-bromethane-sulfonic acid in anoxic Lake
Mendota sediments (B) and digested sewage sludge
(A). Samples of both habitats were diluted 1:2 with
mineral salts medium. Incubation was at 37and 15°C
for sludge and sediment, respectively. Values ob-
tained in absence of2-bromoethanesulfonic acid rep-
resent 0%o inhibition.

TABLE 3. Inhibition of endogenous methane
production, anaerobic methane oxidation, and
methane formation from various precursors by 2-

bromoethanesulfonic acid in Lake Mendota
sedimentsa

Substrate or process Br CH2CH2bi3Na
Acetate ([2-l4C]acetate)b. 7.1 x 10-3c
Methionine (L-[methyl-'4C]methio-

nine) .. ...... ...... 3.2 x 1O-3
Endogenous CH4 production .. 2.8 x 1O-3
Methane thiol ([14C]methane thiol) 2.1 x 1o-3
CO2 reduction (['4C]bicarbonate) 1.0 x 10-3
Methanol ([14C]methanol) ......... 6.3 x 10'
Methane oxidation ([14C]methane) 4.5 x 105

a Twenty-four hours preincubated with the inhibi-
tor and then 48 h incubated with the labeled substrate
at 15°C. In case of total methane formation the head-
space was made free of methane after this 24 h. The
inhibitor concentrations tested were 0, 10-6 10-5, 10-4,
10-3, and 10-2 M.

b The nature of labeled substrate is given in paren-
theses.

c These values are means of duplicates. They may
vary in the same order of magnitude, but keep their
overall consecutive order.

most sensitive of all the processes to 2-bromo-
ethanesulfonic acid. This inhibition study, to-
gether with the above results, suggest that there
might be a direct link between methane forma-
tion and anaerobic methane oxidation. The fol-
lowing experiments were initiated to test
whether in our systems sulfate reducers might
take part in an active anaerobic methane oxi-
dation process. Various amounts of sodium sul-
fate were added to diluted (1:1) sediment sam-

ples from Lake Mendota, and methane forma-
tion and oxidation were measured (Fig. 8). Meth-
ane formation is clearly reduced by the presence
of sodium sulfate, and so is methane oxidation.
Neither in Lake Mendota sediments nor in di-
gested sludge is methane oxidation stimulated
by the presence of increasing amounts of sodium
sulfate. Under our experimental conditions, it is
important to know not only the total amount of
CH4 oxidized but also the consumption rate of
methane relative to its production rate. There-
fore we have plotted in Fig. 8 the ratio of meth-
ane oxidized to methane formed. If a net meth-
ane oxidation occurred, this ratio would become
greater than 1. It can be seen that sodium sulfate
or a metabolic product of sulfate inhibits not
only methane production but to an even greater
extent methane oxidation.

Effects of various additions on anaerobic
methane oxidation. The above results show
that sulfate alone cannot increase the relative
amount of methane oxidized compared with the
amount of methane formed. Therefore, we in-
vestigated whether other additions might in-
crease this ratio (Table 4). The values in this
and the following tables originate from time
course experiments. The 14-day time point was
chosen because the ratio of methane oxidized to
methane formed levels off at this time (Fig. 8).
The addition of either acetate or hydrogen as
substrates increased the amount of methane ox-
idized but simultaneously resulted in a higher
methane production, and hence did not change
the ratio significantly. Methane oxidation over
methane production is stimulated to the same
extent by iron (III) chloride and iron (II) chlo-
ride. Since iron (III) is likely to be converted
immediately to iron (II) in our strongly reducing

0

0

C:

a
0

I

UC)
x
0

L. MENDOTA SEDIMENT

NO SOADDED M = =

+10"I SO2

4 a 12 16 20 24 28
DAY

FIG. 8. Ratio of methane oxidized to methane
formed as a function of various amounts of sodium
sulfate added to the sediments of Lake Mendota.
Incubation was at 150C.
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systems by a pure chemical reaction, only the
latter is listed in Table 4. Nitrate (10 mM)
entirely stopped methane formation and meth-
ane oxidation. It was therefore not further in-
vestigated. A combination of acetate or hydro-
gen with sulfate resulted in higher methane pro-

duction and oxidation, but the ratio still re-

mained lower than the one obtained without any
addition (data not shown).
Effects of elevated partial pressure of

methane on the anaerobic methane oxida-
tion. As seen in Table 5 higher partial pressures

ofmethane give a considerable increase in meth-
ane oxidation, especially in the presence ofsome
potential electron acceptors. Interestingly, ace-

ANAEROBIC METHANE OXIDATION 201

tate eliminates the stimulation of both iron sul-
fate and manganese dioxide. The standard de-
viation between duplicates in Table 4 and 5 was
at most 14%. In the same assay, however, the
oxidation compared with the formation did not
show such a variation; that means at a lower
CH4 production methane oxidation was also
smaller. Experiments with 20 atm (2,027 kPa) of
methane were performed in stainless steel tubes
(Fig. 1). The initial high partial pressure of
methane renders a direct measurement of meth-
ane formation impossible. Therefore, for each
oxidation experiment an identical tube contain-
ing [14C]bicarbonate (50 mCi/mmol) instead of
14CH4 was incubated as well. The methane

TABLE 4. Methane formation and methane oxidation by Lake Mendota sediments and digested sludge as a
function of various additional substrates under an atmosphere which initially contained 0.12 atm (12.2 kPa)

of methanea

CH4 formed (uxmol) CH4 oxidized (,umol) formed)
Added sub- Amt

formed)

strate Sedimenaltb Digested Digested Seiet Digested
stmvSedinen sludge Sediment sludge Sediment sludge

Noned 333 1,770 5.48 136.3 0.016 0.077
H2 1.5 490 2,050 8.33 153.7 0.017 0.075
Acetate 0.2 530 1,920 9.01 149.8 0.017 0.078
Na2SO4 0.2 138 1,530 0.41 91.8 0.003 0.060
FeCl2 0.2 410 1,790 20.5 143.2 0.05 0.080
FeSO4 0.2 130 1,550 16.9 170.5 0.13 0.11
MnO2 0.2 110 1,710 9.9 171.0 0.09 0.10

a Fourteen days of incubation. Means of duplicates. Variations between each of a pair: -20%; with a resulting
maximal standard deviation of + 14%. Controls for each addition: heat inactivated and killed with HgCl2. All
values represent the measured values niinus the controls.

bLake Mendota sediment, 1:1 diluted. Collected during summer stagnation. Incubated at 150C.
'Digested sludge, 1:1 diluted. Incubated at 370C.
d Endogenous OH4 formation.

TABLE 5. Methane formation and methane oxidation by Lake Mendota sediments and digested sludge
when various substrates are added, under an atmosphere with a methane partialpressure of2 atm (203

kPa)a

CH4 formed (Lmol) CH4 oxidized (umol) Ratio(CH4 oxidized/
Amt (mmol/ OH4 formed)

Added substrate vial)

Sediment' Digeste Sediment Digested Sediment Digested
sludge' sludge sludge

Noned 294.0 1,800 10.3 290.0 0.035 0.164
Acetate 0.2 483.1 1,980 17.4 333.0 0.036 0.168
Na2SO4 0.2 73.4 1,570 0.37 169.0 0.005 0.108
FeCl2 0.2 108.2 1,630 9.74 319.0 0.09 0.190
FeSO4 0.2 22.0 1,535 3.28 224.0 0.149 0.264
FeSO4 + acetate 0.2 + 0.2 214.0 1,715 10.70 288.0 0.05 0.168
MnO2 0.2 7.6 1,680 2.77 405.0 0.364 0.241
MnO2 + acetate 0.2 + 0.2 245.3 1,795 11.0 290.8 0.045 0.162
a Fourteen days of incubation. Means of duplicates. Variations between each of a pair: <20% with a resulting

maximal standard deviation of +14%. Controls for each addition: Heat inactivated and killed with HgCl2. All
values represent the measured values minus the controls.

bLake Mendota sediment 1:1 diluted collected during summer stagnation. Incubation at 15°C.
c Digested sludge diluted 1:1. Incubated at 37°C.
d Endogenous CH4 formation.
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formed through carbon dioxide reduction could
thus be determined very accurately (the C02
pool size was not altered with the 20 ,tCi of
radioactive bicarbonate). Total methane fonna-
tion was assumed to be three times the amount
of methane formed from carbon dioxide (10, 11,
14, 22). To assure that stainless steel does not
have an effect on methane oxidation, incuba-
tions were also made with glass and stainless
steel tubes with an atmosphere containing 1 atm
(203 kPa) of methane. In both kinds of con-
tainers similar results were obtained. As com-
pared to Table 5 (no additional substrate), the
ratio of methane oxidized over methane formed
increased to 0.11 and 0.43 for the sediments and
digested sludge, respectively. High nitrogen par-
tial pressures did not stimulate methane oxida-
tion over methane formation. To investigate the
observed pressure effect further, we incubated
1:15 by volume diluted sludge under 20 atm
(2,027 kPa) ofmethane with different substrates,
and 2-bromoethanesulfonic acid as inhibitor. In
this experiment the sludge was diluted to reduce
the organic carbon supply and consequently the
substrate concentration for methane formation.
The inhibitor should give us an indication of
whether the additional substrate activates a dif-
ferent group of organisms not sensitive to this
coenzyme M analog. As seen, 2-bromoethane-
sulfonic acid inhibits, in relative terms, methane
oxidation equally under all conditions used (Ta-
ble 6).

DISCUSSION

Factors controlling the distribution and activ-
ity of aerobic methane-oxidizing bacteria have
been studied extensively (21), but whether a net
oxidation of methane occurs in anoxic environ-

ments is still uncertain. In our study we used
radiotracers and could clearly show that meth-
ane is oxidized anaerobically by microorganisms.
In unpublished work we have also found anaer-

obic methane oxidation in activated sludge and
soil samples. However, in the environments and
during the time intervals that we studied, more
methane was formed than consumed. In other
investigations in which anaerobic methane oxi-
dation was observed or deduced, sulfate was the
only obvious oxidant in these systems (2, 12, 19).
In our experiments, sulfate alone inhibits meth-
ane oxidation not only in absolute but also in
relative terms (oxidation-production ratio). Sul-
fate is readily reduced to sulfide in Lake Men-
dota sediments (29). We did not further investi-
gate whether the inhibition is caused by sulfate
or sulfide. However, since free sulfide slows
methanogenesis markedly in these sediments
(29) and the presence of iron neutralizes the
negative effect of sulfate addition, we think it is
rather the free sulfide which inhibits our system
(iron forms insoluble iron sulfide and leads so to
a sulfide detoxification). With none of the dis-
cussed electron acceptors were we able to enrich
for methane oxidation, even with incubation
times over hundreds of days. Methanogenic ac-
tivity was always an absolute prerequisite for
anaerobic methane oxidation.

2-Bromoethanesulfonic acid is a very specific
inhibitor for methane-producing bacteria in pure
cultures (8). It is thus very important to note
that this compound also affects methane oxida-
tion. In samples from natural habitats the oxi-
dation process is more sensitive to this inhibitor
than is methane production (Fig. 7). These find-
ings suggest also that there is a relationship
between methane formation and methane oxi-
dation in the environments studied and that the

TABLE 6. Methane formation and methane oxidation in digested sludge (diluted 1:15) under increased
partial pressure of methane (PCH4 = 20 atm [2,027 kPa]), various substrates, and 2-bromoethanesulfonic

acid acting as inhibitor.

Additional Amt Inhibitorb O o Ratio (CH4 oxidized/
substrate (mmol/ (mM) CH4formedO(umol) CH4 oxidizedc (umol) CH4 formed)tube)'~
None 20.4 ± 2.1 9.78 ± 1.4 0.480
None 0.1 20.0 ± 1.8 2.28 ± 0.3 0.112
None 1.0 6.4 ± 0.6 0.76 ± 0.13 0.118
FeSO4 0.15 3.9 ± 0.41 3.53 ± 0.53 0.908
FeSO4 0.15 0.1 3.9 ± 0.42 0.98 ± 0.14 0.253
FeSO4 0.15 1.0 1.3 ± 0.2 0.54 ± 0.1 0.400
MnO2 0.15 11.4 ± 1.5 5.24 ± 0.7 0.459
MnO2 0.15 0.1 11.2 ± 1.1 1.38 ± 0.21 0.122
MnO2 0.15 1.0 3.6 ± 0.2 0.54 ± 0.1 0.148

a A 20-ml tube containing 15 ml of liquid phase.
b Added as 2-bromoethanesulfonic acid sodium salt.
c Liquid phase (15 ml) incubated 14 days at 37°C. Methane formation was calculated from parallel experiments

containing '4C02 instead of 14CH4. It was assumed that C02 reduction accounts for 1/3 of the total CH4 production.
Standard deviation of mean of two assays.
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methane bacteria might at least partially be
involved in the observed oxidation. These inhi-
bition experiments lead to a paradoxical situa-
tion, namely that in a digestor the actual amount
of methane formed could be slightly increased
by adding 2-bromoethanesulfonic acid. At an
inhibitor concentration of 10' M, methane for-
mation is not yet affected, but the oxidation is
blocked 50% (Fig. 7). Since approximately 8% of
the methane formed is oxidized in the sludge
(Table 4), the overall methane production could
be increased up to 4% with the above inhibitor
concentration. The fact that the relative stimu-
lation by iron sulfate, manganese dioxide, and
elevated methane pressures are all inhibited
equally by 2-bromoethanesulfonic acid suggest
that at least one step in the overall oxidation
process is sensitive to this coenzyme M analog
and remains the same regardless of the sub-
strates.
One explanation for our findings could be that

in the habitats investigated methane is oxidized
to a significant extent only through a coupled
two-step mechanism. In the first step, the meth-
anogenic bacteria activate methane and form
intermediates, e.g., acetate and methanol (31).
In the second step these compounds are subse-
quently oxidized to carbon dioxide by a non-
methanogenic population which is able to utilize
manganese dioxide or sulfate as an electron ac-
ceptor. This reaction catalyzed by methanogens
is under standard conditions endergonic. It can
shift into exogonic range if its products are con-
tinuously removed and kept at a very low con-
centration by organisms of the second step. The
stimulation of the oxidation found with man-
ganese dioxide and iron sulfate point in this
direction. Sulfate alone might not be able to
lower the concentration of the intermediates
enough, and in addition the free sulfide formed
may.be toxic. In presence of iron, however, the
concentration of free sulfide from sulfate reduc-
tion is very small and hence may result in a
more efficient substrate utilization. Table 5 gives
a further evidence that a dual step mechanism
might work in that increasing the pool size of
acetate, a possible intermediate (30), inhibits the
stimulating effect of manganese dioxide and iron
sulfate. The likely involvement of acetate-cleav-
ing methanogens rather than carbon dioxide re-
ducers is indicated by the fact that acetate is the
most important substrate for methane formation
in sludge (22) and sediments (29).
We do not pretend that our hypothesis pro-

vides a complete explanation for the geochemi-
cal observations in anoxic marine environments,
but our results provide reasonable evidence that
methane is not biologically inert in strict anaer-
obic ecosystems.
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