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Cell suspensions of Methylococcus capsulatus mineralized methyl bromide (MeBr), as evidenced by its
removal from the gas phase, the quantitative recovery of Br- in the spent medium, and the production of "4Co2
from ['4C]MeBr. Methyl fluoride (MeF) inhibited oxidation of methane as well as that of [14C]MeBr. The rate
of MeBr consumption by cells varied inversely with the supply of methane, which suggested a competitive
relationship between these two substrates. However, MeBr did not support growth of the methanotroph. In
soils exposed to high levels (10,000 ppm) of MeBr, methane oxidation was completely inhibited. At this
concentration, MeBr removal rates were equivalent in killed and live controls, which indicated a chemical
rather than biological removal reaction. At lower concentrations (1,000 ppm) of MeBr, methanotrophs were
active and MeBr consumption rates were 10-fold higher in live controls than in killed controls. Soils exposed
to trace levels (10 ppm) of MeBr demonstrated complete consumption within 5 h of incubation, while controls
inhibited with MeF or incubated without 02 had 50% lower removal rates. Aerobic soils oxidized ['4C]MeBr
to '4Co2, and MeF inhibited oxidation by 72%. Field experiments demonstrated slightly lower MeBr removal
rates in chambers containing MeF than in chambers lacking MeF. Collectively, these results show that soil
methanotrophic bacteria, as well as other microbes, can degrade MeBr present in the environment.

The release of methyl bromide (MeBr) to the atmosphere is
of environmental concern because of its destructive potential
with regard to stratospheric ozone (3, 30, 37). It is currently
believed that anthropogenic MeBr sources, such as from soil
fumigation, account for about one-third of its annual flux of
200 x 106 kg, with the rest derived from natural sources (2, 15,
17, 18, 33). The atmospheric residence time of MeBr is about
2 years, based on its reaction kinetics with hydroxyl radicals
(15, 33). However, the importance of chemical and biological
degradation of MeBr in soils and natural waters is not well
understood, either in limiting flux from localized soil applica-
tion (12, 37) or as a global sink for MeBr relative to hydroxyl
attack.
The chemical reactivity of MeBr includes its slow hydrolysis

to methanol and its nucleophilic substitution with other halides
and sulfide (10, 11, 13, 28, 35, 38). The latter reaction results in
the formation of methylated sulfur gases which are in turn
metabolized by methanogens in anoxic sediments (28). With
regard to aerobic degradation of MeBr, cell extracts of Methy-
lomonas methanica and Methylococcus capsulatus removed
MeBr from the gas phases of assay flasks (5, 6), and both
whole cells and extracts of M. capsulatus demonstrated mea-
surable respiration (02 consumption) when MeBr was a sub-
strate in lieu of methane (21). Collectively, these results
suggested that methane monooxygenase was responsible for
the observed MeBr consumption. Similarly, three species of
ammonium-oxidizing nitrifiers, Nitrosomonas europaea, Nitro-
solobus multiformis, and Nitrosococcus oceanus, consumed
MeBr, and inhibition patterns suggested involvement of am-
monia monooxygenase (31). However, all of these investiga-
tions were of very limited scope, in that they did not pursue
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broader aspects of MeBr metabolism by cells, its biochemical
constraints, or its environmental significance. We now report
on the ability of methanotrophs in culture, soils, and field
incubations to mineralize MeBr.

MATERMILS AND METHODS

Experiments with cell suspensions. Batch cultures (500 ml)
ofM. capsulatus were grown overnight (A680 = 0.42) in mineral
salts medium under a CH4-air (1:1) atmosphere at 37°C with
constant vigorous shaking (26). After each culture had been
allowed to grow overnight, each flask was opened and residual
CH4 was removed by sparging with N2 for 0.5 h. The cells were
dispensed (-3.0 mg [dry weight] in 20 ml) into serum bottles
(59 ml) and sealed with thick black butyl rubber stoppers. In
the initial experiments, we sealed cells under a starting partial
02 pressure equivalent to that of the growth conditions.
Suspensions were first sealed under N2, and the headspace was
subsequently altered by flushing with a mixture of 10% 02,
70% N2, and 20% CH4 gases, which was prepared in large
syringes (total volume injected and vented, 180 ml). Smaller
quantities of MeBr were added with syringes, and the bottles
were incubated at 37°C with shaking (300 rpm). Under these
conditions, solubility calculations estimated that 36% of the
MeBr was partitioned into the gas phase, with the remaining
64% dissolved in the liquid phase (1, 28, 32). Oxygen was
added to the samples by syringe injection as the need became
evident by the presence of negative pressures. Subsamples of
the gas phase were taken with syringes during the incubation
and immediately analyzed by gas chromatography for con-
sumption of CH4 and MeBr (see below). In another experi-
ment, the effect of increased CH4 concentrations upon the
consumption of MeBr was studied. Cell suspensions were
sealed with 1% MeBr and a range of CH4 concentrations (1,
2.5, 5, 10, 25, and 40%) and incubated as described above.
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Oxygen was injected periodically into the bottles containing
>5% CH4 as the need arose.
To determine the products of MeBr metabolism by cell

suspensions, we conducted an experiment with [14C]MeBr
(New England Nuclear, Boston, Mass.) (specific activity, 29.7
mCi/mmol; purity determined by flame ionization gas chroma-
tography, 100%). Cell suspensions (35 ml) were sealed in
serum bottles under air (gas volume, 80 ml), because they were
found to be capable of methane oxidation at this partial 02
pressure. Suspensions were otherwise treated as outlined
above. Sealed suspensions were injected with 1.44 [tCi of
[14C]MeBr. Cells were incubated with or without 3.5% CH4,
and controls consisted of boiled cells incubated with [14C]
MeBr and 3.5% CH4 or cells inhibited with 1.25% methyl
fluoride (MeF) and incubated with [14C]MeBr with or without
3.5% CH4. MeF inhibits methane monooxygenase (26). For
comparative purposes, we also incubated cells with 1.46 ,uCi of
'4CH4 (Amersham Corp., Arlington Heights, Ill.) (specific
activity, 56 mCi/mmol; purity, 97.5%) in lieu of the ['4C]MeBr.
These suspensions were incubated with or without 3.5% CH4.
The gas and liquid phases were subsampled during the exper-
iment for analyses of CH4 and CO2 and their radioactive
counterparts as well as for soluble products (see below). After
6.25-h incubation, the experiment was terminated by injecting
4 ml of 5 N HCI. The bottles were shaken continuously
overnight before analysis of the headspace for ICO, and
E '4CO2.
To determine if M. capsulatus was capable of growth on

MeBr, crimp-sealed tubes containing 10 ml of medium were
inoculated with 0.5 ml of fresh cell suspension. Tubes were
sealed under an atmosphere of 10% 02 and 90% N2 and
injected with 0.3, 0.6, and 1.2 ml of either MeBr or CH4. Tubes
were incubated overnight at 37°C with reciprocal shaking (200
rpm). Methane and MeBr levels were determined at the start
and end of the experiment, and growth was measured by
monitoring A680 with a Spectronic 21 colorimeter.

Experiments with methanotrophic soils. Methanotrophic
soils were taken from an agricultural field located in the
Sacramento River Delta and from a compost pile at the Palo
Alto Municipal Waste Treatment Center, as reported previ-
ously (26). Agricultural soils were dispensed (10 g; volume, -7
ml) into 59-ml serum bottles and crimp sealed under air with
thick black butyl rubber stoppers. Methane and small quanti-
ties of MeBr were added with syringes (see below and figure
legends for concentrations). Controls consisted of heat-killed
soils (autoclaved at 121°C and 250 kPa for 1 h), live soils
incubated without 02 (N2 flushed), or aerobic live soils without
CH4. Controls inhibited by 1% MeF (vol/vol) were incubated
under aerobic or anaerobic conditions. Compost material (200
g) was incubated in sealed mason jars fitted with septa for gas
sampling (26). Soils were incubated statically at 20°C. To
determine the products of MeBr consumption in soils,
[14C]MeBr (1.29 p.Ci) was added to agricultural soils (10 g in
59-ml serum bottles) and incubated with the same experimen-
tal variables and controls as listed above. After 4-h incubation,
5 ml of 1 N HCl was injected into each bottle to generate a
slurry, and samples were shaken overnight before the head-
space was analyzed for 114CO2. Subsequently, the bottles were
opened, and 15 ml of deionized water was added to each bottle
to make a fluid slurry. The bottles were resealed and shaken
for 1 h to achieve homogeneity before being reopened, and the
contents were poured into centrifuge tubes. Slurries were
centifuged at 5,000 x g for 30 min, and the supernatant was
saved and stored at -20°C for analysis of soluble intermediates
(see below).

Field incubations with static chambers. Triplicate sets of

circular plexiglass flux chambers (gas phase volume, 4 liters;
area, 284 cm2) were deployed on the moist sediment surface of
an exposed freshwater lake bed at Searsville Lake, Calif. (27)
and injected with traces of MeBr (3 ppm). Dichlorofluoro-
methane (HCFC-21) and dichlorodifluoromethane (CFC-12)
were also injected at final concentrations of 3 and 1 ppm,
respectively. Sulfur hexafluoride (2 ppm) was added to serve as
a biologically and chemically inert internal standard to detect
against the possible loss of trace gases due to leakage. Exper-
imental manipulation consisted of the addition of 1% MeF to
inhibit methanotrophic bacteria (26, 27). Details on the de-
ployment and operation of the chambers have been published
elsewhere (25, 27).

Analytical methods. Gas chromatographic analyses were
carried out with flame ionization and/or electron capture
detectors as described previously (23, 26, 28, 29). A column
(4.6 m by 0.42 cm) consisting of Krytox 143 A (60/80 mesh) on
a Graphpak support (Alltech Associates, San Jose, Calif.) was
used for separation and quantification of MeBr. Ion chroma-
tography was employed to measure the quantity of bromide
ions present in medium exposed to MeBr with and without live
cells (26). Separation and detection of possible '4C-labelled
soluble intermediates from the soil experiments was achieved
by collecting fractions eluting from a high-performance liquid
chromatograph (HPLC), followed by liquid scintillation count-
ing of the fractions (8). Retention intervals for potential
14C-labelled intermediates, including formate (4.5 to 8.0 min),
methanol (8.5 to 11.0 min), and acetate (11.5 to 13.5 min),
were made by injection of authentic radioisotopes into the
HPLC which was equipped with an in-line radiation detector
(7). However, because the detection limit of this method was
relatively high (-5 nCi/100-,ul injectant), we could not employ
it for sample analyses. Radioactive gases were separated and
quantified by gas chromatography coupled with gas propor-
tional counting (8).

RESULTS

Experiments with cell suspensions. Cells were able to
consume 1% MeBr while oxidizing CH4, but CH4 was not
required for cells to achieve MeBr consumption (Fig. 1). In
contrast, neither gas was consumed in an autoclaved control.
The rate of consumption of 1% MeBr varied inversely with the
supply of CH4 (Fig. 2). At high concentrations of MeBr (.-5%
[vol/vol] initial gas phase), cell suspensions neither oxidized
methane nor consumed MeBr (not shown).

Cells which metabolized MeBr accumulated Br- in the
spent fluid, while autoclaved controls did not. We quantified
Br- accumulation in an experiment by using a larger cell
volume (40 ml of fluid under 60 ml of gas phase) to which we
added 28 ,mol of MeBr plus 120 ,umol of CH4. After 4 h, all
the MeBr and 82% of the CH4 were consumed. The final Br-
concentration was 0.7 mM, which was equivalent to 28 pmol of
Br- present in the 40 ml of spent fluid. This was in stoichio-
metric balance with the amount of MeBr injected. The Br
concentration in the sterile medium was 0.06 mM, and deion-
ized water incubated under air plus MeBr did not consume
MeBr or accumulate Br- after a 24-h incubation.

Cells incubated with ['4C]MeBr formed 14CO2 (Fig. 3).
Killed controls or cells inhibited with MeF did not form '4CO,
(Fig. 3A) or consume CH4 (Fig. 3B). Production of '4CO,
slowed after 1 to 3 h of incubation, but injection of additional
[14C]MeBr after 3.5 h to one of the cell suspensions increased
the rate of '4CO2 production (Fig. 3A). The recovery of '4Co0
from cells incubated with CH4 and 2.88 ,uCi of [14C]MeBr was
1.98 pCi, which represented 69% conversion. This value would
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FIG. 1. Headspace methane (CH4) and MeBr (CH3Br) concentra-

tions during incubation of cell suspensions of M. capsulatus. The levels
of CH4 (-) and MeBr (O) in a live cell suspension, the levels of CH4
(V) and MeBr (v) in a heat-killed control, and the level of MeBr (0)
in a live cell suspension incubated without CH4 are shown. A total of
20 ,umol of MeBr was initially enclosed (gas phase volume, 37 ml).

likely have been higher had the experiment been allowed to
continue after 6 h. Cells incubated without CH4 and with only
1.44 ,uCi of [14C]MeBr formed 0.69 ,uCi of 14C02, which
represented 48% conversion. Cells incubated with 14CH4
consumed this gas (not shown) and produced 14C02 (Fig. 3A);
however, consumption of 1 CH4 was more extensive and
produced more 14C02 in the cells incubated with CH4. Cells
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FIG. 2. Effect of CH4 on the rate of MeBr (CH3Br) consumption
from the headspaces of cell suspensions of M. capsulatus. The cells
were incubated with the following percentages of CH4: 1.0 (A), 2.5
(0), 5.0 (A), 10 (0), 15 (l), 25 (*), and 40 (M). A heat-killed control
(+) is also shown. A total of 20 pumol of MeBr was initially enclosed
(gas phase volume, 37 ml).
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FIG. 3. Production of 14C02 (A) and consumption of CH4 (B)

from the headspaces of cell suspensions of M capsulatus. The cells
were incubated with ['4C]MeBr (A), [14C]MeBr plus CH4 (0),
[I4C]MeBr plus MeF (V), [14C]MeBr plus MeF plus CH4 (A), 14CH4
(A), or 14CH4 plus CH4 (0). Heat-killed cells were incubated with
[14C]MeBr plus CH4 (O). The arrow indicates the injection of addi-
tional [14C]MeBr only to cells incubated with ['4C]MeBr (A). Because
of overlapping symbols, we have displayed A and V at one offset time
point.

incubated with CH4 consumed 94% of the 14CH4 by 6 h, while
cells incubated without CH4 consumed only 52% of the 14CH4.
The percents recovery of 14C02 from 14CH4 were 54 and 46,
for cells incubated with and without CH4, respectively. No loss
of MeF was observed over the incubation period (data not
shown).
Medium inoculated with M. capsulatus did not demonstrate

any growth of the methanotroph on MeBr, although significant
amounts of MeBr were consumed. After 25 h of incubation,
sealed tubes with 12, 24, and 48 Lmol of MeBr had consumed
6, 7, and 29 ,umol of the gas, respectively, but had demon-
strated no increase in absorbance. In contrast, inocula incu-
bated with similar amounts of CH4 in lieu of MeBr consumed
all of the enclosed gas and had A680 increases of 0.02, 0.04, and
0.09, respectively.
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FIG. 4. Consumption of gases by soils incubated with MeBr

(CH3Br) (10,000 ppm) (closed symbols) plus CH4 (open symbols).
Aerobic live soils (A, A), anaerobic live soils (*, O), autoclaved
aerobic soils (0, 0), and aerobic soils without CH4 (A) were tested.
Each point represents the mean of three soil samples, and each error
bar represents ± 1 SD. The absence of bars indicates that the error bar
was smaller than the symbol.

Experiments with soils. Soils incubated with 10,000 ppm of
MeBr did not oxidize CH4 but did demonstrate a slow con-
sumption of MeBr over a 2-week period (Fig. 4). However,
equivalent rates of MeBr consumption were displayed in all of
the experimental variables, which included autoclaved con-
trols, anaerobic soils, and aerobic soils with and without CH4.
Soils incubated with 10-fold-less MeBr (1,000 ppm) clearly
demonstrated microbial activity (Fig. 5). In live samples,
removal of MeBr preceded that of CH4 and was nearly
complete before methane consumption was apparent. In addi-
tion, consumption of MeBr did not require the presence of
CH4. In contrast, an autoclaved control did not consume
methane and demonstrated a loss of only 17% of the MeBr by
90 h. A live anaerobic control did not demonstrate any loss of
methane but did exhibit a 57% decline in MeBr concentration
by 90 h (not shown).

Soils incubated with trace levels of MeBr (10 ppm) demon-
strated a rapid consumption of the gas (Fig. 6). Aerobic soils
consumed MeBr at an initial rate of -0.28 nmol g-' h-', while
aerobic soils inhibited with MeF had a 50% lower rate (-0.14
nmol g-1 h-1). The aerobic controls inhibited with MeF had
MeBr removal rates comparable to those of the anaerobic
controls incubated with or without MeF. Autoclaved controls,
after the first 2 h of incubation, had a markedly lower rate of
MeBr consumption than did the live soils.
The inhibitory effect of MeF on MeBr (10 ppm) consump-

tion was not observed with compost material, although nearly
all the MeBr was consumed by 5-h incubation (not shown).
Compost not inhibited with MeF had a rate of consumption of
0.099 + 0.073 nmol g'- h- 1, while compost inhibited with MeF
had a rate of 0.090 ± 0.015 nmol g-' h-' (n = 3; +1 standard
deviation [SD]). The consumption rate in the anoxic samples
was 0.063 ± 33 nmol g-' h- .
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FIG. 5. Consumption of gases by soils incubated with MeBr

(CH3Br) (1,000 ppm) (closed symbols) and CH4 (open symbols).
Aerobic soils incubated with CH4 (-, O), aerobic soils without CH4
(A), and autoclaved soils (0, 0) were used. Each point represents the
mean of three soil samples, and each error bar represents + 1 SD. The
absence of bars indicates that the error bar was smaller than the
symbol.

Soils incubated with [14C]MeBr demonstrated the oxidation
of [14C]MeBr to 14C02 (Table 1). MeF addition to aerobic
soils decreased 14CO2 production by 72% from that in soils
without MeF. Anaerobic soils also produced 14CO2 but
achieved only 15% of the oxidation attained under aerobic
conditions. MeF did not affect the amount of 4CO2 produced
by anaerobic soils. No 14CH4 was detected in any of the
samples. We were unable to detect the presence of 14C-
labelled products with the HPLC and in-line radiation detec-
tor, but we did detect small quantities of formate, methanol,
and acetate when we collected and counted fractions eluting
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FIG. 6. Consumption of MeBr by soils incubated with 10 ppm
MeBr. Symbols: 0, aerobic; A, autoclaved; V, aerobic and with MeF;
*, anaerobic; l, anaerobic and with MeF. Each point represents the
mean of three soil samples, and each error bar represents ± 1 SD. The
absence of bars indicates that the error bar was smaller than the
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TABLE 1. Oxidation of ["'C]MeBr by soils

Condition 14C02 (nCi) % Oxidation'Condition ~ (mean ±SD) (mean ±SD)

Aerobic 558 ± 30 43.3 ± 2.3
Aerobic + 1% MeF 158 + 41 12.3 ± 3.2
Anaerobic 85 + 15 6.6 + 1.2
Anaerobic + 1% MeF 73 ± 1.6 5.7 + 0.1
Autoclaved 0 0 0 0

a Based on a 4-h incubation period with 1.29 ,Ci of MeBr (n = three soil
samples).

from the HPLC. Percent conversions of [14C]MeBr to formate,
methanol, and acetate in the different soils were, respectively,
1.5, 2.3, and 0.26 (aerobic soils), 0.7, 4.4, and 0.5 (anaerobic
soils), 0.7, 2.2, and 0.04 (autoclaved soils), and 0.9, 3.5, and 0.2
(aerobic soils with MeF).

Field experiments with flux chambers. MeBr concentrations
in the flux chambers declined steadily over the 2-day incuba-
tion, and consumption was slightly inhibited by the presence of
MeF (not shown). After 22-h incubation, differences in MeBr
concentrations between control chambers and chambers con-
taining MeF were the most pronounced, being 11 ± 4 nmol
liter-' in control chambers and 23 ± 4 nmol liter-' in the
chambers containing MeF (mean of three chambers ± 1 SD).
By the end of the incubation (46 h), most of the MeBr (>95%)
was removed from chambers with and without MeF. In con-
trast, there was significantly less loss of HCFC-21 over the
same period, and a slight inhibitory effect of MeF was discern-
ible in that by 46 h chambers without MeF consumed 39% of
the HCFC-21 while those containing MeF consumed 28%.
There was no observable loss of CFC-12 during this experi-
ment and concentrations in chambers with and without MeF
were virtually identical after 46 h (31 ± 3 nmol liter-').
Likewise, the internal standard sulfur hexafluoride levels did
not vary, being 72 ± 1 and 67 ± 6 nmol liter-' at the start in
the chambers without and with MeF, respectively. After 46 h,
these values were the same (71 ± 3 nmol liter-') in both sets
of chambers. The quantity of methane which accumulated in
the chambers increased during the incubation, but there was
much variability from chamber to chamber. At the start,
methane concentrations were 13.6 ± 0.4 (chambers without
MeF) and 46.5 ± 63.3 (chambers with MeF) ,umol liter-'.
After 46 h, the methane levels were 1,965 ± 1,230 (uninhibit-
ed) and 1,501 ± 1,179 (MeF inhibited) pumol liter-'.

DISCUSSION

MeBr can be readily metabolized by methane-oxidizing
bacteria (Fig. 1), and the stoichiometric recovery of Br- (see
Results) along with the oxidation of [14C]MeBr to 14CO2 (Fig.
3) demonstrates that cell suspensions achieve mineralization
by complete oxidation. DeFlaun et al. (9) reported the stoi-
chiometric recovery of Cl- and F- ions from metabolism of
selected hydrofluorocarbons and hydrochlorofluorocarbons by
Methylosinus trichosporium as evidence of oxidation. Presum-
ably, MeBr undergoes a pattern of oxidation identical to that
of methane, in which methanol, formaldehyde, and formate
are sequential metabolites. Alternatively, hydroxylation of
MeBr would ultimately result in the formation of formalde-
hyde and HBr. Formaldehyde was detected when N. europaea
metabolized MeBr (31).
The fact that high levels of MeBr inhibited methane oxida-

tion as well as consumption of the MeBr itself suggests that it
is a competitive inhibitor of methane monooxygenase, much

like MeF (26). This conclusion is reinforced by the observa-
tions of the antagonistic effect of CH4 upon the rates of MeBr
consumption by cell suspensions (Fig. 2) and of the inhibition
of "'CO2 production by MeF (Fig. 3). MeBr is unlike MeF, in
that MeBr is highly chemically reactive and can form methanol
from its hydrolysis with water (35). However, hydrolysis is a
relatively slow reaction compared with nucleophilic substitu-
tion with other halides (10, 11). Indeed, the fact that we did not
observe a significant loss of MeBr in any of the autoclaved
controls (Fig. 1 to 3), even after 24-h incubation (Fig. 1), shows
the potential for the rates of biological oxidation far exceeding
those of chemical reactivity. This observation is important
when considering the possible sinks for MeBr in soils (see
below).

Cell suspensions were able to oxidize MeBr in the absence of
CH4 (Fig. 1), but they could not utilize it as a growth substrate
(see Results). The inability of M. capsulatus to grow on 30%
MeBr was observed previously (20), although at that high a
level, MeBr would have certainly inhibited its own oxidation.
Since we did not observe growth but did observe the partial
consumption of MeBr at much lower concentrations (2, 4, and
8%), perhaps metabolism of MeBr occurs via a fortuitous
oxidation (34).

Soils responded somewhat differently to MeBr than did the
cell suspensions, and being composed of a diversity of microbes
rather than a monoculture of methanotrophs, this is to be
expected. In soils, the slow consumption of 1% (10,000 ppm)
MeBr over a 2-week period was entirely due to chemical
reactions (Fig. 4), whereas 1% MeBr was oxidized rapidly by
cell suspensions and chemical degradation was not observed
(Fig. 2). Hence, methanotrophs in these soils were inhibited
from oxidizing both methane and MeBr when the latter was
present at too high a concentration. When the MeBr concen-
tration was lowered by an order of magnitude, the biological
consumption of MeBr was readily apparent and complete
within about 40 h (Fig. 5). Trace levels (10 ppm) of MeBr were
consumed within a few hours (Fig. 6), and the addition of MeF
to aerobic samples caused about 50% inhibition and slowed
the rate of consumption to that of the live, anaerobic soils. This
result implies that methanotrophs were responsible for about
half of the initial MeBr oxidation but that other processes,
including perhaps anaerobic reactions involving methanogens
(28) or acetogens (19, 36) may have contributed to the
biological degradation of MeBr. However, since we did not
detect "'CH4 or significant amounts of ["4C]acetate in the
radioisotope experiments (see Results), these microbes did not
appear to play a major role, at least during the 4-h duration of
the incubation. Hence, the activity of other microbes is in-
ferred. This conclusion was reinforced by our experiments with
compost material. Here the contribution of methanotrophs to
the rapid consumption of MeBr was not obvious from the MeF
inhibition data (see Results) and the significant involvement of
other microbes to the degradation of MeBr was implied.
The soil radioisotope experiment supported the observa-

tions we made in the gas metabolism studies. Methanotrophs
appear to have accounted for as much as 72% of the activity
detected (Table 1). However, significant 14CO2 was also found
in the aerobic MeF-inhibited samples as well as in the anaer-
obic samples. This result reinforces the conclusion that meth-
anotrophs and nitrifiers, both of which are inhibited by MeF
(23, 26), are not the only microbes in soils which can attack
MeBr. We did detect small quantities of [14C]methanol (2.2 to
4.4%) in all the samples, including the autoclaved controls. It
is possible that some of the 14CO2 recovered in the anaerobic
samples was due to oxidation of [14C]methanol, possibly by
denitrifying bacteria.
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Our results have implications for the fate of MeBr in soils.
Clearly, we have observed that MeBr can be easily oxidized by
various soil bacteria at rates which greatly exceed any chemical
consumption. Chemical kinetic experiments with soils or nat-
ural waters should consider microbial consumption as a poten-
tially important "sink." Thus, work with sterilized samples
should be undertaken or at least the specific products of the
anticipated reactions should be measured (e.g., methanol,
methyl chloride, and carbon dioxide) rather than assuming that
all observed loss of MeBr can be attributed solely to chemical
processes. Quantitative recovery of products from various
MeBr nucleophilic reactions has been reported for seawater
(10, 11), but attempts to model MeBr hydrolysis to methanol in
soils may have been clouded by unanticipated microbial deg-
radation (12).
Although our results show that methanotrophs can oxidize

MeBr and presumably this activity is conferred upon ammonia
monooxygenase-containing nitrifiers as well (31), it is not clear
if significant microbial consumption occurs during agricultural
fumigation operations. In practice, nearly 0.3 mol of MeBr
m-2 is injected into the upper 0.3 m of topsoil and retained
therein for several days by immediately covering the soil with
an impermeable plastic tarp (37). At these high levels of MeBr,
it is likely that the biochemical mechanisms for its oxidation
are strongly impaired. High levels of MeBr inhibit methane
oxidation in cultures (see Results) and in soils (Fig. 4), as well
as ammonia oxidation by N. europaea (24). In addition, MeBr
acts as a competitive inhibitor of methane oxidation (Fig. 2).
Therefore, it is likely that fumigated soils are exposed to a high
enough quantity of MeBr to preclude its consumption by soil
microbes. Indeed, field flux data indicate that most of the
MeBr injected into dry soils is released after the tarps are
removed (37). In addition, we have observed a marked in-
crease in subsurface soil methane levels from a prefumigation
value of 0.27 mmol m-2 to a postfumigation value of 13.9
mmol m-2, which suggests that MeBr inhibited soil methan-
otrophy (22). Collectively, these results imply that microbial
consumption of MeBr will be confined to the spatial or
temporal "margins" of fumigation operations, where MeBr
concentrations are at low enough levels to be metabolized.
This could be at the periphery of the fields or within the fields
themselves after the tarps are removed and a significant
amount of the MeBr has escaped to the atmosphere.
The results from our field deployment of flux chambers show

that consumption of trace quantities of MeBr from the en-
trapped atmosphere is possible (see Results). However, on the
basis of MeF data, we did not observe a major contribution
from methane-oxidizing bacteria to MeBr removal. Indeed, the
methane data from the chambers did not suggest a particularly
active methanotrophic community, because there was no en-
hanced methane accumulation with MeF as was observed
previously at this site (27). Nonetheless, the rate of MeBr
consumption greatly exceeded that of HCFC-21, and there was
no observable loss of CFC-12. This is a significant observation,
because although oxidation of HCFC-21 has been reported for
M. trichosporium (9), and CFC-12 is consumed by anaerobic
soils and by Clostridium pasteurianum (16), presently there are
no "guideposts" which reconcile how significant these reac-
tions are under field conditions or how rapidly they proceed
in relation to one another. Clearly, the order of degradation is
MeBr > HCFC-21 > CFC-12, a sequence which fits with the
chemical reactivity of these gases. Whether microbial oxidation
in soils can constitute a significant global sink for atmospheric
MeBr as it does for atmospheric methane (4) was not ad-
dressed in our studies. Atmospheric methane mixing ratios are
about 1.7 ppm, while they are about 5 to 6 orders of magnitude

lower for MeBr (15, 18, 33). However, field deployments of
flux chambers over termite mounds yielded some detectable
consumption of atmospheric mixing ratio quantities of CFC-11
and CFC-12 (14). It would be of interest if similar studies can
be extended to MeBr.
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