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Difluoromethane (HFC-32; DFM) is compared to acetylene and methyl fluoride as an inhibitor of methan-
otrophy in cultures and soils. DFM was found to be a reversible inhibitor of CH, oxidation by Methylococcus
capsulatus (Bath). Consumption of CH, in soil was blocked by additions of low levels of DFM (0.03 kPa), and
this inhibition was reversed by DFM removal. Although a small quantity of DFM was consumed during these
incubations, its remaining concentration was sufficiently elevated to sustain inhibition. Methanogenesis in anaer-
obic soil slurries, including acetoclastic methanogenesis, was unaffected by levels of DFM which inhibit meth-
anotrophy. Low levels of DFM (0.03 kPa) also inhibited nitrification and N,O production by soils. DFM is
proposed as an improved inhibitor of CH, oxidation over acetylene and/or methyl fluoride on the basis of its
reversibility, its efficacy at low concentrations, its lack of inhibition of methanogenesis, and its low cost.

Methane (CH,) is an atmospheric trace gas which signif-
icantly affects the Earth’s radiative balance (15). Methane
produced in near-surface, water-saturated environments con-
tributes to the observed increase in the concentration of tro-
pospheric methane which has occurred over the past two cen-
turies (5, 12). Aerobic methane-oxidizing bacteria can diminish
the outward methane flux from these environments by con-
suming as much 90% of the methane initially available for
transport (13, 22).

Much has been learned about the role of methanotrophs in
controlling methane concentrations through the use of specific
inhibitors of methane monooxygenase (1, 21). A common field
technique for measuring methane oxidation involves determi-
nation of the difference between the flux of CH, before and
after addition of inhibitors to chambers (6, 14, 22). Among the
inhibitors employed, acetylene (C,H,) and methyl fluoride
(CH5F, MeF) have proven particularly useful because of their
high solubilities in water (31) and the ease with which they
penetrate to the site of methane oxidation. This latter point
eliminates the need for physical disruption of the assayed ma-
terial, which would be required to ensure effective dispersion
of nongaseous inhibitors (6, 21, 22, 28).

To be considered truly “specific,” an inhibitor must not
affect any microbes other than those targeted, a situation which
in actuality has never been achieved (21). In practice, all “nov-
el” inhibitors have some drawbacks, which eventually become
revealed over the course of their continued usage by various
investigators. For example, both C,H, and MeF are used at a
level of 1 to 2 kPa to block methanotrophy, but they also can
inhibit methanogenesis under certain conditions (8, 9, 10, 14,
16, 23, 25). For field studies, unintended inhibition of metha-
nogenesis could lead to underestimates of the outward CH,
flux. This occurs if the CH, flux from the zone of methano-
genesis to the zone of oxidation is small (14) or if the residence
time of CH, in the oxidation zone is short (16). Rather than
determining the source strength of both diffusive and au-
tochthonous CH, for each study to overcome this situation, it
would be easier to identify an inhibitor which does not block
methanogenesis when administered at the same concentration
at which it blocks methanotrophy.
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Difluoromethane (DFM) was previously shown to inhibit
methanotrophy by cell suspensions of Methylococcus capsulatus
when applied at 1/10 the concentration typically used for MeF
(0.1 kPa of DFM [17] versus 1.0 kPa of MeF [6, 22, 23]). We
now show that very low levels of DFM (0.03 kPa) inhibit
methane oxidation by soil bacteria while higher concentrations
(0.1 kPa) were required to inhibit acetoclastic methanogenesis.
Hence, DFM should prove a useful tool in the study of CH,
cycling in cases where a close spatial proximity of production
and oxidation occur, such as in soils, sediment surfaces, and the
rhizosphere associated with aquatic plants.

MATERIALS AND METHODS

Solubility and purity of gases. Aqueous concentrations of DFM, MeF, and
C,H, were determined by using Bunsen coefficients (o) for each compound in
pure water at 25°C applied to the following equation (7):
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Concentration of dissolved gas (ml/ml) =

where A is the aqueous volume, B is the gas volume, and p is the partial pressure
in atmospheres. Values of « (in milliliters per milliliter) used were 1.2 for DFM
(1a), 1.0 for MeF (8), and 0.9 for C,H, (2). Concentrations calculated in this way
are overestimates of the true aqueous concentrations because no allowance is
made for the “salting-out” effect of gases with increased salinity and particle
concentration in slurries and cell suspensions. DFM (minimum purity, 99.5%)
and MeF (minimum purity, 98%) were obtained from Lancaster Synthesis Inc.,
Windham, N.H., and CH, (minimum purity, 99.9%) was obtained from Praxair
Inc., Danbury, Conn. Acetylene was generated by reaction of calcium carbide
with water. Working standards for CH, and N,O analyses were obtained from
Scott Specialty Gases, Plumsteadville, Pa.

Methanotrophic cultures. Batch cultures of M. capsulatus (Bath) were grown
overnight in mineral salts medium under a methane-air (3:5) atmosphere at 37°C
with constant shaking (17, 30). Cell suspensions (20 ml) were dispensed into
serum bottles (57 ml) and sealed under air with butyl rubber stoppers. Methane
(5.0 kPa) and an inhibitor (DFM, MeF, or C,H,) were added via a syringe after
the bottles were sealed. The inhibitors were added at the concentrations indi-
cated in the Results. Inhibition was monitored in one experiment where cell
suspensions were incubated (with shaking at 200 rpm in the dark at 37°C) for 45 h
and the headspace was sampled for determination of the CH, concentration. In
a separate experiment, cell suspensions were incubated for 4.5 h and, after
consumption or inhibition was verified, the stoppers were removed and the
samples were allowed to ventilate overnight to eliminate the inhibitors. The
bottles were then resealed, and more CH, was added to the headspace via a
syringe. The cell suspensions were incubated (with shaking at 200 rpm in the dark
at 30°C) for 28 h, and the headspace gases were sampled for CH,.

Soil incubations. (i) Methanotrophy. Soil samples from two sites in central
California were tested for DFM inhibition of methane oxidation. The upper 2 cm
of a seasonally exposed lake bed on the shoreline of Searsville Lake (18, 22, 23)
was collected and air dried for 2 days before being sealed in glass jars with screw
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caps and stored at 4°C for up to 2 months before use. Methanotrophic soils from
Sherman Island (23) were stored similarly for up to 2 years at 4°C prior to
reconstitution of methane-oxidizing activity in the laboratory. The effect of the
added inhibitor (DFM, MeF, or C,H,) on the oxidation of methane was deter-
mined on soils (5 g) dispensed into 37- or 57-ml serum bottles and crimp sealed
under air with butyl rubber stoppers (gas-phase volumes, ~33 and ~53 ml,
respectively). After sealing, gases (CH4, DFM, C,H,, and MeF) were injected at
the concentrations indicated in Results. All soil samples were incubated without
shaking in the dark at ~21°C, and the headspace was sampled via a syringe for
the determination of gaseous hydrocarbons and halocarbons. Killed control soils
were autoclaved (121°C at 203 kPa for 1 h). To determine the reversibility of the
inhibitory effect of added DFM and to contrast it with that of C,H, which is not
reversible, Sherman Island soils were sealed as above (5-g sample in a 57-ml
serum bottle), and CH, and an inhibitor (DFM or C,H,) were added via a
syringe at concentrations indicated in Fig. 4. After 24 h of exposure of the
samples to the added gases, the stoppers were removed, the samples were
allowed to ventilate overnight, and the bottles were then resealed and more CH,
was added. The samples were incubated as above for 14 days, during which time
headspace CH, was measured.

(ii) Nitrification. The inhibitory effect of DFM and MeF on nitrification and
N,O production was studied with samples of Searsville Lake soil (5 g) dispensed
in 57-ml serum bottles and wetted with 0.1 ml of 2 M NH,CI; the bottles were
sealed under air. Inhibitors were added via a syringe at the concentrations
indicated in Results, and the N,O concentrations were determined by sampling
the headspace of the bottles during the incubation. Nitrification, evaluated as soil
NH,* consumed or s0il NO;~ + NO,~ produced, was determined by measuring
dissolved inorganic nitrogen extracted from 5 g of soil by using 2 M KCI (20 ml)
and overnight shaking followed by centrifugation (12,000 X g for 10 min) and
collection of the supernatant. The supernatant was filtered (pore size, 0.4 pm)
and stored at 4°C for up to 7 days before being analyzed by colorimetry (11, 26,
29). The detection limit for NH," was 100 M, corresponding to 400 nmol g of
soil ™!, while the detection limit for NO;~ + NO, ™ was 50 uM, corresponding to
200 nmol g of soil ..

Anaerobic soil slurry incubations. The inhibitory effect of added DFM on
methanogenesis was examined in slurry experiments with soil collected from two
locations at Searsville Lake: the seasonally exposed lake bed described above,
and the suboxic zone of the lake. Slurries were prepared by mixing equal parts of
soil and phosphate buffer (0.25 g of K,HPO, per liter, 0.25 g of KH,PO, per liter
[pH = 6.2]) (24) in a blender under flowing N,. Slurries (20 ml) were dispensed
into 57-ml serum bottles (headspace volume, 37 ml) with or without added
acetate (5 mM), and the bottles were sealed with butyl rubber stoppers and
flushed with N, for 5 min. Some slurries were flushed with H,, and additional H,
was added via a syringe as needed during the incubation of these slurries. Slurries
with or without added DFM (0.1 kPa = 35 uM aqueous phase, added after 1 day)
were incubated with rotary shaking (200 rpm in the dark at ~21°C). Headspace
gases (DFM and CH,) were sampled over the course of the incubation.

To determine the effect of added inhibitors (DFM and MeF) on acetoclastic
methanogenesis, slurries (20 ml in 57 ml serum bottles) were preincubated under
N, for 2 days, during which time they produced CH,. They were then flushed
with N, and injected with [2-'*Clacetate (0.05 ml of 24.3 pCi ml™!, 57 pCi
umol ! [ICN Radiochemicals]). The slurries were incubated (as above) with or
without inhibitors for 3 days, during which time headspace gases were sampled
via a syringe for determination of '*CH, and '*CO,.

Analyses. Hydrocarbons and halocarbons (CH,, C,H,, MeF, and DFM) were
quantified by flame ionization gas chromatography (22). Retention times were as
follows: CH,, 0.63 min; CH5F, 1.13 min; C,H,, 1.24 min; DFM, 1.33 min. N,O
was quantified by ®*Ni electron capture detector gas chromatography (18). The
carrier (P-5; 5% CH,, balance argon) flow was 30 ml min~"'. "*CH, and *CO,
produced from added [2-'*Clacetate during the methanogenesis experiments
was quantified by gas chromatography in series with gas proportional counting
(4) after separation on a Porapak S column (2.4 m by 0.16 cm [inside diameter])
(19) at 40°C. The carrier (He) flow was 25 ml min~'.

RESULTS

Methanotrophic cultures. DFM, MeF, and C,H, added at
1.0 kPa each inhibited the oxidation of CH, by cell suspensions
of M. capsulatus (Fig. 1). DFM added at 0.1 kPa also inhibited
methane oxidation. In a separate experiment, DFM inhibition
of methane oxidation by cell suspensions of M. capsulatus was
shown to be reversible. Methane-oxidizing activity resumed,
following removal of the inhibitors, in the uninhibited and in
DFM- and MeF-inhibited suspensions but not in the auto-
claved or acetylene-inhibited cell suspensions (Fig. 2).

Soil incubations. (i) Methanotrophy. Complete oxidation of
5.0 kPa of CH, occurred by 7 days in unamended Searsville
Lake soil and in soil with 0.001 kPa of added DFM (Fig. 3A).
No oxidation of CH, occurred in autoclaved soil or in soil
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FIG. 1. Effect of DFM, MeF, and C,H, on the oxidation of CH, by cell
suspensions of M. capsulatus at 37°C. Symbols: A, no additions; O, 0.1 kPa of
DFM added; V, 1.0 kPa of DFM added; <, 1.0 kPa of MeF added; (J, 1.0 kPa of
C,H, added; +, heat killed. Symbols represent the mean of three cultures, and
the error was smaller than the symbol size.

amended with 0.1 kPa of DFM, while partial oxidation was
observed in soil with 0.01 kPa of DFM. During these incuba-
tions, the 0.001-kPa DFM was completely consumed, as was
89% of the added 0.01-kPa DFM, whereas there was only a
slight (16%) consumption of the 0.1-kPa DFM (Fig. 3B).

Both 0.03 and 0.05 kPa of DFM completely inhibited oxida-
tion at two CH, concentrations (5.0 or 0.05 kPa of CH,), and
significant inhibition was also achieved with 0.01 kPa of DFM
(Table 1). There was little consumption of DFM when it was
added at the 0.05-kPa level, although consumption was more
evident at the lower applied levels of DFM. In no case, how-
ever, was DFM completely removed from the headspaces dur-
ing the incubation.

DFM inhibited the oxidation of 5% CH, in Sherman Island
soil that had been stored for 2 years. Methane-oxidizing activ-
ity was apparent in these soils after several days incubation,
and 0.01 and 0.1 kPa of DFM completely inhibited this activity
(Fig. 4). Addition of 0.001 kPa of DFM resulted in transient
inhibition of methane oxidation. DFM inhibition of CH, oxi-
dation in stored soils was reversible. After removal of DFM,
the methane-oxidizing activity in soils that had been exposed to
0.03 kPa of DFM was similar to the activity in uninhibited soils
(Fig. 5). Similar results were observed in soils exposed to 0.05
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FIG. 2. Recovery of methane oxidation by cell suspensions of M. capsulatus
after exposure to inhibitors for 4.5 h and removal of inhibitors at 30°C. Symbols:
A, no additions; O, 0.1 kPa of DFM added; V, 1.0 kPa of DFM added; <, 1.0 kPa
of MeF added; [, 1.0 kPa of C,H, added; + heat killed. Symbols represent the
mean of three cultures, and the error was smaller than the symbol size.
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FIG. 3. Consumption of added CH, (A) and DFM (B) during aerobic incu-
bations of Searsville Lake soil. Symbols: A, no additions; O, 0.001 kPa of DFM
added; V, 0.01 kPa of DFM added; <, 0.1 kPa of DFM added; +, heat killed.
Error bars indicate =1 standard deviation of the mean of three soil samples.
Heat-killed control data are from single analyses. The absence of error bars
indicates that the error was smaller than the symbol size.

kPa of DFM for 6 days (data not shown). In contrast, methane
oxidation in soils exposed to 1.0 kPa of C,H, remained inhib-
ited after the C,H, had been removed.

(ii) Nitrification. DFM inhibited bacterial nitrification in
soils with added NH,Cl (Table 2). Addition of 0.03, 0.05, or 1.0
kPa of DFM or 1.0 kPa of MeF resulted in the inhibition of
both ammonium oxidation and production of NO;~ + NO, ",
while 0.01 kPa of DFM resulted in partial inhibition of nitri-
fication. DFM also inhibited the production of N,O in soils

TABLE 1. Inhibition of methane oxidation and consumption of
DFM in Searsville Lake soil during 6- to 7-day incubations with two
levels of CH, and various levels of added CH,F,

CH, DFM
Inhibitor added a a
(kPa) Consumcﬂl Inhibited Consumcfil Consumed
(nmol g % (nmol g %
gt (%) i (%)

5.0 kPa of CH,

None 4,261 0

DFM (0.01) 286 93 2.50 67

DFM (0.03) 104 98 2.30 20

DFM (0.05) 43 99 1.16 6
0.05 kPa of CH,

None 11.9 0

DFM (0.01) 2.22 81 0.90 28

DFM (0.03) —0.95° 100° 0.50 5

DFM (0.05) 0.09 99 1.63 9

¢ Calculated as (initial concentration — final concentration)/elapsed time;

means of three soil samples.
® Slight production occurred during incubation.
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FIG. 4. DFM inhibition of methane oxidation during aerobic incubation of
Sherman Island soil. Symbols: A, no additions; O, 0.001 kPa of DFM added; V,
0.01 kPa of DFM added; <, 0.1 kPa of DFM added; +, heat killed. Error bars
indicate *1 standard deviation of the mean of three soil samples. The absence
of error bars indicates that the error was smaller than the symbol size.

(Fig. 6A). The headspace concentrations of DFM and MeF
remained constant during the incubations (data not shown),
while a small amount of CH, was produced (Fig. 6B), presum-
ably within anaerobic microsites in the soil.

Anaerobic soil slurry incubations. DFM (0.1 kPa) had no
effect on the production of CH, in Searsville Lake soil slurries
(Fig. 7). Methanogenesis proceeded at the same rate in the
presence or absence of DFM regardless of whether methane
was formed from the endogenous substrates present in the
soils (N, atmosphere) or stimulated by provision of acetate or
H,. The DFM concentrations remained constant over the in-
cubation (data not shown). However, in a separate experiment,
0.1 kPa of DFM and 0.1 kPa of MeF partially inhibited the
production of 'CH, from tracer levels of [2-'*CJacetate
whereas there was no inhibition with 0.05 kPa of DFM (Fig.
8A). The final **CH, activities were significantly lower (P <
0.05) in slurries with either 0.1 kPa of DFM or 0.1 kPa of MeF
than in slurries that were not inhibited. Production of *CO,
from [2-'*CJacetate was not inhibited under any conditions
(Fig. 8B). In a contemporaneous experiment with surface sed-
iment from the suboxic zone of the lake (data not shown),
production of *CH, from [2-'*CJacetate was not inhibited by
the addition of DFM (0.01 to 0.1 kPa) or MeF (0.1 kPa).
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FIG. 5. Recovery of CH, oxidation during aerobic incubations of Sherman
Island soil after exposure to inhibitors for 1 day and removal of inhibitors.
Symbols: A, no additions; O, 0.03 kPa of DFM; V, 1.0 kPa of C,H,. Error bars
indicate *1 standard deviation of the mean of three soil samples. The absence
of error bars indicates that the error was smaller than the symbol size.
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TABLE 2. Inhibition of nitrification in Searsville Lake soil during
incubations with various levels of added DFM or MeF*

Inhibitor Amt of NHg* Amt of NO;~ +
added (kPa) consumfid1 NO, prod}lfed‘
(wmol g™ ) (pmol g™ )
None 13.1 0.2 57x03
DFM (0.01) 6.3 £0.5 1502
DFM (0.03) 29+0.1 03x0.2
DFM (0.05) 28 +x0.1 04 +0.2
DFM (1.0) 2603 -03=02¢
MeF (2.0) 2.6 £0.7 -03=0.14

4 15-day incubations of 5 g of soil with 40 wmol of added NH,Cl g™ ".

? Mean = 1 standard deviation (n = 3), calculated as the amount added minus
the amount measured, corrected for soil background (1.5 wmol g~'); the heat-
killed control (n = 1) did not consume NH,™".

“Mean * 1 standard deviation (n = 3), corrected for soil background (1.4
pmol g 1); the heat-killed control (n = 1) did not produce NO;~ + NO, ™.

9 Less NO;~ + NO,™ recovered than in the soil background.

DISCUSSION

In the first paper evaluating MeF for ecological applications,
Oremland and Culbertson (23) examined the conditions which
resulted in sustained inhibition of methanotrophy without af-
fecting methanogenesis. Headspace MeF concentrations of 0.4
to 1.7 kPa were recommended for use in incubations where
both oxidation and production of CH, were expected, because
inhibition of methanogenesis occurred only at high levels of
MeF (8.0 to 11 kPa). However, because salt marsh sediments
were used in these anaerobic assays, methane formation from
acetate was probably not the dominant pathway of methane
production, even though some incubations were conducted
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FIG. 6. Production of N,O (A) and CH, (B) during aerobic incubations of
Searsville Lake soil with 40 pmol of added NH,Cl g~ 1. Symbols: A, no additions;
O, 0.01 kPa of DFM added; V, 0.03 kPa of DFM added; <, 0.05 kPa of DFM
added; 00, 1.0 kPa of DFM added; +, 2.0 kPa of C,H, added. No CH, mea-
surements were made for the case of no additions. Error bars indicate *1
standard deviation of the mean of three soil samples. The absence of error bars
indicates that the error was smaller than the symbol size.
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FIG. 7. Production of CH, during anaerobic incubations of Searsville Lake
soil slurries with or without the addition of 0.1 kPa of DFM (equivalent to 35 uM
aqueous concentration). Symbols: O, N, flushed; +, N, flushed plus DFM
added; O, 5 mM acetate added; V, 5 mM acetate and DFM added; <, H, flushed;
A, H, flushed and DFM added. Error bars indicate =1 standard deviation of the
mean of three slurries.

without sulfate in order to promote acetoclastic methanogen-
esis (20, 24). In studies of rice paddy soils, where sulfate re-
duction is absent, Frenzel and Bosse (8) noted inhibition of
acetoclastic methanogenesis with as little as 0.1 kPa MeF, and
use of the 1.0 kPa MeF level recommended to block methane
oxidation (23) resulted in a substantial inhibition of methane
production. King (14) and Lombardi et al. (16) also observed
inhibition of methanogenesis during studies with MeF added
to block methane oxidation in freshwater sediments. Thus,
there are limitations to the efficacy of MeF when it is used to
study methane cycling in freshwater sediments.

In our present study, we compared DFM concentrations to
the levels of MeF and C,H, previously recommended to block
methanotrophy. DFM added at headspace concentrations of
0.03 or 0.05 kPa inhibited methane oxidation in soils (Table 1).
DFM was therefore an effective inhibitor at 30- to 50-fold-
lower concentrations than those typically used for MeF (1.0 to
1.7 kPa [6, 8, 23]). This lower effective concentration can offer
an advantage because the use of less inhibitor should diminish
the possibility of impairing microorganisms which are physio-
logically different from the target.

Inhibition of methane oxidation by DFM was reversible
upon removal of the inhibitor from cell suspensions of M.
capsulatus as well as from soils (Fig. 2 and 5). In this way, DFM
acts like MeF (17, 23) and functions as an inhibitor of methane
monooxygenase. By contrast, C,H, inhibition of methane ox-
idation was not relieved upon inhibitor removal in either cell
suspensions or soil incubations. Thus, DFM does not act as a
“suicide substrate” for methane monooxygenase (27) as do
acetylene and the hydrochlorofluorocarbons HCFC-21 and
HCFC-22 (17).

We found that a small amount of DFM was consumed dur-
ing 7-day soil incubations and that the percentage of inhibitor
consumed increased with greater methane concentrations and
methane oxidation rates. This suggests that it acts as a com-
petitive inhibitor of methane monooxygenase. Furthermore,
cooxidation with methane could lead to depletion of DFM
during long-term incubations at low levels of inhibitor (<0.03
kPa). Because DFM inhibition of methane oxidation is revers-
ible, depletion of DFM below its effective concentration could
result in alleviation of the block. Therefore, care must be taken
in selecting an appropriate level of DFM to effectively block
methane oxidation and also persist throughout the planned
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FIG. 8. Production of "*CH, (A) and '“CO, (B) during anaerobic incubations of Searsville Lake soil slurries containing 1,215 nCi of [2-'“CJacetate. Symbols: A,
no additions; O, 0.05 kPa of DFM added; V, 0.1 kPa of DFM added; <, 0.1 kPa of MeF added. Error bars indicate =1 standard deviation of the mean of three slurries.

The absence of error bars indicates that the error was smaller than the symbol size.

incubation. We recommend a level of 0.03 to 0.05 kPa of DFM
for headspace or chamber analyses.

Methanogenesis was unaffected by the addition of 0.1 kPa of
DFM (35 uwM) during anaerobic incubations of soil slurries
with or without electron donor amendments (Fig. 7). At phys-
iologically high concentrations (i.e., in the presence of added
electron donor), methanogenesis may not be inhibited because
these elevated populations of bacteria probably require higher
levels of inhibitor to illicit a response. At physiologically low
concentrations (i.e., endogenous conditions), lack of inhibition
could indicate that acetoclastic methanogenesis was not the
only pathway in these soils or that 0.1 kPa of DFM does not
always inhibit acetoclastic methanogenesis. The latter hypoth-
esis is supported by results from the tracer experiments with
radiolabeled acetate, where 0.1 kPa of DFM partially inhibited
acetoclastic methanogenesis in the seasonally exposed lake bed
site (Fig. 8A) but not in surface sediments from the suboxic
zone of the lake, suggesting that the response of methanogens
to DFM additions was variable.

Thus, DFM, under some conditions, acts like MeF in that it
inhibits acetoclastic methanogenesis (8, 10). However, there
was no discernible inhibition of acetoclastic methanogenesis
under any conditions with 0.05 kPa DFM (17 uM), the con-
centration which proved effective at inhibiting methane oxida-
tion in soils (Fig. 3A and 4). Frenzel and Bosse (8) found that
inhibition of acetoclastic methanogenesis was more sensitive to
MeF than was methane oxidation. Our results with DFM sug-
gest that this situation can be reversed and that a suitable
concentration of DFM may be used to achieve inhibition of
methane oxidation without affecting acetoclastic methanogen-
esis. In the soil studied here, additions of 0.03 or 0.05 kPa of
DFM were judged suitable. Frenzel (8a) recently found suit-
able levels of DFM that inhibit rice plant-associated methan-
otrophy without affecting methanogenesis.

DFM inhibited nitrification and N,O production in soil at
lower effective concentrations than were observed for MeF
(18, 23). N,O production in these ammonium-amended soils
most probably resulted from nitrification; however, production
from denitrification cannot be ruled out. Because ammonium
and methane monooxygenases are similar in function (1), it is
not surprising that these enzymes have similar sensitivities to
DFM. Unfortunately, DFM offers no promise as a truly selec-
tive inhibitor able to distinguish between nitrification-linked
and methanotroph-linked processes. The search for this elusive

“silver bullet” should continue to occupy the fantasies of meth-
ane biogeochemists into the foreseeable future.

In summary, there are several advantages to using DFM
over other inhibitors in studies of nitrogen and methane cy-
cling. DFM has a high solubility in water (about 1 ml ml~* at
20°C), which should facilitate its application in the dissolved
phase for experimental designs which lack headspaces (3).
DFM, like MeF, is a reversible inhibitor and therefore pro-
vides an advantage over C,H, in studies that require alternat-
ing inhibited and uninhibited conditions. We found that DFM
does not bind to surfaces as readily as MeF (23) and therefore
does not require any unusual contamination prevention strat-
egies. At present, DFM is one-third as costly as MeF; hence, a
substantial fiscal savings may be realized in its application.
Most importantly, DFM does not inhibit acetoclastic metha-
nogenesis when added at the level required to inhibit CH,
oxidation. Therefore, DFM represents an improved inhibitor
for use in studies of CH, cycling in a variety of aquatic envi-
ronments, including freshwater, peat, and wetland sediments,
where acetoclastic methanogenesis may be a significant path-
way.
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