
DIVISION S-10- WETLAND SOILS

Determination of Methane Oxidation in the Rhizosphere of Sagittaria landfolia
Using Methyl Fluoride

Louis A. Schipper* and K. R. Reddy

ABSTRACT
Methane oxidation in the rhizosphere of wetland plants may signifi-

cantly attenuate methane losses from wetland soils to the atmosphere.
Our objective was to measure the extent of methane production and
oxidation in the rhizosphere of a common wetland plant (Sagittaria
landfolia L. Per.). Methyl fluoride (CH3F), a water-soluble gas and
a specific inhibitor of methane oxidation, was used in conjunction
with a closed chamber technique to determine rhizospheric methane
oxidation in a greenhouse study. Rhizospheric methane oxidation was
also estimated using a mass balance approach. Measurements of soil
methane production were made using short-term anaerobic incubations
of soil. Soil methane production and plant emissions of methane were
inversely related to plant biomass, presumably because larger plants
transported more O2 into the rhizosphere and inhibited methanogenic
activity. Methane oxidation averaged 65% (SD = 24%, n = 14) as
estimated by the CHjF technique and 79% (SD = 20%, n = 14) using
the mass balance approach. Methane oxidation percentage calculated
by either method was not correlated to plant biomass. Results suggest
that rhizospheric methane oxidation is an important attenuator of
methane emissions from vegetated wetland soils.

METHANE IS A KEY RADIATIVE GAS thought tO Contrib-
ute to global warming (Bolle et al., 1986), and

wetland soils have been shown to be an important source
of atmospheric methane at the global scale (Bartlett and
Harriss, 1993). Studies of methane emissions have identi-
fied a number of environmental factors that determine
the magnitude of methane flux from wetlands including
temperature (Crill et al., 1988; Lansdown et al., 1992),
water depth (Sebacher et al., 1986: Harriss et al., 1988),
soil salinity (Bartlett et al., 1987), and vegetation pres-
ence and productivity (Whiting et al., 1991; Whiting
and Chanton, 1993). Another potentially dominant atten-
uator of methane emissions from wetlands is oxidation
of methane by methanotrophs. To date, the isolated
methanotrophs are obligate aerobes and oxidize methane
to CC>2 for energy production (King, 1992). Methane
oxidation in the surface of wetland soils has been shown
to reduce methane emissions from saturated soils by up
to 90% (e.g., King et al., 1990). However, less is known
about the extent of methane oxidation in the rhizosphere
of wetland plants (Frenzel et al., 1992; Epp and Chanton,
1993).

Wetland soils are often water saturated, organic rich,
and depleted of C>2. Many wetland plants transport O2
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internally to their roots for respiration. Oxygen in excess
of root respiration requirements may be lost from roots to
the surrounding rhizosphere and used by methanotrophs
(King et al., 1990). In vegetated wetlands, internal gas
transport by plants is responsible for up to 90% of the
methane emissions from the wetland soil to the atmo-
sphere (Chanton and Dacey, 1991). Methane produced
in the soil passes through the rhizosphere prior to being
lost from the plant and methane oxidation in the rhizo-
sphere may significantly attenuate methane emissions
from wetland soils. There have been only few values
reported of the magnitude of methane oxidation in the
plant rhizosphere because of difficulties associated with
making in situ measurements. Indirect methods using
whole roots, soil slurries, and mass balances have shown
widely different methane oxidation percentages (Sass et
al., 1990; King et al., 1990; Holzapfel-Pschorn et al.,
1986). In some cases, it has been suggested that methane
oxidation may be insignificant compared with methane
production (Happell et al., 1993; King et al., 1990).

Recently, CH3F was described as a specific inhibitor
of methyl monooxygenase (MMO), a key enzyme in
methane oxidation (Oremland and Culbertson, 1992a,b).
Because CH3F acts as a specific inhibitor, it has consider-
able advantages over other inhibitors of methane oxida-
tion such as nitrapyrine, acetylene, and picolinic acid,
which inhibit the activity of nonmethanotrophs (Orem-
land and Capone, 1988). Additionally, CH3F is a water-
soluble gas that can be easily transported by the plant
to sites in the rhizosphere and the locus of methane
oxidation. Oremland and Culbertson (1992a) demon-
strated the usefulness of CH3F in determination of meth-
ane oxidation in soils and compost in laboratory studies.
They also made preliminary measurements of methane
oxidation in field studies using closed chamber techniques
with CH3F added to the headspace (Oremland and Cul-
bertson, 1992b). This study found methane emissions
from surface soils to be three to 400 times higher when
CH3F was added to the chamber, demonstrating the
potential importance of methane oxidation in global meth-
ane cycling. Epp and Chanton (1993) also used closed
chamber techniques in conjunction with CH3F and found
that methane oxidation in the rhizosphere accounted for
between 23 and 90% of potential methane emissions
from a number of wetland plants. Further studies in the
rhizosphere are needed to refine estimates of methane
oxidation and to determine the dominant regulators of
the extent of oxidation.

The primary objective in this greenhouse study was
to compare methane oxidation in the rhizosphere of
Sagittaria landfolia determined by two methods: (i)
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using closed chamber techniques and CH3F, and (ii) using
a mass balance approach. We determined relationships
between methane emissions, soil methane production,
and plant biomass.

METHODS
Soil and Plant Preparation

Soil (surface 10 cm) and plants (5. lancifolid) were collected
from Sugarfoot Prairie, Gainesville (29°39'N, 82°23W). Ap-
proximately 4200 g of wet soil (680 g dry weight) was packed
into plastic 3.8-L pots. The soil C and N content were 0.26
and 0.015 kg kg~' (dry weight), respectively, determined
using a Carlo-Erba CNS analyzer (Carlo Erbe Sturmentazione,
Milan, Italy). Organic matter content was 0.39 kg kg~', deter-
mined by weight loss following ignition at 550°C in a muffle
furnace (Hesse, 1971). Soil water pH was 5.7.

Prior to planting 5. lancifolia, leaves were trimmed using
scissors so that only one 10-cm stalk remained; the rhizome
and roots were also trimmed. This was done to ensure that
plants had the same initial conditions. Plants were grown for
at least 1 mo prior to experiments beginning. Soils were flooded
throughout the study, which was conducted in a greenhouse
where temperatures were maintained between 25 and 32 °C.

Experiment 1. Soil Slurries
This experiment was conducted to ensure that CH3F inhibited

methane oxidation in the organic soil used in plant experiments.
A soil slurry of 100 g wet weight of soil and 100 mL of
distilled water were placed into six Schott bottles. The bottle
lids had a hole drilled in the top, which was sealed with a
rubber stopper. Preliminary experiments showed these bottles
to be gas tight. Methyl fluoride (Matheson Gas Products, East
Rutherford, NJ) (3 mL, 1 % final concentration) was added to
the air headspace of three replicates. The headspace methane
concentration was elevated by injecting 1 mL of 2 % methane
(Scott Gases, Plumsteadville, PA) into the headspace of each
bottle. The bottles were incubated at room temperature on a
shaker for 1 h to allow equilibration of headspace and dissolved
gases. Dissolved O2 would have inhibited methane production
(Oremland, 1988). Headspace gas samples were taken periodi-
cally for 6.5 h and analyzed for methane by gas chromatogra-
phy. After incubation, bottles were filled with water and the
headspace volume determined gravimetrically. Bottles were
dried at 100°C and reweighed to determine soil dry weight.

Methyl fluoride has been shown to partially inhibit methano-
genesis depending on its concentration (Oremland and Culbert-
son, 1992a). We tested the extent of CH3F inhibition on metha-
nogenesis in the studied soil. Soil (== 100 g wet weight) was
placed into six Schott bottles (500 mL) modified as described
above. The headspace was flushed with O2-free N2 and CH3F
was added to half the bottles (1% final volume). Bottles were
incubated shaking overnight at 25 °C. The following day the
headspace was flushed with N2 for 3 min to remove accumulated
methane. Bottles were shaken for 2.5 h to equilibrate headspace
and dissolved gases. Headspace gas samples were then taken
for the next 5 h and the methane production rate determined.
Headspace volume and soil dry weight were determined at the
completion of the incubation.

Experiment 2. Methane Emissions through Plants
Methane emissions were measured through plants in the

absence of CH3F and in the presence of CH3F sequentially to
determine methane oxidation in the rhizosphere. To measure

methane emissions from plants, circular acrylic plastic cham-
bers (60 cm high by 21 cm diameter) were placed over individ-
ual plants. Gases are transported through S. lancifolia by
molecular diffusion, so short-term enclosure by chambers does
not influence methane emissions (Chanton et al., 1992). The
acrylic chamber fitted exactly within the edge of the pot and
was supported by an inner lip. The soil floodwater provided
an air-tight seal. A small battery-powered fan strapped inside
the chamber mixed the headspace during gas sampling. Gas
samples (1 mL) were taken using syringes (zero dead volume
insulin syringes, Becton Dickinson, Lincoln Park, NJ) through
a rubber stopper installed in the top of the chamber. Between
8:00 and 9:00 h, gas samples were taken at 0, 10, 20, and
30 min after plant enclosure, after which the chamber was
removed. Syringe needles were immediately stuck into a rubber
stopper and analysed for methane within 2 h by gas chromatog-
raphy. Methane emissions were measured from plants on two
or three consecutive days to obtain average methane emission
rates for each plant. Rates of methane emission were deter-
mined from the linear regression of the temporal increase in
chamber methane concentration. Where r2 was <0.90 (n =
4), the data were discarded.

Once average methane emissions were determined from
each plant, CH3F was used to determine methane oxidation
in the plant rhizosphere. Chambers were placed over each
plant in the evening and 200 mL of CH3F was injected into
the headspace, which gave a final headspace concentration of
1 % CH3F (Oremland and Culbertson, 1992a).Chambers were
covered to halt photosynthesis and left overnight to allow
translocation of CH3F through the plant and into the rhizosphere
where CH3F would inhibit methane oxidation. The following
morning, chambers were removed for 5 min to reestablish an
air atmosphere over the plant. The chamber was replaced and
the rate of methane emission determined for 30 min. The
chamber was removed for 5 min and the procedure repeated
so that two measurements of methane emissions from each
plant were made after CH3F addition (i.e., while methane
oxidation was inhibited). After methane emissions in the pres-
ence of CH3F were determined, the aboveground biomass was
cut. A small plastic container was inverted over the cut stems
and into the surface water. The acrylic chamber was replaced. A
final measurement of methane emissions was made to determine
methane emissions through the soil alone.

After methane emissions were measured, two soil subsam-
ples (~ 30 g wet weight) were taken from each pot for determi-
nation of the soil methane production in the pots. Soil samples
were transferred into modified Schott media bottles (100 mL),
the headspace flushed with Oz-free Nz and bottles incubated
shaking for 1 h to equilibrate the headspace and dissolved
gases. Headspace gas samples were then removed by syringe
every hour for 4 h and analyzed for methane. After the final
headspace sampling, the headspace volume and soil dry weight
were determined as described above. Methane production was
linear with r2 generally greater than 0.95 (n = 4).

The belowground biomass was then collected by washing
away the soil with water to expose the roots. Roots were
separated from the rhizome. Above- and belowground biomass
was determined following drying at 70°C.

Preliminary experiments were conducted to ensure that over-
night enclosure alone did not alter methane emissions through
plants. Methane emissions were measured through 11 plants
in the morning using the closed cover technique. That evening,
plants were covered with chambers; however, CH3F was not
added. The following morning, methane emissions were deter-
mined. This rate was compared with the previous days' mea-
surements of methane emissions from the same plants.
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Fig. 1. Methane consumption from aerobic soil slurry incubations in
the presence and absence of methyl fluoride (MF).

Gas Chromatography
Methane and CH3F concentrations were determined using

a gas chromatograph equipped with a flame ionization detector
(Hewlett-Packard 4850). The oven, injector, and detector tem-
peratures were 120, 150, and 200°C, respectively. Gases
were separated on a 1.5-m Carboxen 1000 column (Supelco,
Bellefonte, PA). The carrier gas (N2) flow rate was 30 mL
min~'. Flame gases, H2 and Oz, were set at 20 and 150 mL
min~', respectively. Methane and CH3F had retention times
of 0.9 and 2.2 min, respectively. A methane standard (Scott
Gases, Plumsteadville, PA) was used to calibrate detector
response.

RESULTS
Soil slurries incubated under an air headspace con-

sumed methane linearly in the absence of CH3F; how-
ever, 1 % CH3F completely inhibited methane oxidation
(Fig. 1). When soil was incubated under an anaerobic
headspace in the presence and absence of CH3F, the
methane production rates were 82 (SD = 8, n = 3) and
98 (SD = 8, n = 3) nmol kg~' h~' respectively. This
difference was not significantly different (P < 0.05).

The effect of overnight enclosure on methane emis-
sions from 11 different plants in the absence of CH3F are
shown in Fig. 2. While differences in methane emissions
were observed before and after overnight enclosure,
enclosure did not significantly alter methane emissions
(paired Mest, P < 0.05).

Overnight enclosure of plants with CH3F always re-
sulted in an increase in methane emissions. Emissions
from plants before and after overnight enclosure with
CH3F decreased with increasing total plant biomass (Fig.
3a). Total biomass did not include rhizome weight, which
was attached when Sagittaria lancifolia was first planted
and appeared to be largely dead. After aboveground
biomass had been harvested, methane emissions from
the soil were not observed (data not shown).

Methane oxidation percentage (%CH4 oxidi) was cal-
culated as
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Fig. 2. Methane emissions before and after overnight enclosure of
plants with an acrylic chamber. Note: CHjF was not added to
chambers.

%CH4oxid, = (CH4MF - CH4emm)
CH4MF

100 [1]

where CH4MF and CH4emm are the methane emissions
from plants in the presence and absence of CH3F, respec-
tively. Methane oxidation averaged 65%, SD = 24%
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emissions before and after overnight enclosure with methyl fluoride
(MF), and (b) methane production by the soil taken from the pots.
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(n = 14) and was not correlated to plant biomass (data
not shown).

Methane production rates in soil following overnight
enclosure decreased with increasing plant biomass (Fig.
3b). Methane oxidation was also calculated using a mass
balance approach. Total methane production on a pot
basis was calculated by multiplying the rate of methane
production in batch experiments by the dry weight of
soil in the pot. Methane oxidation percentage (%CH4
oxid2) was calculated using:

[2]CH4pot
where CH4pot is the amount of methane produced on a
pot basis. Using the mass balance approach, methane
oxidation averaged 79% and was also highly variable
(SD = 20%, n = 14).

The linear relationship between %CH4 oxidi and
%CH4 oxid2 was significant (r2 = 0.43, P < 0.01) (Fig.
4). The mass balance approach gave a significantly higher
methane oxidation percentage than that estimated follow-
ing overnight enclosure of plants with CH3F (P < 0.05,
using the paired Mest).

DISCUSSION
Soil Slurries

Oremland and Culbertson (1992a) showed that CH3F
inhibited both methane oxidation and methane production
in soils, depending on CH3F concentration. In their study,
CH3F inhibited methane oxidation at much lower concen-
trations and to a greater extent than methanogenesis. We
observed complete inhibition of methane oxidation in
soil slurries at 1% CH3F in the headspace and only a
slight nonsignificant (P < 0.05) inhibition of methanogen-
esis. We used a CH3F headspace concentration of 1%
when studying rhizospheric methane oxidation to ensure
a large CH3F concentration gradient from the headspace
to the rhizosphere. The effectiveness of CH3F in the
rhizospheric studies is not only dependent on headspace
concentration but also on its rate of diffusion through
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Fig. 4. Comparison of methane oxidation determined by use of CHjF
or by a mass balance approach.

the plant and to the sites of methane oxidation. Epp and
Chanton (1993) used 1.5 and 3.0% CH3F in their cham-
ber experiments and did not observe differences in dis-
solved CH3F concentrations in the rhizosphere and sug-
gested that headspace CH3F concentration above 1.5%
did not provide any further inhibition of methane oxi-
dation.

Rhizospheric Methane Oxidation
Methane oxidation in the rhizosphere was inhibited

by 1 % CH3F, as methane emissions were always greater
following overnight enclosure with CH3F. Increases in
methane emissions were not due to enclosure alone be-
cause overnight enclosure in the absence of CH3F did
not cause a general increase in methane emissions (Fig.
2). This is in agreement with other greenhouse and field
studies that used static chamber techniques to measure
methane emissions through plants that rely on diffusion
for internal gas transport (Chanton et al., 1992; Epp and
Chanton, 1993).

Methane oxidation averaged 65 % using the CH3F tech-
nique and 79% using the mass balance approach although
both estimates were highly variable. Some of this varia-
tion was probably due to the daily variation in methane
emissions from individual plants (data not shown). Previ-
ous studies have also found a high degree of variability
in methane oxidation. Epp and Chanton (1993) reported
methane oxidation of between 23 and 90% using CH3F
and an enclosure technique. Higher rates of methane
oxidation have been reported in rice (Oryza saliva L.)
fields: 80 to 90% (Frenzel et al., 1992) and 95 % (Holzap-
fel-Pschorn et al., 1986). In contrast, other studies have
found that rhizospheric methane oxidation may not sig-
nificantly attenuate methane emissions. King et al. (1990)
found active methane oxidation from sediment-free roots
of plants in Everglades peat soils, but was unable to
detect methane oxidation in roots collected from Ever-
glades marl soils. Working at the same sites, Happell
et al. (1993) was unable to find evidence of in situ
methane oxidation in plants in either marl or peat soils.

In this study, methane oxidation was estimated in two
ways — by a mass balance approach and following
overnight enclosure with CH3F. A comparison of these
methods showed that the mass balance approach provided
a significantly higher estimate of methane oxidation rela-
tive to the CH3F approach, which suggested that either
(i) the mass balance approach overestimated the methane
oxidation or (ii) the CH3F technique underestimated
methane oxidation or (iii) both methods were inaccurate.

Overestimation of methane production in the pots
would result in an overestimation of methane oxidation
using the mass balance approach. Measurements of soil
methane production were made within 6 h of soil sam-
pling in order to reduce growth and/or accelerated activ-
ity of the methanogens. However, this method optimized
conditions for methanogenesis and may have accelerated
methanogenic activity. Soil slurries were shaken, which
might decrease substrate limitation of methanogenesis.
Also batch incubations for methane production were
conducted under an anaerobic headspace whereas in the
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pots O2 leakage from the roots may have inhibited metha-
nogenic activity.

Alternatively, the methane oxidation may have been
underestimated using the CH3F approach. While 1%
CH3F inhibited methane oxidation in soil slurries, the
rate of CH3F diffusion through the plant may have been
inadequate to inhibit rhizospheric methane oxidation
completely. This would result in underestimation of rhi-
zospheric methane oxidation. Oremland and Culbertson
(1992b) also used 1% in static chambers to measure
methane oxidation in sand bars. In a 24-h period, CH3F
had penetrated to at least 9 cm below the surface. Trans-
port of CH3F to the rhizosphere would be aided by
internal gas transport by plants and CH3F would probably
be transported to the same sites as Oa in the root zone
and sites of methane oxidation.

Methane emissions were inversely correlated to total
plant biomass (Fig. 2a), contrary to a number of previous
field studies. Whiting and Chanton (1993) reported that
methane emissions were generally positively correlated
to plant productivity and biomass at a number of different
wetlands. They suggested that this positive relation was
due to provision of C to methanogens either through
litter inputs or exudates from roots. Oxygen transport to
the rhizosphere could potentially inhibit methanogenesis
and emissions from wetland soils. Even low concentra-
tions of C>2 are highly toxic to methanogens (Fetzer et
al., 1993). In this study, when plants were removed
from pots it appeared that the roots of larger plants
had become pot bound. As root biomass and volume
increases, more O2 will be transported into the rhizo-
sphere. We observed a negative relationship between
methane production in the soil and the total plant biomass
(Fig. 3b) and hypothesize that oxygenation of the soil
by plants resulted in a partial inhibition of methanogenic
activity. The extent of oxygenation of the soil and inhibi-
tion of methanogenesis would be dependent on plant
biomass.

Because methane production was inversely dependent
on plant biomass, methane emissions in the absence of
methane oxidation (i.e., after overnight enclosure with
CH3F) would also be expected to be negatively correlated
to plant biomass (Fig. 3a). In the field, plant roots may
not achieve the same densities or oxygenation of their
rhizosphere and subsequent inhibition of methanogenesis
is less likely to regulate methane production and emis-
sions. Epp and Chanton (1993) generally observed lower
rates of rhizospheric methane oxidation in field studies
than in pot studies, this was possibly due to elevated
root mass and volume in pots. In future studies, care
must be taken to ensure that pots are sufficiently large
to ensure that plant root growth is not restricted.

CONCLUSIONS
In soil slurries, methane oxidation was completely

inhibited by 1% CH3F while methane production was
not significantly inhibited, which confirms the usefulness
of CH3F as a method for studying methane oxidation.
Methyl fluoride was shown to be valuable for the determi-
nation of methane oxidation in the rhizosphere. However,

further work is needed to determine the dissolved CH3F
concentration required to inhibit methane oxidation in
the rhizosphere particularly in large static systems. Rhi-
zospheric methane oxidation in this study was high esti-
mated by mass balance and CH3F techniques and, along
with other studies, suggests that rhizospheric methane
oxidation may be of considerable importance in the global
methane budget.
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