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Summary

Methane-oxidizing bacteria (methanotrophs) con-
sume a significant but variable fraction of greenhouse-
active methane gas produced in wetlands and rice
paddies before it can be emitted to the atmos-
phere. Temporal and spatial dynamics of methan-
otroph populations in California rice paddies were
quantified using phospholipid biomarker analyses
in order to evaluate the relative importance of type |
and type Il methanotrophs with depth and in relation
to rice roots. Methanotroph population fluctuations
occurred primarily within the top 0-2cm of soil,
where methanotroph cells increased by a factor of 3—-5
over the flooded rice-growing season. The results
indicate that rice roots and rhizospheres were less
important than the soil-water interface in supporting
methanotroph growth. Both type | and type Il methan-
otrophs were abundant throughout the year. However,
only type Il populations were strongly correlated
with soil porewater methane concentrations and rice
growth.

Introduction

Methane-oxidizing bacteria are classified into two main
groups (types | and Il) with differing phylogeny and phy-
siology (Hanson and Hanson, 1996). A third group (type
X) is phylogenetically related to type | methanotrophs, but
has some metabolic attributes characteristic of type I, as
noted below. Type | methanotrophs have a more efficient
C assimilation pathway than type Il methanotrophs, re-
sulting in higher cell yields on methane for type | meth-
anotrophs grown in pure or mixed methanotroph
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cultures (Anthony, 1982; de Vries et al., 1990; Graham
etal.,, 1993). Type Il and type X methanotrophs commonly
have the ability to fix N, whereas N, fixation is absent
in known type | methanotrophs. Previous work has
also suggested a difference between type | and type I
methanotrophs with respect to O, metabolism, with type
Il methanotrophs growing preferentially at lower O,
concentrations (Amaral and Knowles, 1995). Laboratory
studies have shown that metabolic differences between
type | and Il methanotrophs control the outcome of com-
petition in mixed methanotroph cultures or result in occu-
pation of different niches by the two groups (Amaral et al.,
1995; Graham et al., 1993).

The phospholipid fatty acids 16:1w®8 (type 1) and 18:1®8
(type Il) have been used as biomarkers for methanotrophs
in many environments, such as flooded soils and fresh-
water and marine sediments (Hanson and Hanson, 1996).
Whereas many of the fatty acids in methanotroph strains
are found in a wide array of heterotrophic bacteria and
other organisms (Guckert et al., 1991; Bowman et al.,
1993), the biomarkers have not been reported in organ-
isms other than methanotrophs.

The lack of quantitative information about type | and
type Il populations in natural environments makes it diffi-
cult to assess whether physiological differences among
methanotrophs result in strong patterns in their distribu-
tions. Studies of type | and Il population structures in
nature are rare (Vecherskaya et al., 1993; King, 1994;
Krumholz et al., 1995; Sundh et al., 1995). Both type | and
type Il groups appear to have representatives in diverse
environments including freshwater bodies, soils and lake
sediments. Previous studies which used polar lipid fatty
acid (PLFA) analysis to study the microbiology of rice
paddies failed to detect one or both fatty acid biomarkers
for type | (16:1w8) and type Il (18:108) methanotrophs
(Reichardt et al., 1997; Bossio and Scow, 1998; Bai et al.,
2000), probably because of a lack of sufficiently sensitive
analytical techniques. Quantitative information about
methanotroph population structure in rice paddies is cur-
rently lacking.

Quantitative information about methanotroph popula-
tion structure and dynamics has the potential to yield
important clues about which factors regulate competition
between type | and type Il methanotrophs in nature. The
relative abundances of the two groups should also reflect
in situ conditions in small, difficult-to-probe spatial niches
where methanotrophs are active in flooded soils. In this
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study, we report spatial and temporal variations in type |
and Il methanotroph populations in California rice paddies
based on PLFA biomarker analyses. The biomarker
approach was tested using a '*CH, tracer to identify fatty
acids associated with active methanotrophs in the rice
paddy soil. Methanotroph fatty acid biomarkers were
quantified in sectioned soil cores collected in rice paddies
managed using contrasting rice straw management
practices (straw incorporation or straw burning). We also
report depth-resolved porewater methane concentrations
measured at the site over the same study period.

Results
8CH, tracer incubation

Rice soil slurries incubated with ["*C]-methane showed
strong '®C incorporation into PLFAs characteristic of both
type | (16:1) and type Il (18:1) methanotrophs (Fig. 1). No
excess '®C was detected in PLFAs extracted from the
unlabelled methane control slurry.

Methanotroph populations

Methanotroph PLFA biomarker concentrations in the rice
paddy soils ranged from 0.02 to 0.37 nmol g™ dry soil for
type | (16:108) and from 0.01 to 1.03nmolg™ dry soil
for type 1l (18:1w8). Methanotrophs (type | + type 1) made
up 1-2% of the soil microbial biomass, based on the
total nanomoles of PLFA extracted from the same soil
samples. In densely rooted samples from the 1998
growing season, removal of macroscopic rice roots
resulted in less than a 5% change in the total PLFA abun-
dances. Methanotroph populations in samples from both
straw-incorporated and straw-burned paddies ranged
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from approximately 2 x 107 cells/g dry soil during des-
aturated soil conditions and early in the flooding
period (rice-growing season) to 5 x 107 cells/g dry soil
70-109 days after flooding/planting (Fig. 2a). Type | and
type 1l methanotrophs each made up a significant frac-
tion of the total methanotroph biomass throughout the
multiyear study period. Paddies with different rice straw
management had similar type | and Il methanotroph
populations for all dates and soil depth intervals. Although
the experimental design does not allow the effect of
straw incorporation to be tested rigorously, no significant
differences could be detected between the populations in
the two fields based on one-way ANOVA for each sample
date. The ratio of type | to type Il cells ranged between
0.5 and 3.1, with equivalent ranges for paddies managed
under straw incorporation and straw-burning regimes
(Fig. 2b).

Type | and type Il methanotroph populations in both
straw-incorporated and straw-burned fields decreased
with depth, especially during the second half of the flood-
ing period (e.g. Fig. 3b). Population fluctuations over
time were most dramatic in the top 0—-2cm of soil cores,
with smaller changes in deeper soil intervals (Fig. 2a).
Total methanotroph and type Il methanotroph populations
in the top 0—2cm were significantly different from popu-
lations in deeper intervals on most sample dates in the
second half of the rice-growing season [106 days after
planting (DAP) in 1998, 70 and 109 DAP in 1999, and 108
DAP in 2000] (P < 0.01). Type | populations in the top
0-2cm were also significantly different from populations
in deeper intervals, especially at the end of the season
(106 DAP in 1998 109 DAP in 1999 and 108 DAP in 2000)
(P < 0.01).

Both type | and type Il populations in the top 2cm of
soil were positively correlated with porewater methane
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Fig. 2. Total methanotrophs (A) and type I/type Il methanotroph cell ratios (B) in rice paddy soil cores. Data from two field seasons (1998,
1999) are shown. Error bars are +1sD. Points without error bars are homogenized composite samples (15 soil cores, 0-15cm depth)
collected after drainage and tillage between rice growing seasons. Type l/type Il ratios are low when total methanotroph populations are high.
Data from core samples collected 108 days after planting, 2000 (not shown), in the straw-incorporated paddy continue this trend (see Fig. 3).
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Fig. 3. Rice root mass (A), methanotrophs (B) and type l/type Il
ratios (C) with depth in planted and bare (no plants) soil cores
collected in the straw-incorporated paddy 108 days after planting
in 2000. Data are plotted at the midpoint depth of 2 cm soil core
sections. Error bars are +1D.
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concentrations (Table 1). Type Il populations (0-2 and
0-8cm) were also positively correlated with rice shoot
height (Table 1). The preferential growth of type Il methan-
otrophs coincident with rice growth and increasing pore-
water methane concentrations is also reflected in plots of
type l/type Il cell ratios over time (Fig. 2b). The ratio of
type | to type Il cells was lower during flooded periods,
especially in the top 0—2cm of soil cores. Type | to type
Il ratios calculated for the top 0—8 cm were negatively cor-
related with porewater methane concentrations measured
over the same depth interval (R? = 0.25, P < 0.001) and
rice height (R® = 0.65, P < 0.001), indicating that type I
methanotrophs became relatively more abundant as
porewater methane concentrations increased and rice
plants increased in height.

The effect of rice plants on methanotroph populations
was tested using a bare subplot experiment sampled
108 days after planting in 2000. The removal of rice plants
for an entire growing season in the bare subplot resulted
in slightly lower methanotroph populations in the top
0-2cm compared with the planted paddy (Fig. 3b).
However, methanotroph populations in the planted soil
were not linearly correlated with rice root mass measured
on the same date (R? = 0.31, P> 0.05) (Fig. 3a). Methan-
otroph populations in the bare subplot were nearly iden-
tical to populations in the planted paddy at depths below
0-2cm (Fig. 3b). Methanotroph populations in both the
bare and planted soils showed a strong decrease with
depth (R? = 0.78-0.87, P = 0.0002-0.0007), consistent
with results from previous years. Type l/type Il ratios in
both the bare subplot and the planted paddy showed a
strong increase with depth (R? = 0.78-0.92, P < 0.0001)
(Fig. 3c), also consistent with results from previous
sample dates in planted paddies.

Porewater methane concentrations

Maximum porewater methane concentrations in the
rice paddy soils ranged from 10 to 100uM in the first

Table 1. Linear correlations between methan-

Methanotroph populations Porewater [CH,] (0-8cm) Rice height (cm)  otroph populations (pooled data from both
fields) and environmental variables.
0-2cm Type | 0.45** NS
Type Il 0.66**** 0.45**
Type | + type Il 0.41* NS
0-8cm Type | NS NS
Type Il 0.30** 0.50***
Type | + type | 0.31* NS
Ratio type l/type Il 0.25**** 0.65****
Rice height (cm) 0.38***

R? and significance values are shown: NS, not significant (P > 0.05); *P < 0.05, **P < 0.01,

***P < 0.005, ****P < 0.001.
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Fig. 4. Average porewater methane concentrations in straw-incorporated and straw-burned rice paddies. Bare subplots in both paddies were

maintained free of plants for the entire growing season.

month after flooding to over 1000uM in the second
half of the flooding period. Below-ground methane con-
centrations (average depth 0-15cm) were consistently
higher in the straw-incorporated paddy than in the straw-
burned paddy during the second half of the rice-growing
season (>70 days after planting) (Fig. 4). Porewater
methane concentrations in bare subplots maintained
free of plants were both higher than in the correspond-
ing planted paddies. Methane concentrations were
higher in the straw-incorporated bare subplot than in the
straw-burned bare subplot, consistent with the pattern
of below-ground methane concentrations observed for
the planted paddies. Straw incorporation resulted in
2.7-fold (1998) and 2.4-fold (1999) higher methane emis-
sions on average than in the straw-burned paddy (not
shown), a pattern consistent with numerous other straw
incorporation experiments (Schutz et al., 1989; Yagi and
Minami, 1990; Sass et al., 1991; Delwiche and Cicerone,
1993).

Discussion

Use of PLFA biomarkers to study methanotroph
populations

Incubation of slurried rice paddy soil with *C-labelled
methane indicated that representatives of both type |
(containing 16:1 PLFA) and type Il (containing 18:1 PLFA)
methanotroph groups have strong potential activity. This
is consistent with direct soil PLFA extractions showing that
both type | and type Il populations are important compo-
nents of methanotrophic biomass throughout the year.
Fatty acids labelled in the *CH, incubation experiment
are consistent with those expected for known methan-
otrophs, indicating that the uncharacterized methan-
otrophs active in the samples probably contain the
expected biomarkers (Bowman et al, 1993). Type X
methanotrophs (some Methylococcus spp.) represent a
possible exception, because they contain 16:1 PLFA but
often lack the biomarker fatty acid 16:108. Most type X
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methanotrophs isolated to date are thermophiles but have
also been isolated from soils and sediments (Bowman
et al.,, 1993). The relative importance of type X popula-
tions in flooded soils is unknown.

Changes in temperature have the potential to affect
the composition of bacterial lipid membranes. In a study
of temperature effects on the membrane composition of
Methylococcus capsulatus Bath. (type X methanotroph),
the percentage of unsaturated PLFA increased by 2-3
times with a decrease in growth temperature from 50°C
to 30°C (Jahnke, 1992). Methanotroph PLFA biomarkers
are unsaturates, and thus the biomarker content of cells
could increase with decreasing temperature. However,
soil temperature regulation of membranes is not consist-
ent with the pattern of methanotroph population fluctua-
tions we observed. At the study site, temperatures at
2cm and 10cm soil depths converged by the middle of
the growing season (mid-July), probably as a result of
shading from the rice canopy, and differed by less than
0.5°C for the remainder of the flooded period. In contrast,
methanotroph biomarker concentrations in 0-2 cm and
6-8cm depth intervals strongly diverged during this
period. These data indicate that soil temperature is not an
important determinant of methanotroph biomarker abun-
dances in the paddy fields.

Oxygen availability has also been shown to affect the
PLFA composition of M. capsulatus Bath. (Jahnke and
Nichols, 1986). Monounsaturated PLFAs were less abun-
dant (28% of total) for cultures sparged with low (0.2%
v/v) oxygen concentrations and more abundant (50% of
total) for cultures sparged with high (7.9% v/v) oxygen
concentrations. An increase in oxygen concentrations in
the 0—2cm soil depth interval over the growing season
could partly explain the dramatic increase in methan-
otroph populations we observed over the rice-growing
season. Dissolved oxygen levels in flooded soils would be
expected to vary between approximately 250 uM (water
in equilibrium with air) to less than 5 uM, with high spatial
and temporal variability due to heterogeneity of oxygen-
leaking plant roots (Gilbert and Frenzel, 1995; Calhoun
and King, 1997; Gilbert and Frenzel, 1998). In our study,
the most significant increases in methanotroph popula-
tions occurred in the 0—2cm depth interval, a zone with
fewer rice roots than deeper soil intervals by the end of
the growing season (Fig. 3a). Dissolved oxygen concen-
trations in the bulk soil throughout the cores would be
expected to decrease after flooding. Dissolved oxygen
concentrations are therefore unlikely to be controlling
methanotroph biomarker concentrations.

Competition between type | and type Il methanotrophs
in rice soils

Type l/type Il ratios in all samples analysed during this
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study were between 0.5 and 3.1, indicating that both
groups are numerically important throughout the year.
Based on this and other studies, the coexistence of sig-
nificant populations of type | and type Il methanotroph
ratios may be a common feature of rice soils. In a study
in progress, continuously cropped experimental rice
paddies at the International Rice Research Institute in the
Philippines had type l/type Il cell ratios between 2 and 4,
similar to the range measured for California rice paddies
(J. L. Macalady, D.C. Olk, K.M. Scow, unpublished obser-
vations). Molecular analyses of methanotrophs in Italian
rice paddy soil also showed that both type | and type Il
methanotrophs are numerically important populations in
rice fields (Henckel et al., 1999; Henckel et al., 2000).

Henckel et al. (2000) have suggested based on several
previous studies that type | and Il methanotrophs coexist
in rice paddies but occupy different niches, with type I
methanotrophs more important during the flooded period,
when methane availability is high, and type | methan-
otrophs more important for methane oxidation in drained
fields and when conditions are changing rapidly. This
hypothesis is generally consistent with the population
trends we observed in that type I/type Il ratios were higher
during the drained periods and lower (due to growth of
type Il populations) during the flooded periods (Fig. 2).
Substantial growth of type | populations was never ob-
served for any period in the study, even during mid-
season and end-of-season drains. These data should
be interpreted cautiously as trends in methane oxidation
activity may not always be mirrored by population
changes.

Effect of rice plants on methanotroph populations

Rice plants have the potential to encourage methanotroph
growth by transporting atmospheric oxygen into anoxic
soil layers via specialized aerenchyma tissue in their roots
and shoots (Armstrong, 1971). For example, in recent
microcosm studies, methanotroph populations (most
probable number estimates) were lower in bulk soil with
excluded rice roots (<10° cells/g dry soil) than in com-
partmentalized rhizosphere soil supporting a dense root
mat (up to 5 x 107 cells/g dry soil) (Gilbert and Frenzel,
1998; Eller and Frenzel, 2001). In contrast, methanotroph
growth in the present study occurred primarily close to the
soil-water interface, and did not show a sensitive depen-
dence on rice root distributions with depth or over time.
The removal of rice plants in a bare subplot resulted in
only a slight decrease (1 x 107 cells/g dry soil) in methan-
otroph populations, and only in the top 0-2cm (Fig. 3b).
Methanotroph populations in the 0—2cm interval of the
bare plot still increased twofold over the rice growing
season, similar to the population growth observed in
planted paddies in previous years of the study.
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In contrast to previous studies, the presence of rice
roots had a negligible effect on methanotroph population
numbers in the study fields. A possible explanation for
conflicting observations about the effect of rice roots on
methanotroph populations is that rice cultivars differ
significantly in their gas conductance (Lindau, 1994;
Butterbach-Bahl et al., 1997; Huang et al., 1997; Bilek
et al., 1999). The extent of methane oxidation associated
with other wetland plant species has been directly linked
to their differing abilities to transport oxygen to the
rhizosphere (King, 1994; Calhoun and King, 1997; Van
Der Nat et al., 1997). The influence of rice cultivars and
soil characteristics on rhizosphere methanotroph growth,
activity and population structure remains to be tested in
future studies.

The response of methanotrophs to nitrogen has been
a major subject of study because of the potential for
inhibition of methanotrophs by ammonium and/or nitrite
(Hanson and Hanson, 1996). Numerous studies have
shown, using pure cultures, microcosms and field trials,
that nitrogen additions decrease methane oxidation
(Bedard and Knowles, 1989; Conrad and Rothfuss,
1991). On the other hand, recent rice microcosm studies
(Bodelier and Frenzel, 1999; Bodelier et al., 2000) have
clearly shown that N fertilization increases methane oxi-
dation in densely rooted rice soil. N limitation of methane
oxidation is compatible with the idea that methanotrophs
in rhizosphere soil face intense plant and microbial
competition for N. The extent to which methane oxida-
tion takes place in plant roots and rhizospheres com-
pared with at the soil-water interface may influence
how methane oxidation and methanotroph populations
respond to nitrogen additions, an interaction that few
studies have focused on thus far (Conrad and Rothfuss,
1991; Van Der Nat and Middelburg, 1998).

Experimental procedures
Field sites and sampling

An extended field study of methanotroph populations and
porewater methane concentrations was conducted in com-
mercially farmed rice paddies near Maxwell, CA. The soil at
the site is Willows silty clay (fine, smectitic, thermic Sodic
Endoaquert). Other site characteristics have been described
previously (Bossio and Scow, 1998; Bossio et al, 1999;
Fitzgerald et al., 2000). The two paddies in the study were
adjacent, 45 x 190 m fields managed using contrasting agri-
cultural practices. Rice straw residue was either burned or
incorporated to a depth of approximately 15cm into the soil
after harvest. Straw residue incorporation resulted in the
addition of approximately 2000 kgha™ per year more C in
the straw-incorporated paddy than in the straw-burned
paddy. Water depth in the paddies was maintained at 15 cm
except for short periods (3—-5 days) prior to herbicide appli-
cations (0—1cm water depth). Paddies were direct seeded

with Oryza sativa type japonica var. M202 (semidwarf rice
cultivar). Planting dates are within 3 days of flooding. Rice
growth characteristics, plant density, and rice yield for the two
paddies were similar (no significant differences) throughout
the study.

Three or four replicate soil cores per paddy were collected
for PLFA analyses along a 40 m sampling transect using a
stainless-steel coring device with 15-cm-long butyrate core
liners. Cores were also collected in a plant-free ‘bare’ subplot
(1 x 1m) of the straw-incorporated paddy 108 days after
planting in 2000. Intact cores were transported on ice, frozen
within 4 h of collection (-80°C), freeze-dried, sectioned into
2cm depth intervals and stored at —20°C until analysis. For
methanotroph biomarker PLFA analyses, roots were homo-
genized along with soil before subsampling. A subset of
densely rooted samples from the peak of the first rice growing
season was analysed before and after removing macroscopic
roots in order to check for the effect of rice roots on total PLFA
abundances. Methods for measuring soil porewater methane
concentration profiles using porewater equilibrators were as
previously described (Tyler et al., 1997). Rice height was
measured from crown to leaf tips on 15 uprooted plants col-
lected in each field along the sampling transect described
above. Rice root distributions in fresh soil cores from 108
days after planting, year 2000, were determined on a mass
basis for 2cm core sections of five replicate cores using
a hydropneumatic root washer (Smucker, 1982). Soil tem-
peratures were measured at 2 and 10cm soil depths along
the sample transect on each sampling date.

Soil samples in the Phillippines were collected from two
straw-incorporated rice fields in late March, 50 days after rice
transplanting. One field received no added nitrogen fertilizer,
while the other received nitrogen fertilization representative
of commercially farmed rice paddies in the Philippines. Mul-
tiple soil cores collected in the top 15cm in each field were
homogenized and frozen immediately after collection, freeze-
dried and stored frozen (—80°C) until analysis.

Polar lipid fatty acid (PLFA) analyses

PLFA analyses were conducted as previously described
(Hanson et al.,, 1999; Macalady et al., 2000). Briefly, 1-59g
soil samples were extracted with a chloroform—methanol—
water extractant, fractionated according to polarity by silica
gel column chromatography, and derivatized by mild alkaline
methanolysis to form polar lipid-derived fatty acid methyl
esters (FAMEs). FAMEs were dissolved in hexane con-
taining a known concentration of 19:0 FAME (internal stand-
ard) and analysed by capillary gas chromatography. Peaks
were identified using 33 bacterial FAME standards and MIDI
peak identification software (Microbial ID Inc., Newark, DE,
USA). Peak identifications were confirmed by capillary gas
chromatography—mass spectrometry (GC-MS) using a
Finnigan MAT/Thermoquest GCQ system with a 30 m capil-
lary column (DB-5MS, 0.25 mm internal diameter, film thick-
ness 0.25um, J and W Scientific) and an ion trap operated
in positive ionization mode with electron ionization
(70€eV). Double bond positions in monounsaturated FAMEs
were confirmed by GC-MS analysis of their dimethyld-
isulphide (DMDS) adducts (Nichols et al, 1986). Fatty
acids are described using the nomenclature ‘number of
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carbons:number of unsaturations’, followed by double bond
locations referenced from the omega (), or aliphatic, end of
the molecule. Specific biomarkers for type | (16:1w8) and
type Il (18:108) methanotrophs were quantified in selected
ion monitoring mode using external standards (16:1w7 and
18:1w9). Coefficients of variation for both internal and exter-
nal standard peaks (three replicate GC-MS injections) were
less than 12%. Less than 3% of the19:0 FAME internal stan-
dard was lost during the DMDS derivatization procedure.
Yield of the DMDS derivatization reaction for both external
standards was more than 90%.

Calculation of methanotroph population numbers

Methanotroph population sizes were calculated from PLFA
biomarker abundances (nmol/g dry soil) by assuming
4.4 x 107 phospholipid fatty acids per cell (Neidhardt et al.,
1990) and either 15% (type I, 16:1@8) or 50% (type II,
18:1w8) biomarker phospholipid fatty acid in methanotroph
cells (Bowman et al., 1991; Guckert et al., 1991). These per-
centages represent minimum estimates in the range of bio-
marker contents for methanotroph cultures (type |, 15-41%
16:1w8; and type Il, 50-80% 18:1w8) and therefore probably
overestimate cell numbers for both type | and type Il methan-
otrophs. Where methanotroph populations are summed over
several depth intervals, values are adjusted for changes in
soil bulk density with depth.

Statistical analyses

Methanotroph populations for six replicate cores (pooled data
from both field plots) were analysed by depth interval on each
sample date by one-way ANOVA and by linear regression.
Methanotroph populations were regressed against dry rice
root mass for three replicate cores collected 108 days after
planting in 2000. Methanotroph populations and type I/type Il
ratios for the same date in 2000 in planted and bare subplots
were also regressed separately against depth. Average
methanotroph populations in soil cores (field averages) and
environmental variables measured for each sample date
were analysed using linear regression. All analyses were
made using JMP software (SAS Institute, Cary, NC, USA).

3C tracer test of PLFA biomarker approach

The applicability of PLFA biomarkers for type | (16:108) and
type Il (18:1w8) methanotrophs reported in the literature was
tested using a "®CH, tracer incubation with subsequent iso-
topic analysis of soil polar lipid fatty acids. Twenty-five 2-cm-
diameter soil cores collected from the straw-burned paddy
were homogenized, air dried, sieved to 4 mm and stored at
room temperature until analysis (approximately 4 weeks).
Three soil slurries were constructed using 10 g subsamples
and 50 ml distilled water in 250 ml serum bottles. Unlabelled
methane was added to all three bottles to give a headspace
methane concentration of 12000p.p.m.v. Bottles were
incubated at room temperature, shaking (120r.p.m.), until
headspace methane was no longer detectable by gas chro-
matography (100 h). Two slurries then received '*C-labelled
methane (Cambridge Isotopes, Inc., 99 atom percentage '*C)
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to give 5000 p.p.m.v. in the headspaces. The remaining slurry
received non-labelled methane and served as a control. The
slurries were incubated further under identical conditions until
methane was no longer detectable in the headspace (48 h).
Carbon isotopic compositions of polar lipid FAMEs extracted
from the slurries were determined using capillary GC—isotope
ratio MS (GC-IRMS). The GC-IRMS system consisted of an
HP 6890 gas chromatograph (HP-5 capillary column, 30 m,
ID 0.32 mm, film thickness 0.25um) connected via a Europa
ORCHID on-line combustion interface to a Europa Geo 20/20
MS operating in continuous-flow mode. The atom percentage
'8C for individual FAME peaks were calculated with respect
to a standard CO, reference gas injected at the beginning
and end of analytical runs. Effluent fractions of various 16:1
and 18:1 fatty acids were determined by injecting known
standards.
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