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Effect of nitrogen fertilization on methane oxidation,
abundance, community structure, and gene
expression of methanotrophs in the rice rhizosphere

Minita Shrestha, Pravin Malla Shrestha, Peter Frenzel and Ralf Conrad
Department of Biogeochemistry, Max Planck Institute for Terrestrial Microbiology, Marburg, Germany

Nitrogen, one of the limiting factors for the yield of rice, can also have an important function in
methane oxidation, thus affecting its global budget. Rice microcosms, planted in the greenhouse,
were treated with the N-fertilizers urea (UPK) and ammonium sulfate (APK) or were only treated with
phosphorous and potassium (PK). Methane oxidation rates in PK and UPK treatments were similar
during most of the rice-growing season, revealing no effect of urea. However, ammonium sulfate
strongly suppressed methanogenesis providing an unfavorable environment for methanotrophs in
APK treatment. Roots and rhizospheric soil samples, collected from six different growth stages of
the rice plant, were analyzed by terminal restriction fragment length polymorphism (T-RFLP) of the
pmoA gene. Assignment of abundant T-RFs to cloned pmoA sequences indicated that the
populations on roots were dominated by type-I methanotrophs, whereas the populations in
rhizospheric soil were dominated by type-II methanotrophs irrespectively of growth stages and
fertilizer treatments. Non-metric multidimensional scaling ordination analysis of T-RFLP profiles
revealed that the methanotrophic community was significantly (Po0.001) affected by the different
fertilizer treatments; however, the effect was stronger on the roots than in the rhizospheric soil.
Contrary to pmoA gene-based analysis, pmoA transcript-based T-RFLP/cloning/sequencing
analysis in rhizospheric soil showed type I as the predominant methanotrophs in both PK and
UPK treatments. Collectively, our study showed that type-I methanotrophs were dominant and
probably active in rhizospheric soil throughout the season irrespective of nitrogen fertilizer used,
whereas type-II methanotrophs were relatively more dominant under unfavorable conditions, such
as in APK treatment.
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Introduction

Rice paddies are one of the major contributors to the
emission of the greenhouse gas methane. Approxi-
mately 10–30% of the CH4 produced by methanogens
in rice paddies is consumed by aerobic methane-
oxidizing bacteria (methanotrophs) associated with
the roots of rice plants (Neue et al., 1997; Kruger et al.,
2002), thereby mitigating CH4 emission.

Understanding CH4 fluxes from rice paddy fields
requires understanding of methanotrophic bacteria
and their controlling factors. Besides methane and
oxygen, nitrogen can also have an important func-
tion in CH4 oxidation and may become an inhibiting
or stimulating factor for growth of methanotrophs.
Currently, there are many contradictory findings

reporting inhibition effects (Steudler et al., 1989;
Bosse et al., 1993; Hutsch et al., 1994), stimulation
effects (Bodelier et al., 2000b; Kruger and Frenzel,
2003), or no effects (Dunfield et al., 1995; Delgado
and Mosier, 1996; Dan et al., 2001) of ammonium-
based N-fertilization on methanotrophs.

Few studies showed that type-I methanotrophs
are stimulated by the addition of nitrogen fertilizer
(Bodelier et al., 2000b; Noll et al., 2008; Qiu et al.,
2008). However, these studies were based on a
single-time point sampling. The question arises
whether the community composition of total and
metabolically active methanotrophs is shaped dif-
ferently by different nitrogen availability at different
time points during the rice-growing season. There-
fore, in this study, we tried to give a comprehensive
overview of methanotrophs (except Verrucomicrobia
and Crenothrix) in planted rice microcosm by
investigating the effect of different N-fertilizers
(urea and ammonium sulfate). For this purpose,
we combined process measurements with potential
activity assay, quantitative PCR assay of pmoA gene,
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and terminal restriction fragment length polymor-
phism (T-RFLP) fingerprinting/cloning and sequen-
cing of pmoA gene and pmoA transcripts.

Materials and methods

Planted rice microcosms
Soil was taken from drained paddy fields of the
Italian Rice Research Institute in Vercelli, Italy, in
2006 and was air dried and stored at room
temperature. The soil contained 1.43% C, 0.13%
N, and had a texture consisting of 14% clay, 61%
silt, and 27% sand. The soil slurry for 75 pots was
prepared by mixing 120 kg soil, 67.5 l demineralized
water, and divided into three equal parts. Two 25-l
slurry portions were mixed separately with 1.25 l
N-fertilizer solutions [per liter: 0.87 g phosphorous
(P) as KH2PO4, 1.85 g potassium (K) as KCl, and 2.3 g
nitrogen (N) as urea (UPK) or ammonium sulfate
(APK)]. Similarly, a third 25-l slurry portion was
mixed with fertilizer without adding nitrogen
source and treated as control (PK). Soil slurry was
then filled into 75 pots with a volume of 1.6 l (height
11 cm, diameter 16 cm) and these microcosms were
flooded with demineralized water up to 5 cm water
depth above the soil surface. This water depth was
maintained throughout the experimental period.
The amounts of fertilizer added correspond per ha
to 160 kg N as urea or ammonium sulfate, 140 kg
P2O5, and 155 kg K2O; such amounts are common
in rice field agriculture. In the center of each pot, a
self-made nylon bag (25 mm mesh; 6 cm length and
9 cm radius) was placed through which water and
nutrients could pass freely, whereas roots were not
able to penetrate, isolating the roots and surround-
ing soil inside the bag as rhizospheric soil from the
bulk soil outside the bag (Supplementary Figure S1).

After 5 days of flooding, one 12-day-old rice
seedling (Oryza sativa var. KORAL type japonica)
was transplanted into the center of the nylon bag in
each pot and 50ml fertilizer solution was added as a
second fertilization. The day of transplantation was
taken as day zero and the incubation experiment
was then conducted for total 88 days under flooded
conditions in the greenhouse (RH-70%, 12h photo-
period, and 28/22 1C day/night temperature). On day
57, a third and final dose of 50ml fertilizer solution
was added to each microcosm.

Plant parameters, CH4 flux, pore water CH4, pH, NH4
þ ,

NO2
�, and NO3

�

Once a week, total plant height (from the soil
surface), tiller number, and leave number were
noted. Rates of CH4 emission and CH4 oxidation in
triplicate microcosms were measured as described
earlier (Kruger and Frenzel, 2003; Shrestha et al.,
2008). Pore water samples were collected weekly
from the rhizosphere (3 cm depth from the soil
surface) and bulk (10 cm depth from the soil surface)
soil of rice microcosms using stoppered tubes as

described by Shrestha et al. (2008). After shaking the
tube with pore water, an aliquot of the gas headspace
was sampled using pressure lock syringes and
analyzed for CH4 concentration and the pore water
was analyzed for pH, NH4

þ , NO2
�, and NO3

� as
described earlier (Kruger et al., 2001; Shrestha
et al., 2008).

Collection of soil and root samples
Destructive sampling technique was used to collect
samples of rhizospheric soil and roots from the
planted rice microcosms. Samples were repeatedly
collected in triplicate from three microcosms and
three different fertilizer treatments (3 samples� 3
microcosms� 3 treatments) on day 29 after trans-
plantation. Rhizospheric soil is defined as the soil
present inside the nylon bag closely adhered to
roots. Nylon mesh bag with rice plant was pulled
out carefully and then the upper 2–3 cm soil surface
layer was removed and discarded. Rhizospheric soil
sample was then collected by homogenizing the
remaining soil that is present inside the bag and
was immediately suspended in RNAlater (Ambion,
Darmstadt, Germany). After 24 h of incubation at
4 1C, samples were centrifuged at 5000 g for 5min,
and the supernatant was discarded. The soil
samples were then washed twice with one quarter-
strength Ringer solution to remove the remaining
RNAlater (Shrestha et al., 2009). Roots samples were
treated in the same way except that they were first
washed with sterile demineralized water and pul-
verized with a mortar and pestle after shock freezing
in liquid nitrogen. Soil and root samples thus
obtained were processed immediately or stored at
�80 1C for later molecular analysis. Similarly,
samples were collected on 40, 57, 62, 67, and 88
days after transplantation and processed.

Methane oxidation potential
Methane oxidation potential was determined for
triplicate rhizospheric soil samples collected on 29,
40, 57, 62, 67, and 88 days after transplantation from
all three treatments. Soil slurries were prepared by
mixing 1 g moist soil with 1ml sterile demineralized
H2O and were placed into 25-ml pressure tubes
closed with butyl stoppers. The tubes were flushed
with synthetic air (21% O2 in N2) for 1min, and then
the headspace was supplemented with 50 000ppmv
CH4. The tubes were then incubated horizontally on
a roller (at 150 r.p.m.) at 30 1C in dark. Headspace
CH4 was sampled at 0, 2, 18, 24, 42, 48, 66, and 72h
after incubation using a pressure lock syringe, and
the concentration was measured by gas chromato-
graphy (Kruger et al., 2002). The CH4 concentration
started to decrease right after the incubation. From
the CH4 depletion of triplicate samples, linear
regressions were calculated and potential CH4

oxidation rates were determined from the slope of
the regression.

Methanotrophs in the rice rhizosphere
M Shrestha et al

1546

The ISME Journal



DNA and RNA extraction
DNA and RNA from the soil and roots samples
were extracted using the protocol reported earlier
(Shrestha et al., 2008, 2009) with few modifications.
For the total RNA extraction, total nucleic acid was
treated with 5U DNAse (Promega, Mannheim,
Germany), 10�DNAse buffer (Promega), in combi-
nation with 10U RNAsin (Promega), and incubated
at 37 1C for 1 h. Finally, total RNA was further
purified by using RNeasy kit (Qiagen, Hilden,
Germany). The integrity of the 16S and 23S rRNA
was checked by electrophoresis on a 1% agarose gel
and purity was checked using nanodrop spectro-
photometer (NanoDrop Technologies, Wilmington,
USA) by measuring the absorbance ratio at 260/
280nm, which was consistently found to be 41.8.

PCR of pmoA gene and RT–PCR of pmoA transcript
PCR amplification of the pmoA gene was performed
using primers A189f and mb661r as described
earlier (Shrestha et al., 2008). For RT–PCR of
pmoA transcripts, two-steps RT–PCR was performed
using the ImProm-II Reverse Transcription System
(Promega). In the first step, cDNA was synthesized
in a total volume of 20 ml at 45 1C for 45min. The
reaction volume contained 2ml template RNA and
20pmol A682r primer. In the second step, touch-
down PCR was performed using 1 ml cDNA template
from the RT step. Touchdown PCR program includes
initial denaturation for 3min at 94 1C, followed by
11 touchdown cycles consisting of denaturation at
94 1C for 1min, primer annealing at 64–55 1C (with
�1 1C decrease in annealing temperature per cycle)
for 1min and 24 further cycles at 55 1C for 1min,
followed by extension at 72 1C for 1min. The final
elongation step was extended to 7min. An aliquot
(1 ml) of the PCR product from the A189f/A682r
primer set was used for the second round of PCR
with primer set A189f/mb661r. The PCR program
was initial denaturation at 94 1C for 2min; 15 cycles
of denaturation at 94 1C for 1min, primer annealing
at 62 1C for 30 s, and elongation at 72 1C for 1min
followed by another 20 cycles of denaturation at
94 1C for 1min, primer annealing at 55 1C for 30 s,
and elongation at 72 1C for 1min. The final elon-
gation step was extended to 7min. In parallel to the
RT–PCR reaction, a control RT–PCR in the absence
of reverse transcriptase enzyme was conducted for
all samples to verify the absence of DNA.

T-RFLP analysis
T-RFLP analysis was performed for both DNA and
cDNA samples in triplicate as described earlier
(Shrestha et al., 2008). For cDNA samples, an
aliquot (1 ml) of the PCR product from the A189f/
A682r primer set, as described above, was used for a
second round of PCR with primer set A189f/mb661r
in which an FAM (6-carboxyfluorescein)-labeled
forward primer was used. However, using reverse

primer mb661r in conjunction with labeled forward
primer A189f did not give any PCR products for
root samples taken after 57 and 88 days of APK
treatment and nine cDNA samples from three
treatments taken on 62, 67, and 88 days after
transplantation. Therefore, a degenerate reverse
primer, nmb650r (ACGTCYTTACCGAAVGT), was
designed based on the 650r primer (Bourne et al.,
2001) and was used for the PCR amplification of
the above 11 samples for T-RFLP analysis. The
PCR program was performed as described above.
Before performing T-RFLP assay, the performance of
the new reverse primer was tested against mb661r
primer using seven randomly chosen samples
(DNA and cDNA products from soil and roots),
which were successfully amplified before by using
A189f/mb661r primer set in T-RFLP analysis. The
result showed that both A189f/mb661r and A189f/
nmb650r primer sets gave highly similar T-RFLP
patterns (Supplementary Figure S2). The final PCR
products were gel purified by using Wizard SV
Gel and PCR Cleanup System (Promega) before
performing T-RFLP assay.

The length of fluorescently labeled T-RFs was
determined by comparison with the internal stan-
dard using GeneScan 3.71/5.1 software (Applied
Biosystems, Darmstadt, Germany). The relative
abundance of T-RFs was calculated as described
before (Shrestha et al., 2008). Here, T-RFLP patterns
of three replicates from the same microcosm as well
as from three replicate microcosms of each treatment
were analyzed for tube-to-tube and pot-to-pot varia-
tions. Variation among the replicates was checked
for major T-RF peaks, which was very small. There-
fore, the relative abundances of T-RFs of all the
replicates (5-9 replicates) were averaged for each
treatment and time points.

Quantification of pmoA gene by real-time PCR
Methanotrophs were quantified in root and rhizo-
spheric soil samples by using the pmoA-targeting
real-time PCR assay using A189f/mb661r primers.
Cloned pmoA gene fragments were used to create the
standard curve as earlier described (Kolb et al., 2003).
Before quantification, the DNA extracts were tested
for inhibitory effects of co-extracted substances (Kolb
et al., 2003) and the lowest dilution that had no
inhibitory effect was used for further measurements.

Real-time PCR assays were performed using iCyler
IQ thermocycler (Bio-Rad, Munich, Germany).
Reaction solutions contained 12.5 ml Sybr Green
Jumpstart Taq Ready mix (Sigma-Aldrich, Munich,
Germany), 4 ml MgCl2, 0.5 ml BSA, 0.6 mM each
primer (MWG Biotech, Ebersberg, Germany), 5ml
DNA template, and 3ml purified water. Each
measurement was performed in four replicates in
25 ml volumes. Data analysis was carried out with
iCyler software version 2.3.1370 (Bio-Rad). A single
peak in the melting curve analysis and a single band
in the agarose gel staining confirmed specific
amplification of pmoA gene.
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Cloning, sequencing, and phylogenetic analysis
A total of nine clone libraries were generated. Six
libraries were constructed from the pooled pmoA
gene PCR product of soil and root samples taken 57
days after transplantation for each of the three
different fertilizers treatments. The other three clone
libraries were constructed from the pooled pmoA
RT–PCR products of rhizospheric soils taken 40
days after transplantation for each of the three
different fertilizers treatment. The pGEM-T Easy-
cloning kit (Promega) was used for the cloning
following the manufacturer’s instructions. A total of
166 clones from the pmoA gene PCR and 88 clones
from the pmoA RT–PCR were randomly selected
and cloned inserts were sequenced using the
primers M13f- and M13r-targeting vector sequences.
The sequences were analyzed initially using the
BLASTn tool (Altschul et al., 1990). All the
sequences together with the closest matched se-
quences in BLASTn were then imported into ARB
(Ludwig et al., 2004) for phylogenetic tree construc-
tion. Regions of sequence ambiguity and incomplete
data were excluded from the analyses. The results
were depicted as a consensus tree, combining the
results of Tree-Puzzle, Neighbor-joining, and
Maximum likelihood analyses of the datasets.

Statistical analysis
One-way ANOVA and Duncan post hoc test was
used for testing significant differences between
treatments for the in situ CH4 oxidation rates, CH4

oxidation potentials, and real-time PCR results
using SPSS software (version 11.5).

All other statistical analyses were performed in R
(version 2.9.1; R Development Core Team, Vienna,
Austria). Environmental parameters, CH4 fluxes, and
molecular analyses could not always be measured
on the same day and/or on the same microcosm(s).
Hence, a non-linear local fit of environmental data
against time was used to analyze controlling factors.
The fits were constructed with LOCFIT (http://
cran.r-project.org/web/packages/locfit/) and a¼ 0.3.
The parameter a controls how closely the fit follows
short-term deviations from the general trend. The
value a¼ 0.3 was chosen as the best compromise
between generalization and over-fitting after
visually inspecting fits with a varying from 0.6 to
0.3. An example is given in Supplementary Figure
S3. T-RFLP data as retrieved from the sequencer
were re-formatted with package reshape (version
0.8.3; Wickham, 2007) into a rectangular matrix for
further analysis. T-RFs were standardized according
to Dunbar et al. (2001). Multivariate analyses were
performed with vegan (Oksanen, 2008). For all
community analyses, Bray–Curtis dissimilarities
were used. We used non-metric multidimensional
scaling (NMDS) for ordinations and the function
metaMDS in particular. Differences in commu-
nity patterns between treatments were tested
with analysis of similarity. Correlations between

communities and environmental factors were
tested with ADONIS. Both analysis of similarity
and ADONIS were run with 1000 permutations.

Nucleotide sequence accession numbers
DNA sequences of pmoA gene and cDNA sequences
of pmoA transcripts have been deposited in the
EMBL, GenBank, and DDBJ nucleotide sequence
databases under accession no. FN649469 to
FN649634 and FN649638 to FN649725, respectively.

Results

Rates of CH4 emission and oxidation
Vegetative growth of rice plants (plant height,
number of tiller, and number of leaves) was more
pronounced in APK than UPK and PK treatments
(Supplementary Figure S4). Plant growth was
similar in PK and UPK till 57 days, but after 57
days, that is after the third fertilization, number of
tillers and leaves increased in UPK as compared
with PK treatment.

Methane emission rates (in the absence of
inhibitor) gradually increased from the beginning
and reached maximum values (19–21mg
CH4m

�2 h�1) on days 48 and 65 in PK and UPK
treatments, respectively (Figure 1a). However, the
differences in CH4 emission rates in PK and UPK
treatments were not significant (P40.05) except
on days 43 and 67. In APK treatment, in contrast,
CH4 emission rates remained o3mg CH4m

�2 h�1

during most of the incubation period.
Methane oxidation started to increase after day

30 and reached maximum values (7–11mg
CH4m

�2 h�1) on days 48 and 43 in PK and UPK
treatments, respectively (Figure 1b). These rates
attenuated nearly 28% (PK) and 50% (UPK) of the
anaerobically produced CH4. In APK treatment, in
contrast, CH4 oxidation rates were always very
low (o1mg CH4m

�2 h�1) (Figure 1b).

Methane and other compounds in the pore water
The highest CH4 concentrations were about 400 mM
(rhizospheric soil) and 800 mM (bulk soil) in PK (on
days 20 and 35) and UPK treatments (on days 30 and
35; Figures 1c and d). From days 30 to 60, these
values decreased to about 200 mM in the rhizospheric
soil and then again increased in the late rice-
growing season. In APK treatment, CH4 concen-
trations were always o150 mM (Figures 1c and d).

In PK treatment, NH4
þ concentration was about

2mM at the beginning, but undetectable later on
(Figures 1e and f). In APK and UPK treatments, NH4

þ

concentrations were in the range of 15–20mM at the
early days and decreased rapidly after 18 days in
both rhizospheric and bulk soil. In both, UPK and
APK treatments, a small peak of NH4

þ (2–3mM) was
observed in rhizospheric region after fertilizer
addition (Figure 1e) on day 57. The NO2

� and
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NO3
� concentrations were generally below the

detection limit (o5 mM). The pH was in the range
of 6.5–7.5 in both rhizospheric and bulk soil.

Methane oxidation potential
Methane oxidation started without lag in all rhizo-
spheric soil samples (PK, UPK, APK) (Figure 2). The
CH4 oxidation potentials (MOP) were significantly
lower (Po0.01) in PK than UPK treatment at almost
all sampling points. There was no significant
difference (P40.01) in MOP of the two nitrogen
fertilizer treatments (UPK, APK) until day 57.
However, MOP decreased significantly (Po0.01) in
APK treatment after 62 days and then remained
significantly (Po0.01) lower compared with UPK
treatment (Figure 2).

Quantitative PCR of pmoA
Copy numbers of the pmoA gene were measured
in all samples except roots from day 29. The pmoA
copy numbers in PK and UPK, but not in APK
treatment, varied significantly (Po0.05) over time in

both roots and rhizospheric soil. The pmoA copy
numbers were always lower in APK than in PK and
UPK treatments for most of the sampling time points

Figure 1 (a) Methane emission rates, (b) CH4 oxidation rates, (c) pore water CH4 concentrations in rhizospheric soil, (d) pore water CH4

concentrations in bulk soil, (e) pore water NH4
þ concentrations in rhizospheric soil, and (f) pore water NH4

þ concentrations in bulk soil in
PK, UPK, and APK treatments. ‘F’ on the horizontal axis stands for the day on which final dose of fertilizer solution was added; values are
mean±s.d. (n¼3–9).

Figure 2 Methane oxidation potentials measured in rhizo-
spheric soil samples from different sampling periods in PK,
UPK, and APK treatments; values are mean±s.d. (n¼ 3). Letters
on top of the bar indicate results from a Duncan post hoc test of a
one-way ANOVA. Different letters indicate significant differences
(Po0.01) between the means of the different treatments.
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(Figure 3). On root samples, copy numbers were
significantly lower (Po0.05) in PK than UPK
treatment on day 67, but significantly (Po0.05)
higher on day 40. In rhizospheric soil, copy numbers
were significantly lower (Po0.05) in PK than
UPK treatment on days 40 and 67 (Figure 3). Copy
numbers were positively correlated (Spearman’s
rank correlation) with CH4 oxidation rates in UPK
(R¼ 0.77; Po0.001) and APK (R¼ 0.68; Po0.001).

T-RFLP and cloning/sequencing of pmoA gene and
pmoA transcripts
Most of the T-RFs that were obtained from roots
and rhizospheric soil (Figures 4–6) could be
assigned to respective genera of type-I and type-II
methanotrophs by our clone sequences, that is
80bp¼Methylococcus, Methylocaldum, uncultured
type-I methanotrophs; 245bp¼Methylocystis,Methylo-
sinus; 438bp¼Methylomonas; 457bp¼Methylomicro-
bium; 506bp¼Methylobacter; 227, 242, 350, and
374bp¼uncultured type-I methanotrophs (Supple-
mentary Figure S5). However, T-RFs of 113, 210, 264,
278, 364, and 448bp could not be assigned to any of
the sequences obtained from the clone libraries.

T-RFLP patterns of pmoA genes on roots showed a
high relative abundance of the 438 bp T-RF in UPK
treatment, except on day 88 (Figure 4b). The T-RFLP
patterns were more dynamic in PK and APK
treatments than in UPK (Figures 4a and c). T-RFLP
patterns of pmoA genes in rhizospheric soil showed
that the T-RF of 245 bp generally comprised 60–90%
of the total abundance in all treatments, except for
PK on day 29, when it constituted only 42% of the

total, but still being the relatively most abundant
T-RF (Figures 5a–c).

Unfortunately, transcripts of pmoA could not be
retrieved using root samples. In rhizospheric soil
samples, the T-RFLP patterns of the pmoA trans-
cripts in PK and UPK treatments, but not in APK
treatment, showed a clear temporal variation over
the growth stages (Figures 6a–c). A similar tendency
was also revealed by clone frequency (data not
shown). In PK and UPK treatments, the major T-RFs
were 80, 245, 350, and 438 bp, which all changed
over time. In APK treatment (Figure 6c), in contrast,
the T-RF of 245 bp was generally the dominant one
with 448% of total abundance. Overall, relative
abundance of type-I methanotrophic transcripts was
high in PK and UPK treatment (except on days 40
and 88), whereas relative abundance of type-II
methanotrophs transcripts was high in APK treat-
ment. Note that the different pmoA transcription
patterns coincided with CH4 oxidation rates and
in vitro CH4 oxidation potentials being much lower
in APK than UPK or PK.

Statistical analysis of T-RFLP profiles
NMDS was used to analyze the effects of nitrogen
fertilizer treatment and environmental factors on the
community structure of methanotrophs. The results
are summarized for roots and rhizospheric soil
samples in one ordination diagram (Figure 7a). Soil
samples formed a tight cluster characterized by
a T-RF indicative for type-II methanotrophs (green
triangle), whereas root samples occupied a much
larger ordination space together with the T-RFs

Figure 3 Copy numbers of pmoA genes in rhizospheric soil (black bars) and on roots (white bars) from (a) PK, (b) UPK, and (c) APK
treatments; values are mean±s.d. (n¼ 4).
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characteristic for different type-I methanotrophs
(gray and red triangles). Analysis of similarity
showed that the total methanotrophic community
on roots was significantly affected by the different
fertilizer treatments (R2¼ 0.37; Po0.001), whereas

that in rhizospheric soil was barely affected
(R2¼ 0.06).

When only the root samples were analyzed by
NMDS (Figure 7b), the methanotrophic community
of UPK treatment clustered around the T-RF

Figure 5 pmoA gene-based T-RFLP profiles from rhizospheric soil samples from (a) PK treatment, (b) UPK treatment, and (c) APK
treatment from different sampling points. Values are mean±s.d. (n¼5–9). For further details, see Figure 4 legend.

Figure 4 pmoA gene-based T-RFLP profiles from root samples from (a) PK treatment, (b) UPK treatment, and (c) APK treatment from
different sampling points. Values are mean±s.d. (n¼5–9). MspI was used as restriction enzyme. A 244-bp T-RF is representative of type-
II methanotrophs; 80, 227, 242, 264, 350, 374, 438, 457, and 506bp are representative of type-I methanotrophs, whereas 113, 210, 278,
364, and 448bp could not be affiliated to any clone sequences.
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indicative for Methylomonas (red triangle) falling
together with increasing CH4 oxidation rates
(Figure 7b). The T-RF indicative for type-II methano-
trophs (green triangle), on the other hand, seemed to
be characteristic for the community receiving the
APK treatment (Figure 7b).

Rhizospheric soil samples were analyzed with
respect to total and active methanotrophs using the
T-RFLP profiles of pmoA genes (DNA) and pmoA
transcripts (mRNA; Figure 8a). The DNA-based

samples formed a tight cluster around the T-RF
indicative for type-II methanotrophs (green triangle).
The mRNA-based soil samples occupied a larger
ordination space than the DNA-based samples
with different patterns for PK and UPK treatments
(Figure 8a). Excluding the DNA-based samples and
analyzing only the mRNA-based soil samples
showed differentiation of pmoA transcripts in
the APK from those in the other treatments
(Figure 8b). The transcripts in the APK treatment

Figure 6 Relative abundance calculated for pmoA transcripts from rhizospheric soil samples from (a) control; PK treatment, (b) UPK
treatment, and (c) APK treatment from different sampling points. Values are mean±s.d. (n¼5–9). For further details, see Figure 4 legend.

Figure 7 NMDS of pmoA gene (DNA)-based T-RFLP profiles (a) from samples of both rhizospheric soil and roots (non-metric fit,
R2¼0.99; linear fit, R2¼ 0.97) and (b) from root samples (non-metric fit, R2¼ 0.99; linear fit, R2¼0.98). In (a), the 90% confidence ellipses
circumscribe the centroids of soil and root samples and in (b), ellipses circumscribe the centroid of the PK, UPK, and APK treatments; the
fit of the methane oxidation rates to the ordination is given by gray isolines overlying the ordination. Gray triangles¼T-RF indicative for
different type-I methanotrophs, green triangle¼T-RF indicative for type-II methanotrophs (Methylocystis and Methylosinus), red
triangle¼T-RF indicative for Methylomonas. Soil and root samples are displayed as squares and circles, respectively, whereas the
treatments are color coded as blue¼PK, red¼UPK, and green¼APK.
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were characterized by type-II methanotrophs (green
triangle), whereas the two other treatments
contained various type-I methanotrophs (gray and
red triangles).

The effect of environmental factors on mRNA
patterns was checked with ADONIS. Modeling the
mRNA-based dissimilarities in soil as a function
of environmental factors and time, the number of
tillers and CH4 concentration in bulk soil were
highly significant (Po0.001), and both ammonium
and CH4 in the rhizospheric soil were significant
(Po0.01). The model explained 31.6% of the total
variance.

Discussion

Three different fertilizer treatments of planted rice
microcosms had different effects on CH4 oxi-
dation and populations of methanotrophic bacteria.
The composition and differential expression of
the methanotrophic community, in particular,
were affected by fertilizer treatment, and the effects
were different in the rhizospheric soil and on the
roots.

Effect of fertilizers on plant growth and CH4 turnover
Addition of nitrogen in the form of ammonium
(APK) or urea (UPK) resulted in healthier and denser
vegetation than addition of only phosphorous and
potassium (PK) in the control. Plant development
was optimal in APK treatment followed by UPK and
PK treatments. These findings corresponded well to
the rapid depletion of ammonium in both UPK and
APK treatments (Figures 1e and f). However, in APK
treatment, low CH4 concentrations (Figures 1c and
d) and low CH4 emission rates (Figure 1a) were
observed despite well-developed plants. This was
probably because of suppression of methanogenesis

by high sulfate concentrations in APK treatment
(Cai et al., 1997; Minamikawa et al., 2005). Owing to
the low CH4 concentrations, rates of CH4 oxidation
were also low (Figure 1b).

Rates of emission and oxidation of CH4 were
similar in PK and UPK treatments indicating no
nitrogen effect on CH4 oxidation activity (Figures 1a
and b). Similar observations were made in earlier
studies (Dunfield et al., 1995; Delgado and Mosier,
1996; Cai and Yan, 1999; Bykova et al., 2007).
However, the potential for CH4 oxidation in the
rhizospheric soil was significantly (Po0.05) higher
in the nitrogen treatments (APK only in the begin-
ning, UPK throughout) than in the control (PK), thus
indicating a stimulating effect of nitrogen fertiliza-
tion on the methanotrophic community (Figure 2). In
fact, a potential for CH4 oxidation was detected at all
fertilizer regimes and all growth stages consistent
with the detection of pmoA expression (Figure 6).
This result is consistent to the findings reported
by Bodelier et al. (2000b), who have also found a
higher potential activity after nitrogen (urea or
(NH4)2HPO4) addition to soil slurry as compared
with unfertilized soil. However, the pattern of
CH4 oxidation potential was not coupled with CH4

emission rates, probably because of opposing effects
on CH4 production versus CH4 oxidation. On the
one hand, N-fertilization probably stimulated CH4

production by increasing rice plant growth and
increasing the carbon supply through the root
exudates for methanogens (Bodelier et al., 2000a;
Schimel, 2000; Dan et al., 2001). On the other hand,
N-fertilization probably also stimulated the growth
and activity of methanotrophs, leading to reduced
net CH4 efflux because of the increased CH4 oxida-
tion rate (Bodelier et al., 2000b). As a consequence,
no differential effect was observed in either CH4

emission or CH4 oxidation between PK and UPK
treatment. However, a transient stimulation of CH4

Figure 8 NMDS of T-RFLP profiles from rhizospheric soil using (a) both DNA- and mRNA-based T-RFLP profiles (non-metric fit,
R2¼0.99; linear fit, R2¼ 0.96) and (b) mRNA-based T-RFLP profiles alone (non-metric fit, R2¼0.99; linear fit, R2¼ 0.95). The 90%
confidence ellipses circumscribe in (a) the centroids of DNA-based and mRNA-based samples and in (b) the centroids of mRNA-based
samples from PK, UPK, and APK treatments, respectively. Gray triangles¼T-RF indicative for different type-I methanotrophs, green
triangle¼T-RF indicative for type-II methanotrophs (Methylocystis and Methylosinus), red triangle¼T-RF indicative for Methylomonas.
DNA and mRNA samples are displayed as open and closed circles, respectively, whereas the treatments are color coded as blue¼PK,
red¼UPK, and green¼APK.
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oxidation was observed in UPK treatment after the
fertilizer addition on day 57 (Figure 1b). A similar
result was reported by Kruger and Frenzel (2003).

Effect of fertilizers on the root methanotrophic
community
The root methanotrophic community was domi-
nated by type-I methanotrophs, but the relative
abundance changed over the rice-growing season
and was affected by the type of fertilizer (Figure 4)
used. The relative abundance of both type-I and
type-II methanotrophs exhibited stronger seasonal
dynamics in PK and APK treatments, which
suggested plant growth-related variations upon
release of O2 and organic substances as controls of
microbial dynamic on rice roots (Ikenaga et al.,
2003). In UPK treatment, however, temporal changes
were relatively minor. We speculate that in UPK
treatment, CH4, O2, and NH4

þ concentrations were
probably sufficient allowing a relatively consistent
and stable methanotrophic community with
dominant type-I methanotrophs throughout the
rice-growing season (except on day 88). NMDS
ordination of community patterns showed that the
root methanotrophic community of UPK treatment
was different from those of the other treatments. It
furthermore indicated a coincidence between ele-
vated CH4 oxidation activity and the methano-
trophic community structure with Methylomonas
spp., in particular, as indicator species (Figure 7b).
In contrast, Methylocystis and Methylosinus were
indicative for the active population in rhizospheric
soil in APK treatment (Figure 8b). These differences
in indicator species are relevant as (i)Methylomonas
species can assimilate urea as N-source (Bowman,
2006) and (ii) type-II methanotrophs (Methylocystis
spp. and Methylosinus spp.) are known to survive
under adverse conditions (Hanson and Hanson,
1996) such as low CH4 concentrations in the APK
treatment.

Effect of fertilizers on the soil methanotrophic
community
The soil methanotrophic community was different
from the root community and was generally domi-
nated by type-II methanotrophs (Figure 5). The
community was quite uniform across different
fertilizer treatments and growth stages as shown by
NMDS statistical analysis (Figures 7a and 8a). It has
repeatedly been reported that rhizospheric soil
samples are predominantly populated by type-II
methanotrophs (Gilbert and Frenzel, 1995; Henckel
et al., 2000; Eller and Frenzel, 2001; Shrestha et al.,
2008). The high relative abundance of type-II
methanotrophs in soil might be due to their ability
of forming cysts or spores.

However, a more dynamic pattern was revealed
from the analysis of pmoA transcripts, which
showed a more diverse and changeable pattern of

T-RFs than those of pmoA genes (Figures 6 and 8b).
Interestingly, the pmoA transcript patterns were
only dominated by type-II methanotrophs in APK
treatment, whereas type-I methanotrophs dominated
in the other treatments (Figure 6). The relatively
large activity of type-II methanotrophs in APK
treatment may be due to the low CH4 concentrations,
as discussed above. However, the relatively large
activity of type-I methanotrophs in PK and UPK
treatments is intriguing, as type-I populations were
only relatively small in pmoA gene-based study.

Earlier studies that were restricted to either soil
slurries (Bodelier et al., 2000b; Noll et al., 2008) or
single-time point sampling (Qiu et al., 2008) showed
that the type-I methanotrophs were active after
addition of nitrogen fertilizer. Here, we have shown
in a comprehensive study that type-I methanotrophs
transcribe pmoA throughout the rice-growing season
irrespective of nitrogen fertilizer treatment. Thus,
type-I methanotrophs probably were responsible for
in situ CH4 oxidation, although they constituted
only the minor part of the total methanotrophic
community. Hence, it seems that activity of type I
generally was higher than that of type-II methano-
trophs when CH4 concentrations were sufficiently
high. ADONIS statistics confirmed that CH4 con-
centration together with ammonium concentration
were significant environmental variables in rhizo-
spheric soil affecting pmoA transcript patterns of
type-I methanotrophs. Methylomonas was the most
important indicator species for UPK treatment and
uncultured type-I methanotrophs (T-RFs 80, 374,
and 350) were indicator species for PK treatment
(Figure 8b).

Conclusions
The determination of pmoA gene-based T-RFLP
profiles and subsequent affiliation to clone sequences
and NMDS ordination showed that different fertili-
zers significantly affected the methanotrophic com-
munity structure; however, the effect was stronger on
the roots and weaker in the rhizospheric soil.
Furthermore, populations of type-I methanotrophs
were dominant on root, whereas type-II methano-
trophs were dominant in rhizospheric soil indicating
niche differentiation within rice rhizosphere region.
In contrast, pmoA transcript-based T-RFLP analysis of
rhizospheric soil showed type I as the predominantly
active methanotrophs both in PK and UPK treatments
albeit their populations were relatively smaller than
those of type-II methanotrophs. These observations
indicate that type I are the more dynamic methano-
trophs that rapidly become active and grow when
conditions are favorable, such as in the rhizosphere
and even more on the roots. Type-II methanotrophs,
in contrast, seem to be better adapted to less favorable
conditions, as found in the soil rather than on the
roots, and under conditions in which CH4 production
was suppressed (APK treatment) resulting in low CH4

concentrations.
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