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Succession of methanogenic archaea in rice straw incorporated into a
Japanese rice field: estimation by PCR-DGGE and sequence analyses
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Summary The succession and phylogenetic profiles of
methanogenic archaeal communities associated with rice straw
decomposition in rice-field soil were studied by polymerase
chain reaction-denaturing gradient gel electrophoresis (PCRDGGE) analysis followed by 16S rDNA sequencing. Nylon
bags containing either leaf sheaths or blades were buried in the
plowed layer of a Japanese rice field under drained conditions
during the off-crop season and under flooded conditions after
transplanting. In addition, rice straw samples that had been buried in the rice field under drained conditions during the offcrop season were temporarily removed during spring plowing
and then re-buried in the same rice field under flooded conditions at transplanting. Populations of methanogenic archaea
were examined by amplification of the 16S rRNA genes in the
DNA extracted from the rice straw samples. No PCR product
was produced for samples of leaf sheath or blade prior to burial
or after burial under drained conditions, indicating that the
methanogen population was very small during decomposition
of rice straw under oxic conditions. Many common bands were
observed in rice straw samples of leaf sheath and blade during
decomposition of rice straw under flooded conditions. Cluster
analysis based on DGGE patterns divided methanogenic
archaeal communities into two groups before and after the
mid-season drainage. Sequence analysis of DGGE bands that
were commonly present were closely related to Methanomicrobiales and Rice cluster I. Methanomicrobiales, Rice cluster I and Methanosarcinales were major members before the
mid-season drainage, whereas the DGGE bands that characterized methanogenic archaeal communities after the mid-season
drainage were closely related to Methanomicrobiales. These
results indicate that mid-season drainage affected the methanogenic archaeal communities irrespective of their location on
rice straw (sheath and blade) and the previous history of
decomposition during the off-crop season.
Keywords: decomposition, methanogen, paddy field soil,
phylogenetic profile.

Introduction
Rice fields are usually flooded during most of the cultivation
period. Anaerobic decomposition of organic matter in flooded
rice fields produces methane, making the fields a major source
of atmospheric methane. Rice straw is commonly incorporated into rice fields to maintain soil fertility, especially following the use of combine harvesters. Previous investigations
reported that application of rice straw to rice fields increased
methane emissions (Schütz et al. 1989, Yagi and Minami
1990, Sass et al. 1991, Chidthaisong et al. 1996, Watanabe et
al. 1998), and the emissions increased in proportion to the
amount of rice straw applied (Watanabe et al. 1995). Acetate
and syntrophically degraded propionate are the main precursors of methane during decomposition of rice straw in anoxic
rice-field soils (Glissmann and Conrad 2000).
The dynamics of methanogenic populations and their activities in rice fields amended with rice straw have been investigated (Adachi et al. 1996, Joulian et al. 1996, Asakawa et al.
1998, Kaku et al. 2000). In recent years, molecular biological
methods have been applied to elucidate microbial community
structures. Methanogenic archaeal communities involved in
the decomposition of rice straw in anoxic rice soil microcosms
have been determined by sequencing rRNA gene libraries, terminal restriction fragment length polymorphisms (T-RFLP)
and slot blot hybridizations to include Methanobacterium,
Methanosarcina and Rice cluster I (Weber et al. 2001). However, the methanogenic archaeal communities responsible for
decomposition of rice straw in fields have not yet been
investigated using molecular biological methods.
In a previous study, the bacterial communities responsible
for decomposition of rice straw incorporated into a rice field
were examined by denaturing gradient gel electrophoresis
(DGGE) analysis (Sugano et al. 2005). The bacterial communities were mainly affected by the part of straw (sheath or
blade) that was buried. Major bacterial groups found in the rice
field under both flooded and drained conditions were Proteobacteria, the CFB group and Spirochaetes. Microscopic observation of the decomposition process revealed that the leaf
blade decomposed faster than the leaf sheath, and that the de-
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composition of the leaf blade proceeded mainly from inside
the tissue. In contrast, the leaf sheath underwent decomposition from both the inside of the tissue and from the surface
(Kimura and Tun 1999, Tun and Kimura 2000).
The present study sought to elucidate, by DGGE, the succession and phylogenetic profile of methanogenic archaeal
communities during the decomposition of rice straw buried in
a rice field under flooded and drained conditions. The same
rice straw samples as those studied by Tun and Kimura (2000),
Tun et al. (2002), Nakamura et al. (2003) and Sugano et al.
(2005) were used. Thus, it was possible to compare the characteristics of methanogenic archaeal and bacterial communities during the decomposition process.

Materials and methods
Experimental field
The field incubations were performed in a paddy field at
Aichi-ken Anjo Research and Extension Center, central Japan
(34°8′ N, 137°5′ E). The soil had a total C content = 12.8 g
kg – 1; total N content = 1.1 g kg – 1; pH (H2O) value = 6.3;
amorphous Fe content = 3.76 g kg – 1; and clay content = 230 g
kg – 1. The soil type is Oxyaquic Dystrudept.
Rice straw samples
Rice straw (Oryza sativa L. cv. ‘Koshihikari’) was collected
from the Aichi-ken Anjo Research and Extension Center, at
harvest time. Five-cm segments of leaf sheath and leaf blade
were buried separately in nylon mesh bags (1-mm mesh size).
Eighteen and 24 bags of sheaths (5 pieces per bag) and leaf
blades (20 pieces per bag), respectively, were buried horizontally in the rice field at 5- to 10-cm depths: on June 19, 1998,
2 days after transplanting under flooded conditions (Experiment 1), and on November 12, 1998, after the harvest of rice
plants under drained conditions (Experiment 2). To allow for
plowing, the unsampled bags in Experiment 2 were temporarily removed on April 14, 1999 and reburied on May 5, 1999
after transplanting rice seedlings under flooded conditions.
The field management procedure during the experimental period has been described previously (Tun et al. 2002). The field
was flooded in early June 1998 and in late April 1999, drained
in early October 1998 and late August 1999, and left fallow
during the off-crop season in winter (from November 1998 to
April 1999). Mid-season drainage was performed from July 22
to August 9, 1998 and from June 14 to July 2, 1999. Mean temperature ranges were 19–30 °C (June to August 1998),
8–26 °C (September to November 1998), 2–10 °C (December
1998 to February 1999), 7–20 °C (March to May 1999) and
21–29 °C (June to August 1999). The rainfall in winter from
November to April was 337 mm, and the annual rainfall was
1500–1900 mm.
Date of sampling
Three nylon mesh bags each of leaf sheaths and leaf blades
were removed at each sampling time. In Experiment 1, sam-

ples were collected during the period of rice cultivation on July
8 and 22, August 4, September 2 and 18, and October 16, 1998.
In Experiment 2, samples were collected under drained conditions on December 9, 1998, February 25, 1999 and April 14
and during the period of rice cultivation on June 15 and 29,
July 13 and 28, and August 9, 1999. The nylon mesh bags were
gently washed with distilled water to remove soil particles and
plant roots and were then frozen at –20 °C until analysis.
DNA extraction
Samples of leaf sheaths and blades (0.5 g fresh mass) for DNA
analysis were obtained from the middle section of several rice
straw segments. The DNA extraction was performed by the
freeze– thaw method (Zhou et al. 1996, Tun et al. 2002). Some
of the extracted DNA samples were further purified on a
Sephadex G-200 gel filtration column (Jackson et al. 1997,
Cahyani et al. 2003).
PCR amplification and DGGE analysis
Methanogenic archaeal 16S rDNA was amplified with the
primer set consisting of a 0357F-GC clamp (Eschericha coli
position: 340–357, 5′-CGC CCG CCG CGC GCG GCG GGC
GGG GCG GGG GCA CGG GGGG CCC TAC GGG GCG
CAG CAG-3′, where the underlined sequence corresponds to
the GC clamp) and 0691R (E. coli position: 707–691, 5′-GGA
TTA CAR GAT TTC AC-3′; Watanabe et al. 2004). The PCR
was performed in a total volume of 50 µl, containing 75 pmol
of each primer, 0.25 mM dNTP mixture, 1× Ex Taq buffer
(with 20 mM Mg2+; TaKaRa, Tokyo, Japan), 2.5 U Ex Taq
DNA polymerase (TaKaRa), and about 20 ng of DNA template. The amplification condition was 94 °C for 3 min (initial
denaturation), followed by 35 cycles of denaturation at 94 °C
for 1 min, annealing at 53 °C for 1 min, extension at 72 °C for
2 min, and a final extension at 72 °C for 8 min in a TaKaRa
PCR Thermal Cycler (TaKaRa). The PCR products were separated on an 8% (w/v) polyacrylamide gel with a denaturing
gradient from 25 to 65% (100% denaturant, 7 M urea and 40%
(v/v) formamide) as described by Cahyani et al. (2004).
Statistical analysis
Cluster and principal component analyses were performed for
the DGGE data based on the position and the intensity of
bands observed (0 = no band; 1 = weak; 2 = moderate; 3 =
strong). The values were normalized for both analyses. Principal component analysis was performed with Excel statistics 97
for Windows (SRI, Tokyo, Japan) and a correlation matrix.
Cluster analysis was performed with a Black box program
(Aoki 1996) by the Ward method, which is one of the hierarchical techniques (agglomerative type) that can usually
form obvious clusters. Analysis of Molecular Variance
(AMOVA) was conducted to compare the DGGE patterns of
the communities. The calculation of ΦST (the analogue of FST
in the analysis of variance (ANOVA)) and a significance test
for the ΦST value based on the permutation procedure were
performed according to Excoffier et al. (1992).
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DNA sequencing of DGGE bands
Characteristic DGGE bands were excised from at least two
lanes of the gel and their electrophoretic mobility was confirmed to be the same as the original one by DGGE, as described above. The DNA was sequenced directly. The few
bands that could not be sequenced directly were cloned and
then sequenced (Cahyani et al. 2003). Sequencing was conducted with the DYEnamic ET Terminator Cycle Sequencing
Kit according to the manufacturer’s instructions (Amersham,
Tokyo, Japan) with a 373S DNA Sequencer (ABI, Chiba, Japan).
Phylogenetic analysis
The close relatives and phylogenetic affiliations of the sequences were determined with the BLAST search program
at the DNA Data Bank of Japan (http//:www.ddbj.nig.ac.jp/
E-mail/homology.html). Selected sequences were aligned
with Clustal X software, and phylogenetic trees were constructed using the neighbor joining method with the nj plot and
TreeView software. Bootstrap analyses were performed with
1000 replications.
Nucleotide sequence accession numbers
The sequences of the 16S rRNA genes of the methanogenic
archaea in this study are available from the DDBJ database.
The accession numbers are AB200334 to AB200351.

Results and discussion
Methanogenic archaeal 16S rRNA genes were successfully
amplified by PCR from rice straw samples under flooded con-
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ditions in both Experiments 1 and 2. However, no PCR poduct
was produced by sheath and blade samples before burial or after burial under drained conditions in Experiment 2, indicating that these samples contained little methanogenic archaeal
DNA. As bacterial 16S rDNA was successfully amplified from
all of the rice straw samples in our previous study (Sugano et
al. 2005), we conclude that the amount and purity of the extracted DNAs was sufficient for PCR amplification. Cahyani
et al. (2004) detected methanogenic archaea in air-dried rice
straw materials and attributed their presence to soil contamination. Using the most probable number (MPN) method, Asakawa et al. (1998) consistently detected methanogens in the
drained rice-field soil containing rice straw during the
wheat-cropping period. However, our results indicate that
methanogens did not grow in rice straw newly buried in
drained oxic soil. This was expected because methanogenic
archaea require strictly anaerobic conditions for growth.
DGGE patterns of methanogenic archaeal communities in
rice straw during decomposition in flooded rice-field soil
The PCR products of methanogenic archaeal genes were obtained only from samples incubated under flooded conditions.
The DGGE patterns of methanogenic archaeal communities in
decomposing rice straw under flooded conditions are shown in
Figure 1. The DGGE patterns of both leaf sheath and blade
samples in Experiments 1 and 2 changed after the mid-season
drainage (after August 4 in Experiment 1 and after June 29 in
Experiment 2). In total, bands with 24 different mobilities
were detected. There was no difference in the total number of
DGGE bands between the leaf sheath (17 on average) and the
leaf blade (16 on average), or between Experiments 1 (17 on
average) and 2 (17 on average). The number of bands repre-

Figure 1. Denaturing gradient
gel electrophoresis (DGGE)
patterns of methanogenic
archaeal communities associated with rice straw decomposition. Bands labeled “com”
were present in all samples.
Bands A and B existed in all
samples in Clusters A and B,
respectively (see Figure 2).
Bands pcA and pcB denote the
bands that characterized Clusters A and B, respectively, in
the principal component analysis (see Figure 3). The periods
of mid-season drainage were
from July 22 to August 9,
1998 and from June 14 to
July 2, 1999 in Experiments 1
and 2, respectively.
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Figure 2. Cluster analysis of DGGE
patterns of methanogenic archaeal
communities associated with rice straw
decomposition. Symbols: 䊊 = sheath
in Experiment 1; 䉭 = sheath in Experiment 2; 䊉 = blade in Experiment 1;
and 䉱 = blade in Experiment 2.

senting methanogenic archaea during the decomposition of
rice straw was slightly higher in our study than in the study of
Cahyani et al. (2004) (12 DGGE bands), but similar to the
number found in rice roots grown in flooded soil (about 15
bands; Ikenaga et al. 2004). The similar number of DGGE
bands in the leaf sheath and leaf blade indicates that methanogenic archaeal communities of similar diversity were located on all parts of the rice straw. In contrast, the diversity of
bacterial communities varies between the leaf sheath and
blade (Sugano et al. 2005). Seven bands were found in all incubations of the sheath and blade samples in Experiments 1 and 2
(Figure 1). No bands were specific to only the leaf sheath or
leaf blade. These findings indicate that the part of rice straw
buried had little effect on the methanogenic archaeal
communities under flooded conditions.

Statistical analysis of DGGE patterns of methanogenic
archaeal communities
Cluster analysis separated the methanogenic archaeal communities into two groups, Clusters A and B. These clusters corresponded to samples taken before and after mid-season
drainage (Figure 2). The methanogenic archaeal communities
belonging to Clusters A and B were significantly different
(P < 0.001) according to the AMOVA of the DGGE banding
patterns. Cluster A included sheath and blade samples from
before mid-season drainage on July 22 in Experiment 1 and
before the end of mid-season drainage on July 2 in Experiment
2. Cluster B included the remaining samples. These differences were significant (P < 0.001) when samples obtained during mid-season drainage were excluded. Moreover, bands A1,
A2, A3, A4 and A5 and bands B1, B2 and B3 were common in

Figure 3. Principal component analysis
of DGGE patterns of methanogenic
archaeal communities associated with
rice straw decomposition. Abbreviations: PC 1 = first principal component; PC 2 = second principal
component. Symbols: 䊊 = sheath in
Experiment 1; 䉭 = sheath in Experiment 2; 䊉 = blade in Experiment 1;
and 䉱 = blade in Experiment 2.
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Figure 4. Phylogenetic relationships of methanogenic archaeal 16S rDNA sequences of characterized DGGE bands. The sequences obtained in
the present study are shown in bold. Bootstrap values greater than 500 (out of 1000 replicates) are shown at branch points. Aquifex pyrophilus was
used as an outgroup. The scale bar represents 0.1 substitutions per nucleotide. Accession numbers of sequences are indicated in parentheses.
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all samples in Clusters A and B, respectively (Figure 1). These
results indicate that mid-season drainage has a significant effect on methanogenic archaeal communities associated with
rice straw decomposition in rice-field soil.
In contrast, bacterial communities associated with decomposition of rice straw were mainly affected by the part of the
straw (leaf sheath or blade) buried (Sugano et al. 2005). The
difference in the factors affecting bacterial and methanogenic
archaeal communities in decomposition of rice straw may be
explained as follows: bacterial communities were directly responsible for decomposition of rice straw, whereas methanogenic archaeal communities did not use biopolymers of rice
straw directly, but used only the fermentation end products of
decomposition. Glissmann and Conrad (2000) investigated the
fermentation pattern during methanogenic decomposition of
stem, sheath and blade in an anoxic rice-field soil microcosm
and found different fermentation patterns in the early decomposition stages, but no differences in the later methanogenic
decomposition stage. Because the methanogenic communities
used the same fermentation end products, it may be expected
that their communities are unaffected by the differences in
bacterial decomposition. Bacterial communities comprising
members with diversified substrate requirements and with various respiratory strategies (strictly aerobic, facultatively anaerobic and strictly anaerobic) may be mainly controlled by
the composition of rice straw. In contrast, methanogenic
archaeal communities can metabolize only a few substrates
and may be controlled simply by the oxidation–reduction
status.
The principal component analysis is shown in Figure 3. The
first and second principal components (PC) contributed 30 and
17%, respectively. The first PC divided the methanogenic
archaeal community into two groups, which corresponded to
Clusters A or B. Score plots of the samples shifted from the
negative load to the positive load in the first PC. The distance
of shift during rice cultivation was larger in Experiment 1 than
in Experiment 2. Band pcA1 and bands com5, pcB2 and pcB1
characterized Clusters A and B, respectively.
Identification of characteristic DGGE bands
The DGGE bands were closely related to previously cultured
and uncultured methanogens (Figure 4). All sequenced bands
that were excised from two lanes and possessed the same mobilities had identical sequences. Bands com1, com2, com3,
com5 and com6 were related to the Methanomicrobiales.
Bands com4 and com7 belonged to Rice cluster I. Bands A1,
A2, A4 and A5 also belonged to Rice cluster I, and only band
A3 belonged to Methanomicrobiales. Bands B1, B2 and B3
also belonged to Methanomicrobiales. Band pcA1, which was
specific to Cluster A, belonged to Methanosarcinales, and the
closest relatives of Cluster B-specific bands, pcB1, pcB2 and
com5, were members of the Methanomicrobiales. Many bands
were closely related to uncultured methanogens obtained from
rice-field soils, and about a half of the sequenced bands
(eight bands) were closely related to those obtained from the
same rice-field soil (Watanabe et al. 2004) or rice straw material (Cahyani et al. 2004). Band A2 was closely related to a

Rice cluster I clone obtained from rice straw decomposed in an
anoxic rice soil microcosm (Weber et al. 2001). Based on analyses of slot blot hybridizations, Weber et al. (2001) estimated
that Rice cluster I was both the most abundant and most active
group, although it was a minor group in the cloning and sequencing analyses. On the other hand, members of Methanomicrobiales were a minor group during decomposition of rice
straw in their study (Weber et al. 2001). Differences between
the results of the present study and those of Weber et al. (2001)
may be associated with differences in soil type (sampling
region) or experimental conditions.
Our results indicate that the Methanomicrobiales and Rice
cluster I are major members in methanogenic archaeal communities associated with decomposition of rice straw. Members of the Methanomicrobiales were more abundant than
those of Rice cluster I. Most bands belonging to Rice cluster I
were found in Cluster A. Thus, members of Methanomicrobiales, Rice cluster I and Methanosarcinales must have colonized rice straw mainly from the early flooded period to the
mid-season drainage, and then been replaced by members of
Methanomicrobiales after the mid-season drainage. Ueki et al.
(1995) and Kaku et al. (2000) found that the methanogenic activities of rice straw were lower after mid-season drainage than
before it. Mid-season drainage may have affected the production rate and the concentration of methanogenic substrates,
which resulted in changes in methanogenic activities as well as
in structural changes in methanogenic archaeal communities.
Band pcA1 (Methanosarcinales), which characterized the
methanogenic communities before mid-season drainage, disappeared after mid-season drainage. Wu and Conrad (2001)
reported that populations of Methanosarcina in cellulose-degrading methanogenic microbial communities decreased following aeration of anoxic rice field soil, indicating that members of Methanosarcinales in methanogenic archaeal communities were affected by the oxic conditions associated with
mid-season drainage.
In conclusion, methanogenic archaeal communities involved in the decomposition of rice straw under flooded conditions were affected by mid-season drainage irrespective of
their location on the rice straw (leaf sheath or leaf blade).
Methanogenic archaeal populations in rice straw under oxic
conditions were either absent or very small. The major
methanogenic archaeal groups responsible for decomposition
of rice straw under flooded conditions were Methanomicrobiales and Rice cluster I. Methanomicrobiales, Rice cluster I
and Methanosarcinales comprised the methanogenic archaeal
communities on rice straw before the mid-season drainage,
whereas the methanogenic communities on rice staw after the
mid-season drainage comprised only the Methanomicrobiales.
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