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Abstract

The denaturing gradient gel electrophoresis (DGGE) method for analyzing 16S rDNA of methanogenic
archaeal community in paddy field soil was presented. Five  specific primers for 16S rDNA of
methanogenic archaea, which were modified from the primers for archaea, were first evaluated by PCR
and DGGE using genomic DNAs of 13 pure culture strains of methanogenic archaea. The DGGE analysis
was possible with two primer pairs (0348aF-GC and 0691R; 0357F-GC and 0691R) of the five pairs
tested although 16S rDNA of some nonmethanogenic archaea was amplified with 0348aF-GC and 0691R.
These two primer pairs were further evaluated for use in analysis of methanogenic archaeal community in
Japanese paddy field soil. Good separation and quality of pattemns were obtained in DGGE analysis with
the both primer pairs. Totally 41 DNA fragments were excised from the DGGE gels and their sequences
were determined. All fragments belonged to methanogenic archaea. These results indicate that the
procedure of DGGE analysis with the primer pair of 0357F-GC and 0691R is suitable for investigating
methanogenic archaeal community in paddy field soil.

Keywords: Methanogenic archaea; DGGE; Paddy field; 16S IDNA

Introduction

Methanogenesis is a final degradation process of organic matter in anoxic environments

including paddy fields. In these environments, organic matters are degraded to methanogenic



substrates such as acetate, CO, and H, by diverse bacteria and CH, is formed and released to the
atmosphere [1]. Methane is one of the green house gases whose effect is estimated to be 25
times higher than CO, [2]. Paddy fields are a major source of CH, emission, which accounted
for 11 % of the total CH, emission and 16 % of the emission from anthropogenic sources [3].
Therefore, it is important to understand the mechanism of methanogenesis and in particular
ecology of methanogenic archaea in paddy field soil. Methanogenic archaea belong' to
Euryarchaeota together with halophilic (Halobacteriales) and thermophilic (Archaeoglobales,
Thermococcales and Thermoplasmatales) archaea [4]. Five orders (Methanobacteriales,
Methanococcales, Methanomicrobiales, Methanopyrales and  Methanosarcinales) of
methanogenic archaea have been described so far and each of them forms a distinct lineage
within Euryarchaeota [5-7].

In recent years, molecular ecological methods, for example restriction fragment length
polymorphism (RFLP), fluorescent in situ hybridization (FISH), etc., have been widely used for
analyzing microbial community structures in various environments. The denaturing gradient gel
electrophoresis (DGGE). of SSU rDNA is one- of these methods [8], which has the advantages
that we can obtain phylogenetic information on the existed microorganisms and the community
structural changes by analyzing bands migrated separately on DGGE gels. As for archaeal
community, DGGE analysis was first applied to lake water sample [9] and then has been used in
many studies on archaeal communities in various environments, most of which target 16S
tDNA of both Euryarchaeota and Crenarchacota and some do only Crenarchaeota.
Methanogenic community has been intensively investigated in paddy soil microcosm by using
clone library and terminal-RFLP (T-RFLP) techniques [10-18] and not a few studies have been
conducted by cultivation method (e. g. [19]). However, there is no work that analyzes the
community of methanogenic archaea in paddy field soil by the DGGE method.

Hence, the objective of this work is to establish DGGE method for analyzing the community
of methanogenic archaea in paddy field soil. For this objective, the specific primers for 16S
IDNA of methanogenic archaea were modiﬁéd from the primers for archaea [9, 20] and first
evaluated by using genomic DNAs of 13 strains of methanogenic archaea which belonged to
Methanobacteriales, Methanosarcinales and Methanomicrobiales and included three isolates
from Japanese paddy soil. The selected primers were further evaluated for use in analysis of

methanogenic archaeal community in Japanese paddy field soil.



Materials and Methods

Archaeal and bacterial strains and DNA extraction

The strains used were 13 strains of methanogenic archaea, 4 strains of archaea other than
methanogens and 3 strains of bacteria. Methanobrevibacter arboriphilus SA (=DSM 7056, JCM
9315, OCM 783), Methanosarcina mazei TMA (=DSM 9195, JCM 9314, OCM 784) and
Methanoculleus chikugoensis MG62™ (=DSM 13459”, JCM 108257, OCM 785") were isolated
from paddy field soil in the Kyushu National Agricultural Experiment Station, Chikugo,
Fukuoka, Japan [21-23] and maintained in our laboratory. Methanothermobacter
thermoautotrophicus AH' (=DSM 10537), Methanosarcina mazei S-6° (=DSM 20537),
Methanosarcina mazei LYC (=DSM 4556), Methanoculleus thermophilus CR-17 (=DSM 23737),
Methanoculleus palmolei INSULZ" (=DSM 4273"), Methanoculleus bourgensis MS2" (=DSM
3045T) Methanoculleus bourgensis RC/ER (=DSM 2772; formerly “Methanoculleus
olentqngyi”) [24], Methanoculleus bourgensis CB1 (=DSM 6216; formerly “Methanoculleus
oldenburgensis”) [24] and Methﬁnoculleus marisnigri JR1" (=DSM 1498") were obtained from
the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Braunschweig,
Germany. Cells of Methanothermobacter wolfeii DSM 2970" were obtained from Morii H. of
the Department of Environmental Management, University of Occupational and Environmental
Health Japan, Kitakyushu, Fukuoka, Japan. Escherichia coli K-12 (= IAM 1264) was obtained
from the Institute of Molecular and Cellular Biosciences (formerly Institute of Applied
Microbiology), the University of Tokyo, Tokyo, Japan. Genomic DNAs of these strains were
extracted as described previously [21-23]. Genomic DNAs of Metallosphaera sedula JCM 9064,
Thermoproteus tenax JCM 9277", Pyrococcus horikoshii JCM 9975 and “Haloarcula
aidinensis” JCM 10025 were given by the courtesy of Ito T. of the Japan Collection of
Microorganisms, Institute of Physical and Chemical Research, Wako, Saitama, Japan. Genomic
DNAs of Bacillus subtilis IFO 16412 and Pseudomonas aeruginosa IFO 12689 were gifts from

Murase J. of our laboratory.

Soil

The sampling sites were two paddy field plots (D1 and E2) (Anthraquic Yellow Soil;
Oxiaquic Dystrochrepts: total C content, 13 g kg™; total N content, 1.1 g kg'; pH [H,0], 6.3) in
Anjo Research and Extension Station, Aichi-ken Agricultural Research Center, Anjo, Aichi,
Japan and four plots (Gray Lowland Soil; Endoquepts: total C content, 22-30 g kg'; total N



content, 2.1-2.9 g kg'; pH [H,0], 5.9-6.2 [Yoo et al. (25)]), which were treated with chemical
fertilizer (CF), rice straw plus chemical fertilizer (RS), rice straw compost plus chemical
fertilizer (RSC) and wheat straw plus chemical fertilizer (WS), respectively, in the paddy field
with long term application of organic matter [19] in the National Agricultural Research Center
for Kyushu Okinawa Region (formerly Kyushu National Agricultural Experiment Station),
Chikugo, Fukuoka, Japan. The sampling dates for D1, E2 and CF, RS, RSC and WS piots were
3 June 2002, 15 July 2002 and 12 September 2002, respectively. The D1 plot was with mono
cropping of rice as summer crop (fallow in winter) and the transplanting of rice was conducted
on 30 May 2002. The E2, CF, RS, RSC and WS plots were under double cropping conditions
(rice in summer and wheat in winter) and rice was transplanted on 21 June 2002 for E2 and on
12 June 2002 for CF, RS, RSC and WS plots, respectively. The soil sample was taken from the
plow layer of flooded soil using a trowel into a polyethylene bag and transported to the
laboratory at 4 °C. Then soil samples were passed through a 2-mm mesh sieve and stored at

4°C ﬁntil use.

DNA extraction from soil and purification

DNA extraction was based on the method of Zhou et al. [26] by bead-beating with some
modifications. The extraction was replicated three times. A 0.5 g of soil sample was mixed with
720 pL of extraction buffer (100 mM Tris'HCl [pH 8.0], 100 mM EDTA-2 Na-2 H,0, 1.5 M
NaCl, 1 % hexadecylmethylammonium bromide [CTAB]), 0.4 g of each glassbead with a
diameter of 0.1-0.15 mm, 0.5 mm or 1 mm and 180 pL of 10 % sodium dodecyl sulfate (SDS)
in a 2-mL tube with a screw cap and the tube was shaken horizontally at 2,500 rpm for 750 s
with a Mini-Beadbeater (Biospec Product, Bartlesville, OK, USA). Then the suspension was
incubated at 65 °C for 30 min with shaking by hand every 10 min and was centrifuged at 17,360
g for 5 min at room temperature. A 300 pL of the supernatant was transferred into a 10-mL.
centrifuge tube. A 600 pL of the PCI solution (phenol : chloroform : isoamyl alcohol = 25 : 24 :
1; v/v) was added into the 2-mL tube and the suspension was mixed horizontally at 2,500 rpm
for 10 s with a Mini-Beadbeater. After centrifugation at 17,360 g for 5 min at room temperature,
400 pL of the supernatant was taken and added to the 300 pL of the supernatant in 10-mL
centrifuge tube. A 400 pL of the extraction buffer was added to the mixture in the 2-mL tube
and the step of mixing at 2,500 rpm for 10 s, centrifugation at 17,360 g for 5 min and the
transfer of the 400-uL supernatant to the 10-mL centrifuge tube was repeated three times. A 1.9
mL of the CIA (chloroform : isoamyl alcohol = 24 : 1; v/v) solution was added to the 10-mL



tube and the suspension was shaken by hand. After keeping statically for 5 min, the mixture was
centrifuged at 17,360 g for 5 min. The supernatant was transferred into a new 10-mL centrifuge
tube and 1.5 mL of isopropanol was added. The solution was mixed well and left for 5 min. The
mixture was centrifuged at 17,360 g for 20 min and the supernatant was removed. The pellet
was washed with 1 mL of 70 % ethanol and then dried up. The crude DNA was dissolved in 100
uL of TE (10 mM Tris'HCl; 1 mM EDTA; pH 8.0) and purified by using Sephadex G-200 as

described previously by Cahyani et al. [27] based on the method of Jackson et al. [28].

PCR amplification

Table 1 shows the primer used. Primers 0357F, 0505R and 0691R were designed by
modifying the known ones, PARCH 340f, PARCH 519r and 0690aR, respectively [9, 20]. The
modification was done by aligning them with the 77 sequences from the database and also by
submitting them to the BLAST search program at the National Center for Biotechnology
Information (NCBI) web site (www.ncbi.nlm.nih.gov). The sequences used for alignment were
those of the order Methanobacteriales (AF028688, AF233586, X99046, AF095260, AF028689,
AF095261, AF028690, AF093061, Y12592, AF095264, X99047, X99048, AF095265,
AB065294, U62533, U41095, U82322, US55235, MS59139, MS59145, AF095273),
Methanomicrobiales (AF095266, AF095267, M59147, AF095268, Z13957, AF033672,
AF172443, AF095269, AB038795, AF028693, AF095270, Y16382, M59129, AF262035,
AF095271, AF095272, MS59130, MS59131, MS59142, MS59143, U76631, M60880),
Methanococcales (U39016, AF056938, M59125, AF025822, M59126, AF005049, M59128,
M36507, MS59290, AF051404, ABO057722) and Methanosarcinales (AJ238002, X65537,
M59127, U20149, X98192, M59133, U20152, M59132, U20148, U20154, M59135, U20155,
AF120163, AJ276437, M59146, AB(071701, U89773, M59140, U20150, M59137, AJ002476,
AF411469, AJ012742). Based on these results, the degeneracy was eliminated when modifying
the primers 0357F and 05S05R from PARCH 340f and PARCH 5191, respectively. On the other
hand, the primer 0691R included “R” instead of “G” and the length and position were modified
to improve the specificity. The primers 0348aF and 0915aR did not need any modification
according to the aligning and BLAST results. These primers have been used for sequencing of
archaeal 16S rDNA [20] and the primers with similar or same sequences were used in PCR-
single strand conformation polymorphism (SSCP) and clone library analyses in archaeal
communities [29, 30].

PCR mixture (50 pL) contained 0.5 uL of forward and reverse primers (50 pmol uL* each),



2.5 or 5.0 U of Ex-Taq polymerase (TaKaRa, Tokyo, Japan), 5 uL of Ex-Taq buffer (with 20
mM Mg?*, TaKaRa), 5 uL of dNTP mixture (2.5 mM each, TaKaRa), 1 or 3 uL of DNA
template (85-750 pg), and filled up with MilliQ water. In some cases, the DNAs extracted from
soil were diluted and twice amount of Taq polymerase was used. PCR amplification was
performed by using a TaKaRa PCR Thermal Cycler (TaKaRa) under the condition with 94 °C
for 3 min (initial denaturation), followed by prescribed cycles of denaturation at 94 °C for 1 min,
annealing for 1 min and extension at 72 °C for 2 min, and the final extension at 72 °C for 8 min.
The cycle number and annealing temperature were modified depending on a primer pair used
(see Results and Discussion).

PCR product was observed on agarose gel (2.0 %) with 1 XTAE buffer (40 mM Tris-HCI, 40
mM acetate, 1.0 mM EDTA) and ethidium bromide (0.5 pg mL™") under UV light.

DGGE analysis

DGGE was performed with a Dcode Universal Mutation Detection System (Bio Rad
Laboratories, Hercules, LA, USA). PCR product (about 150 ng) was applied onto 8 % (w/v)
polyacrylamide gel in 1XTAE. The denaturant gradient range of the gel, in which 100 %
denaturant contained 7. M urea and 40 % (v/v) formamide, was modified depending on PCR
products applied (see Results and Discussion). Electrophoresis was run for 14 h at 60 °C at 100
V. The gels was stained for 20 min with SYBR Green I nucleic acid gel stain (1 : 10,000
dilution) (Biowhittaker Molecular Applications, Rockland, ME, USA). The stained gel was
immediately photographed under UV light.

Sequence and phylogenetic analysis

Nucleotide sequences of DNA fragments recovered from bands on DGGE gels were
determined as the following method. The gel strip of a band was excised from a DGGE gel with
a 1-mL pipet tip into a 1.5-mL tube and the DNA was eluted in 30-uL TE at 4 °C for over night.
The DNA fragment was amplified from the eluted solution by PCR and subjected to check the
mobility on DGGE gels as described above. The primer pair without GC clamp (0348aF or
0357F and 0691R) was used in the template amplification by PCR for the subsequent cycle
sequencing. Primer 0365F (5’-GCA GCA GGC GCG AAA-3’) was also used in the cycle
sequencing of DNA fragments. The PCR products were sequenced with a 373S DNA
Automated Sequencer (Applied Biosystems, Chiba, Japan) using Thermo Sequenase II dye

terminator cycle sequencing kit (Amersham Pharmacia Biotech, Tokyo, Japan).



Close relatives and phylogenetic affiliation of the obtained sequences were detemined by
using the BLAST search program at the National Center for Biotechnology Information (NCBI)
web site (www.ncbi.nlm.nih.gov). Phylogenetic tree was constructed by 1000-fold bootstrap
analysis using parsimony and neighbor joining methods with the nj plot and the Tree ViewPPC
(version 1.6.6 Developmental) softwares. All sequences determined in this study were deposited
in the DDBJ databases under the accession numbers from AB113832 to AB113872.

The 16S rDNA sequences of Methanobrevibacter arboriphilus SA (=DSM 7056, JCM 9315,
OCM 783), Methanosarcina mazei TMA (=DSM 9195, JCM 9314, OCM 784), Methanosarcina
mazei LYC (=DSM 4556), Methanoculleus thermophilus CR-1' (=DSM 2373") and
Methanothermobacter wolfeii DSM 2970”7 were determined as described previously [23] using
the primers in the table by Achenbach et al. [20], M23°f (5°’-TCC GTT TGA TCC TGS CGG A-
3”)[31], 0246R (5°’-ACC CYA CCA ACT ASC T-3%), 0533F (5-GTG CCA GCM GCC GCG
GTA A-3’), 0707F (5’-GTG AAA TCC TGT AAT CC-3’) and 0806F(5’-CCGGAT TAG ATA
CCC GGG TAG TCC-3’) (E.coli positions 8-26, 261-246, 515-533, 691-707 and 783-806), and
have been deposited in DDBJ under the accession number of AB065294, AB065295, AB065296,
AB065297 and AB104858, respectively.

Results and Discussion

Analysis of genomic DNA of methanogenic archaea by DGGE method

The three primer pairs (0348aF and 0691R; 0357F and 0691R; 0357F and 0915aR) of the five
pairs evaluated showed good amplification by PCR with genomic DNAs from 13 methanogenic
strains but not E.coli K-12 (Fig.1). 16S tDNA of E. coli K-12 and/or nonspecific DNA
fragments were amplified with the other primer pairs (data not shown). Ratios of template to
product varied among DNAs used. For example, the largest yield of 16S rDNA fragments from
Methanosarcina mazei LYC and Methanoculleus bourgensis CB1 was expected to be amplified
because the amounts of genomic DNAs of the two strains were largest (Table 2). The fragment
from Methanoculleus thermophilus CR-1 was, however, most amplified with 0357F-GC and
0691R (Fig. 1b). In addition, less amount of the fragment from Methanobrevibacter
arboriphilus SA was obtained than the expected one from the concentration of genomic DNA
with 0348aF-GC and 0691R (Fig. 1a). There was no mismatch in the sequences between the
primers and the genomic DNAs of 13 strains used. The size of genomic DNA and the copy

number of 16S rRNA gene [32] and/or the different primer binding energies [33] may have
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biased the PCR amplification although the number of rRNA operons has been reported only in
several strains of methanogenic archaea including the ones whose whole genome sequences
were determined; Methanothermobacter thermoautotrophicus AH and Methanosarcina mazei
Go1 have two and three copies, respectively, for example [34, 35]. The amount of PCR product
from a genomic DNA varied among the primer pairs used (Fig. 1). Therefore, the effect of the
different annealing temperature [36] and/or the interference from the DNA segments flanking
target regions [37] may have also resulted in the observed biases.

Band patterns on DGGE gels with primer pairs of 0348aF-GC and 0691R and 0357F-GC and
0691R showed good resolution and separation (Fig. 2). On the other hand, clear bands were not
obtained from PCR products with the primer pair of 0357F-GC and 0915aR even though some
ranges of acrylamide concentration and denaturant gradient were tested (data not shown). The
amplified fragments had approximately 600 bp length and might be too long for good separation.
Further examination of 6ther conditions will be needed to improve the separation with this
primer pair.

The sequences of the fragments migrated to the same positibns on DGGE gel were not
necessarily identical. The fragments from Methanosarcina mazei TMA, Methanosarcina mazei
S-6 and Methanosarcina mazei LYC, and the ones from Methanothermobacter
thermoautotrophicus AH and Methanothermobacter wolfeii héd 100 % similarity of sequences.
However, the sequence similarity among the fragments from Methanoculleus bourgensis RC/ER,
CB1 and MS2 was not 100 %, but 98.6 — 99.0 % and these fragments migrated to the same
position (Fig. 2). These differences may be due to not only the G+C content of DNA but also the
distribution of G and C (or A and T) in the fragment.

When a mixture of genomic DNAs from 8 strains were used as template, the respective bands
were obtained as well though some nonspecific bands appeared, especially with the primer pair
0348aF-GC and 0691R (Fig. 2). This was probably due to the formation of chimeric DNA [38,
39] and the low annealing temperature (49 °C) with the large cycle number (40) in the PCR
condition for 0348aF-GC and 0691R may have affected the specificity of amplification. When
the mixing ratio of the genomic DNAs was varied, the intensity of band increased relative to the
genomic DNA concentration (data not shown). These results indicate that the intensity of a
certain band corresponds to the amount of respective template DNA, but that intensities of
bands at the different locations cannot be compared to each other for estimating the amount of
the template DNAs.

~ Specificity of the primer pairs used was examined with genomic DNAs from
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nonmethnogenic archaeal and bacterial strains. Nonmethanogenic archaeal 16S rDNA fragments
were amplified only with 0348aF-GC and 0691R and none of bacterial 16S rDNA was
amplified with both primer pairs (Fig. 3). There was at least one base mismatch in the sequences
between the primers and 16S rDNA of the tested strains with an exception that there was no
mismatch between 0357F-GC and 0691R and 16S rDNA of “Haloarcula aidinensis” JCM
10025. The lower annealing temperature and larger cycle number in the PCR condition for
0348aF-GC and 0691R than those for 0357F-GC and 0691R may have affected again the
specificity of amplification. Consequently, the primer pair 0357F-GC and 0691R was more
specific for methanogenic archaea than 0348aF-GC and 0691R.

Analysis of methanogenic archaeal community in paddy field soil by DGGE method

DGGE band patterns with 0348aF-GC and 0691R and 0357F-GC and 0691R from paddy
field soils at the two sites (Anjo and Chikugo) are shown in Fig. 4. Numbers of DNA fragments
obtained from both fields with 0348aF-GC and 0691R and 0357F-GC and 0691R were 25 to 28
and 15 to 17, respectively. Although Methanobrevibacter arborfphilu’,s SA, Methanosércina
mazei TMA and Methanoculleus chikugoensis MG62 were isolated from WS, WS and RSC
plots, respectively, in the Chikugo paddy field, only the bands whose mobility was close to that
of Methanosarcina mazei TMA were found in all samples from Chikugo field.

Representatives of bands, which were clear and had high intensity, were excised from both
DGGE gels as many as possible and subjected to sequencing. The sequences of totally 41 DNA
fragments were successfully determined. The formation of chimeric DNA fragment was not
observed in those sequences. The phylogenetic relationships of sequenced 41 bands are shown
in Fig. 5. All fragments belonged to methanogenic archaea. Most sequences were affiliated to
Methanomicrobiales or Methanosarcinales, especially related to Methanosaeta. The sequences
of E2-1a, E2-1b and RS-1b were close relatives to Methanospirillum sp. TM 20-1 which was
isolated from a Japanese paddy field soil [40]. Several sequences belonging to “Rice clusters”,
which were reported to exist in only paddy fields [10, 15], were also obtained. Although the
primer pair of 0348aF-GC and 0691R potentially amplifies 16S rDNA of nonmethanogenic
archaea (Fig. 3), no fragment belonging to these taxa was obtained in the bands analyzed so far.

Kudo et al. [41] showed that Methanosarcina-, Methanosaeta- and Methanogenium-like
clones dominated in paddy field soils in Japan by analyzing clone libraries of archaeal 16S
rDNA. The analysis of ether-linked lipids and microscopic observation of MPN cultures

suggested that the order Methanosarcinales was predominant in CF, RS and RSC plots in the
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Chikugo field [19]. These results seem to support our sequence data although all of the
fragments on DGGE gels were not analyzed. We will conduct ecological study on methanogenic
archaeal communities in paddy field soil with the DGGE method presented here to assess the
predominant species of methanogenic archaea in paddy field soil and monitor seasonal
dynamics of the populations, etc. in the future paper.

In conclusion, the method for DGGE analysis of 16S rDNA described above is suitable for
investigating methanogenic archaeal community in paddy field soil. Of the two primer pairs
selected, 0357F-GC and 0691R seems to be better in view of its specificity for methanogenic
archaea since the primer pair of 0348aF-GC and 0691R potentially amplifies 16S rtDNA of

nonmethanogenic archaea.
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Tabe 1. PCR of primers. The upper sequence was used in the present study and the lower was the original one.
The modified base is shown in bold letter.

Primer Sequence E. coli position T m('C) Reference
0357F CCC TAC GGG GCG CAG CAG 340 - 357 64.9

PARCH340f CCC TAC GGG GYG CAS CAG 340 - 357 [9]
0348aF TCC AGG CCC TAC GGG 333-348 52.0 [20]
0505R TTA CCG CGG CGG CTG 533-519 52.0

PARCH519r TTA CCG CGG CKG CTG 533-519 [9]
0691R GGA TTA CAR GAT TIC AC 707 - 691 49.0
0690aR TTA CAG GAT TIC ACT 704 - 690 [20]
0915aR GTG CTC CCC CGC CAA TIC CT 934 - 915 62.5 [20]

GCclamp CGC CCG CCG CGC GCG GCG GGC
GGG GCG GGG GCA CGG GGG G 8]

Table 2. Methanogenic archaeal strains and DNA concentration used for PCR template.

Accession number of Concentration

Strain

16S tDNA (ng /uL)
Methanobrevibacter arboriphilus SA (DSM 7056) AB065294 0.17
Methanosarcina mazei TMA (DSM 9195) AB065295 0.10
Methanoculleus chikugoensis MG62 (DSM 13459) ABO038795 0.18
Methanothermobacter thermoautotrophicus AH (DSM 1053) AE000930,AE000940 0.19
Methanothermobacter wolfeii (DSM 2970) AB104858 0.13
Methanosarcina mazei S-6 (DSM2053) U20151 0.10
Methanosarcina mazei LYC (DSM 4556) AB065296 0.23
Methanoculieus thermophilus CR-1 (DSM 2373) AB065297 0.11
Methanoculleus palmolei INSLUZ (DSM 4273) Y16382 0.09
Methanoculleus bourgensis RC/ER (DSM 2772) AF095270 0.12
Methanoculleus bourgensis CB1 (DSM 6216) AB065298 0.23
Methanoculleus bourgensis MS2 (DSM 3045) AF095269 0.19
Methanoculleus marisnigri JR1 (DSM 1498) . M59134 0.12
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Fig. 1. PCR products amplified with selected primer pairs. (a) 0348aF-GC and 0691R. (b) 0357F-GC and
0691R. (c) 0357F-GC and 0915aR. S, 100 bp ladder; 1, Methanobrevibacter arboriphilus SA; 2,
Methanosaricina mazei TMA; 3, Methanoculleus chikugoensis MG62; 4, Methanothermobacter
thermoautotrophicus AHT; 5, Methanothermobacter wolfeii; 6, Methanosarcina mazei S-6T; 7, Methanosarcina
mazei LYC; 8, Methanoculleus thermophilus CR-1T; 9, Methanoculleus palmolei INSULZT; 10,
Methanoculleus bourgensis RC/ER,; 11, Methanoculleus bourgensis CB1; 12, Methanoculleus bourgensis
MS2T; 13, Methanoculleus marisnigri JR1T; M, products amplified from a mixture of genomic DNAs of §
methanogenic archaeal strains (1-4, 8-10, 13); E, E. coli K-12; C, negative control (PCR products without
DNA template). The annealing temperature and cycle number for 0348aF-GC and 0691R, 0357F-GC and
0691R and 0357F-GC and 0915aR were 49 °C and 40, 53 °C and 35 and 65 °C and 25, respectively.
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Fig. 2. DGGE band patterns of PCR products. (a) 0348aF-GC and 0691R. (b) 0357F-GC and 0691R. Lanes 1-13 and
M are the same as in Fig. 1. S, mixture of equal amount of PCR products from the genomic DNAs of 13

methanogenic archaeal strains (1-13). The denaturant gradient ranges were from 25 to 65 % and from 25 to 60 % for
(a) and (b), respectively.
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Fig. 3. Specificity of primer pairs for methanogenic archaea. (a) 0348aF-GC and 0691R. (b) 0357F-GC and
0691R. 1-3, S, C and E are the same as in Fig. 1. Me, Metallospaera sedula JCM 9064; Th, Thermoproteus tenax
JCM 92777; Py, Pyrococcus horikoshi JCM 9975; Ha, “Haloarcula aidinensis” JCM 10025; B, B. subtilis IFO
16412; P, P. aeruginosa IFO 12689.
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Fig. 4. DGGE band patterns (negatively converted) obtained from soil samples of paddy fields in Anjo and
Chikugo. (a) 0348aF-GC and 0691R. (b) 0357F-GC and 0691R. S is the same as in Fig. 2. D1 and E2 are the plots
at paddy fields in Anjo. CF, chemical fertilizer plot; RS, rice straw plus chemical fertilizer plot; RSC, rice straw
compost plus chemical fertilizer plot; WS, wheat straw plus chemical fertilizer plot at paddy field in Chikugo. The
numbers indicated by arrows show the bands whose sequences were determined and correspond with the ones on
the phylogenetic tree.
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Fig. 5. Phylogenetic relationships of 16S rDNA sequences retrieved by DGGE method from paddy field soil in
Anjo and Chikugo. The sequences obtained in the present study are shown in bold letters. a and b show the
sequences with 0348aF-GC and 0691R and 0357F-GC and 0691R (E. coli positions 349-690 and 358-690),
respectively. Phylogenetic relationships were compared among the sequences from the E.coli position 358 to 690.
Bootstrap values (%) are shown at branch points (When more than 50 %). Aquifex pyrophilus was used as an out
group. The scale bar represents 0.1 substitutions per nucleotide. Accession numbers of sequences are indicated in

parentheses.
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