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Terrestrial rocks, petroleum reservoirs, faults, coal seams, and subseafloor gas hydrates contain an abun-
dance of diverse methanoarchaea. However, reports on the isolation, purification, and characterization of
methanoarchaea in the subsurface environment are rare. Currently, no studies investigating methanoarchaea
within fault environments exist. In this report, we succeeded in obtaining two new methanogen isolates,
St545Mb" of newly proposed species Methanolobus chelungpuianus and Methanobacterium palustre FG694aF,
from the Chelungpu fault, which is the fault that caused a devastating earthquake in central Taiwan in 1999.
Strain FG694aF was isolated from a fault gouge sample obtained at 694 m below land surface (mbls) and is
an autotrophic, mesophilic, nonmotile, thin, filamentous-rod-shaped organism capable of using H,-CO, and
formate as substrates for methanogenesis. The morphological, biochemical, and physiological characteristics
and 16S rRNA gene sequence analysis revealed that this isolate belongs to Methanobacterium palustre. The
mesophilic strain St545Mb”, isolated from a sandstone sample at 545 mbls, is a nonmotile, irregular, coccoid
organism that uses methanol and trimethylamine as substrates for methanogenesis. The 16S rRNA gene
sequence of strain St545Mb"™ was 99.0% similar to that of Methanolobus psychrophilus strain R15 and was 96
to 97.5% similar to the those of other Methanolobus species. However, the optimal growth temperature and total
cell protein profile of strain St545Mb" were different from those of M. psychrophilus strain R15, and whole-
genome DNA-DNA hybridization revealed less than 20% relatedness between these two strains. On the basis
of these observations, we propose that strain St545Mb"* (DSM 19953"; BCRC AR10030; JCM 15159) be named
Methanolobus chelungpuianus sp. nov. Moreover, the environmental DNA database survey indicates that both
Methanolobus chelungpuianus and Methanobacterium palustre are widespread in the subsurface environment.

The strictly anaerobic, methane-producing archaea exhibit
marked habitat diversity. They have been isolated from virtu-
ally every habitat in which anaerobic biodegradation of organic
compounds occurs, including freshwater and marine sediments,
digestive and intestinal tracts of animals, and anaerobic waste
digesters (6, 12, 20, 60). Methanogens have also been isolated
from extreme environments such as geothermal springs, both
shallow and deep-sea hydrothermal vents, cold waters of Ant-
arctica, and salty solar salterns (5, 16, 19, 38, 51).

Subsurface ecosystems have been postulated to possess
more than 70% of the Earth’s biomass (59). Evidence suggests
that viable methanogenic archaea are present deep under-
ground in rocks and surrounding groundwater (44). In this
habitat, methanogens may represent chemoautolithotrophic
organisms that initiate food chains in the oligotrophic deep sub-
surface environment at the expense of geologically produced mo-
lecular hydrogen. Although methanoarchaea comprise a major
group of microorganisms that live deep underground, few have
been characterized. The first methanogen isolated from the
deep subterranean biosphere was Methanobacterium subterra-
neum, which was isolated from deep granitic groundwater at
depths of 68, 409, and 420 m (27). PCR-amplified 16S rRNA
gene sequence studies have indicated that Methanobacterium
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spp. dominate in the 4- to 5-kilometer-deep fault at Drieton-
tein Consolidated Mine in Johannesburg, South Africa (37).
Investigations of microbial communities have used 16S
rRNA gene sequence analysis to characterize archaea in the
deep subsurface such as in terrestrial rocks (45, 52), petroleum
reservoirs (8, 9, 18, 39, 40, 42, 58), faults (37, 49, 57), coal
seams (11, 48), gas fields (36), and subseafloor gas hydrates
(17, 33, 35). These studies have demonstrated the abundance
and diversity of methanoarchaea. However, reports of the iso-
lation, purification, and characterization of methanoarchaea in
the subsurface environment are rare. Currently, no studies
investigating methanoarchaea within fault environments exist.
Taiwan is located at a boundary between the Philippine
Sea Plate and the Eurasian Plate. Continuous convergence
between these two plates has resulted in an arc-continent
collision that has been further inducing the uplift of the
Eocene-to-Pleistocene strata above the sea level along a series of
east-dipping thrusts for the past 5 million years (54). On 21
September 1999, the magnitude 7.7 Chi-Chi earthquake devas-
tated central Taiwan. The severity of this earthquake triggered a
geostructural survey of the faults of Taiwan and the initiation of
the Taiwan Chelungpu Drilling Project (TCDP; details in www
.idsp-online.de/sites/chelungpu/news/news.html). Coring was used
to retrieve samples from the active fault zone that triggered the
Chi-Chi earthquake (56). The coring penetrated through
Cholan, Chinshui, and Kueichulin formations to a depth of
2,000 m below land surface (mbls). These rock formations are
mainly composed of sandstone and shale in different propor-
tions. Two major fracture zones were encountered: one was
located within the Chinshui formation at around 1,110 mbls
and the other at the boundary between the Kueichulin forma-
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tion and the underlying Cholan formation at around 1,750
mbls. At depths greater than 1,750 mbls, the Cholan formation
was displaced underneath the Kueichulin formation by over-
thrusting along the deeper fracture zone (57).

This drilling project provided a great opportunity to inves-
tigate subsurface microbiology. In this report, we succeeded in
obtaining two new methanogen isolates, St545Mb" (DSM
19953; JCM 15159; BCRC AR10030) of newly proposed spe-
cies Methanolobus chelungpuianus and Methanobacterium
palustre FG694aF (JCM 15160; BCRC AR10031), from the
Chelungpu fault.

MATERIALS AND METHODS

Sample core handling. Coring was performed with a diamond-coated hollow
bit with an inner diameter of 8.3 cm (57). Drilling fluid consisted of water
pumped from an adjacent river, and bentonite and barite (BaSO4) were used to
reduce heat, remove rock fragments generated during pulverization, and prevent
groundwater intrusion. Rhodamine dye was added to the drilling fluid at a
concentration of 50 ppm (wt/vol) to monitor contamination introduced during
the coring (57). Each core section, with a maximum length of around 3 meters,
was brought to the surface using a wireless core catcher. Intact cores without
lithological interclasts or structural features were chosen and sectioned into a
length of 20 to 30 cm for geomicrobiological study and prepared by Pei-Ling
Wang at the Institute of Oceanography, National Taiwan University. The sec-
tioned core was anaerobically handled and immediately transported to the lab-
oratory in an anaerobic glove chamber within 3 h (57). Anaerobic samples from
the central part of the cores at depths ranging from 545 mbls to 1,675 mbls were
trimmed and prepared inside a Coy anaerobic chamber by Pei-Ling Wang; these
samples were given to us for further enrichment, isolation, and characterization.

Media and culture techniques. The modified anaerobic technique of Hungate
was utilized (1, 50). Sterilized media were prepared in an oxygen-free N,-CO,
(4:1) atmosphere. The MB medium (pH 7.0) consisted of deionized water with
MgCl, - 6H,O0 (1.0 g/liter), KCI (0.5 g/liter), NaCl (5 g/liter), CaCl, - 2H,0 (0.1
glliter), K,HPO, (0.4 g/liter), NH,CI (1.0 g/liter), cysteine-HCI (0.25 g/liter),
NaHCO; (4.0 g/liter), yeast extract (2 g/liter), tryptone (2 g/liter), and resazurin
(0.001 g/liter). Vitamin and trace element solutions without tungstate were
added to a final concentration of 1% (vol/vol) (32). An MB/W medium was
prepared by prepared by adding a 1% (vol/vol) trace element solution containing
tungstate (Na,WO,, 0.3 mg/liter) to MB medium (32). MM medium was pre-
pared using MB medium without the addition of yeast extract and tryptone. All
of the constituents except sulfide were dissolved in water, boiled, and cooled
under an oxygen-free atmosphere of N,-CO, (4:1). The medium was distributed
to serum bottles (Wheaton Scientific, Millville, NJ) or Hungate tubes (Belleco
Glass, Inc., Vineland, NJ) under the same atmosphere. The anaerobic tubes were
then sealed and autoclaved at 121°C for 20 min. Sodium sulfide from a sterilized
anoxic stock solution was added to a final concentration of 1 mM before inoc-
ulation. For solid roll tube medium, 20 g/liter of agar was added. To measure the
effect of pH on growth, the ratio of N, to CO, in the gas phase and the
concentration of NaHCO; in the medium were modified to obtain pH values
between 5.6 and 8.3.

Enrichment and isolation. Enrichment was started immediately after the sam-
ple was brought to our laboratory. In an anaerobic chamber, the powdered core
samples were added to 160-ml serum bottles that contained 45 ml of MB/W or
MM/W medium with sodium formate (50 mM) plus acetate (20 mM), acetate (50
mM), or methanol (50 mM) as the catabolic substrate. These enrichment cul-
tures were incubated at 37 and 45°C for 1 month (see Table S1 in the supple-
mental material). Methane production was determined by gas chromatography
with a flame ionization detector (29). Trace amounts of methane were detected
in most of the enrichment cultures after subtransfers with a 1:1 ratio and incu-
bation at 37°C for an additional month. Among them, enrichments of sample
St545, from sandstone at a depth of 545 m, with methanol as a substrate, and
sample FG694, from a fault gouge at a depth of 694 m, with formate plus acetate
as a substrate, accumulated the largest amounts of methane. These two cultures
were further subtransferred (1:20) into MB/W medium in Hungate tubes with
the same substrate and vancomycin (an antibiotic to inhibit bacteria). This
procedure was repeated for four successive transfers. The culture was then
diluted and transferred into molten MB agar, and the roll tube technique was
performed. Colonies grew on the inner wall of the glass tube after 2 to 3 weeks.
Colonies were picked with disposable, sterilized inoculation needles in a Coy
anaerobic chamber and transferred to anaerobic tubes containing 5 ml of MB/W
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medium. Cultures from a single colony were further incubated at 37°C for 1 to
2 weeks. Two methane-producing cultures, St545Mb and FG694aF, derived from
two morphologically distinct colonies were further purified with repeated serial
dilutions with vancomycin until they were free of contamination with nonmethan-
ogenic bacteria. The axenic nature of the culture was confirmed by microscopic
examination, the presence of single colony type in roll tubes, and the absence of
growth in anaerobically prepared Bacto thioglycolate (TGC) medium.

Determination of catabolic substrates. The catabolic substrates tested under
N,-CO, (4:1) were sodium formate (100 mM), sodium acetate (50 mM), tri-
methylamine (40 mM), dimethylamine (111 mM), methanol (50 mM), ethanol
(48 mM), 2-propanol (48 mM), isobutanol (48 mM), 2-butanol (48 mM), meth-
ylamine (50 mM), and methyl sulfide (50 mM). H, was tested by pressurizing the
culture tubes with H, (100%, 200 kPa). Utilization of these substrates in MB/W
media was determined by monitoring methane production. Methane production
was determined by gas chromatography with flame ionization detection (29).

Antibiotic susceptibility. Sensitivity to ampicillin, penicillin, spectinomycin,
kanamycin, tetracycline, and chloramphenicol (100 wg/ml of each) was tested in
MB/W medium with sodium formate (100 mM) at 37°C. Growth was determined
by measuring methane production.

Determination of growth rates. Specific growth rates were calculated from
methane production, which was analyzed by linear regression of the logarithm of
the total amount of the methane that accumulated with time (29, 46). Inocula
were grown under conditions similar to the experimental conditions.

Microscopy. An Olympus BH-2 microscope was used for phase-contrast mi-
croscopy. Preparations for negative staining were performed as described previ-
ously (31). Electron micrographs were obtained using models JEM-1200EXII
and 200cx (Joel, Ltd.).

Whole-cell protein profile. The mid-log-phase cells of Methanolobus chelung-
puianus strain St545Mb", Methanolobus psychrophilus strain R15, Methanolobus
vulcani, and Methanohalophilus portucalensis strain FDF1T were harvested and
resuspended in loading buffer containing 4% sodium dodecyl sulfate at a ratio of
1 ml buffer per optical density (OD) unit. An OD unit was the amount of cells
found in 1 ml of culture with an absorbance of 1.0. SDS-PAGE was performed
as described by Laemmli (28). Gels were stained with Coomassie blue R-250.

Phylogenetic analysis. Chromosomal DNA preparations, PCR amplification
of 16S rRNA genes, and sequencing were performed as described by Wu et al.
(62). PCR amplification primers specific for methanogen were forward primer
coccus 1 (5'-CGACTAAGCCATGCGAGTC-3") and reverse primer reverse 3
(5'-GTGACGGGCGGTGTGTGCAAG-3"). The sequences corresponded to
positions 2 to 20 and 1309 to 1329, respectively, in the 16S rRNA nucleotide
sequence of Methanofollis formosanus strain ML15" (AY186542). A single PCR
product of the expected size was detected from both cultures. The estimated
1,300-bp amplified fragments were further purified, cloned into the pGEM-T
Easy vector, and sequenced. The 1,309-bp rRNA gene sequence from strain
St545Mb (positions 44 to 1348 in the 16S rRNA nucleotide sequence of Meth-
anolobus psychrophilus strain R15) and the 1,264-bp rRNA gene sequence from
strain FG694aF (positions 87 to 1349 in the 16S rRNA nucleotide sequence of
Methanobacterium palustre strain F) were obtained and compared with those of
related methanogens. Gene sequences of the archaea used were obtained from
the Ribosomal Database Project (RDP) Seqmatch (http://rdp.cme.msu.edu
/seqmatch/seqmatch_intro.jsp) (10) and NCBI GenBank (http://blast.ncbi.nlm
.nih.gov/GenBank). Multiple sequence alignments were analyzed using ClustalW
of MEGAA4 (http://www.megasoftware.net/) (53), and phylogenetic trees were
created using the neighbor-joining method of MEGA4 with bootstrap test of
phylogeny with 500 replicates.

DNA-DNA hybridization and DNA G+C content. Cells of strain St545Mb,
Methanolobus psychrophilus R15, Methanolobus vulcani DSM3029", and Metha-
nohalophilus portucalensis FDF1T were harvested during the late exponential
phase and used for DNA isolation as described above. DNA-DNA hybridization
experiments were performed by using the dot blot technique as described pre-
viously (32) with a DIG DNA labeling and detection kit (Roche Applied Science,
Indianapolis, IN). Four target DNA samples were quantified by A,q,, were
diluted to 25, 50, 75, and 100 ng/pl, and were denatured by boiling at 100°C for
10 min. Two microliters of each denatured DNA sample (50, 100, 150, and 200
ng/ul) was blotted on a Biodyne nylon membrane (Pall Corporation, Port Wash-
ington, NY). Two membranes containing the same DNA samples were reasso-
ciated with the labeled DNA probes from strain St545Mb and strain R15 at 45°C
overnight. Hybridization signals were detected and analyzed by TINA software
(version 2.09¢; Raytest IsotopenmeBgerite). Triplicate tests were performed for
each assay, and self-hybridization of the probe with homologous target DNA was
set to 100%.

The DNA G+C content was determined by high-performance liquid chroma-
tography after enzymatic hydrolysis (34) by the Bioresource Collection and
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Research Center (BCRC) in the Food Industry Research and Development
Institute (FIRDI) at Taiwan.

Nucleotide sequence accession numbers. The 16S rRNA gene sequences of
strain FG694aF and strain St545MbT determined in this study have been
deposited in the GenBank database under accession numbers EU293795 and
EU293796, respectively.

RESULTS AND DISCUSSION

Methanogen enrichment from core samples of the Che-
lungpu fault. The Taiwan Chelungpu Drilling Project (TCDP)
near Dai-Keng penetrated through the Pliocene-Pleistocene
sedimentary rocks to a depth of 2,000 mbls and encountered
the Chelungpu and San-Yi fault zones (57). Anaerobic samples
from the central part of the cores at depths ranging from 545
mbls to 1,675 mbls were trimmed and prepared in a Coy an-
aerobic chamber. Portions of powdered cores were added to
serum bottles with methanogen basal medium (MB/W) or
MM/W medium with sodium formate plus acetate, acetate,
and methanol as the catabolic substrates.

After 1 month of incubation at 37 or 45°C, trace amounts
of methane (below 20 pwmol per bottle) were detected in
most of the enrichment cultures (see Table S1 in the sup-
plemental material). Among these cultures, enrichments of
sample St545M, from sandstone at a depth of 545 m using
methanol as a substrate, sample FG694F, from a fault gouge at
a depth of 694 m using formate as a substrate, and sample
SS1033F, from siltstone at a depth of 1,033 m using formate
plus acetate as a substrate, accumulated the largest amounts of
methane (2,152, 1,246, and 113 wmol, respectively). These
three cultures were further transferred (1:20) to MB/W me-
dium in Hungate tubes with the respective substrate and van-
comycin (100 pg/ml) to inhibit bacterial growth. Methane was
not detected upon transfer of culture SS1033F.

After successive transfers, serial dilution, and the roll tube
technique (30), a small transparent hemispherical colony (<2
mm) was selected from the enrichment sample, collected from
sandstone at a depth of 545 m, with methanol as a substrate.
Upon inoculation into thioglycolate (TGC) medium, no growth
was observed, indicating that the culture was free of anaerobic
heterotrophic bacteria (30). This methanoarchaeal isolate (strain
St545Mb) was deposited into DSMZ as DSM 19953, JCM as
JCM 15159, and the BCRC (Taiwan) as AR10030. Another
methane-producing isolate (strain FG694aF) was isolated from
the enrichment of the sample, collected from a fault gouge at
a depth of 694 m, with formate as a substrate. After further
purification using the roll tube technique, a white opaque col-
ony was selected and cultivated. A TGC medium growth test
showed no trace of microbial growth. Strain FG694aF was
deposited into JCM as JCM 15160 and BCRC as AR10031.

Methanolobus chelungpuianus St545Mb”™. Strain St545Mb"
was isolated from the enrichment of a sandstone sample col-
lected at a depth of 545 m with methanol as a substrate. Cells
of strain St545Mb™ were irregular cocci with diameters of 0.5
to 1.0 um (Fig. 1A). The cells stained Gram negative and lysed
upon addition of 0.01% (wt/vol) SDS, indicating that a pro-
teinaceous cell wall is present (4). The DNA G+C content of
strain St545Mb7 is 48.3 mol%. Strain St545Mb” can use meth-
anol and trimethylamine as catabolic substrates but not for-
mate, acetate, dimethylamine, ethanol, 2-propanol, isobutanol,
2-butanol, methylamine, or methyl sulfide. Cells of strain
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FIG. 1. Electron micrographs of negatively stained cells of strain
St545Mb™ (A) (bar, 0.5 wm) and strain FG694aF (B) (bar, 1.0 pum).

St545Mb ™ grew over the NaCl range of 0 to 0.68 M (Fig. 2A),
a pH range of 6.8 to 7.4 (Fig. 2B), a temperature range of 24
to 45°C (Fig. 2C), and a Mg range of 5 to 200 mM (Fig. 2D).
The optimal growth conditions for strain St545Mb™ were 37°C,
pH 7.0, 0.00 to 0.08 M NaCl, and 75 mM MgCl,. The specific
growth rates of strain St545Mb" in MM/W and MB/W with
methanol (50 mM) as a substrate were 0.041 h™! and 0.091
h™*, respectively. Thus, strain St545MbT is a mesophilic, neu-
trophilic, methylotrophic methanoarchaea.

The 16S rRNA gene sequence (1,309 bp, EU293796) of
strain St545Mb™ was determined, and a phylogenetic tree was
constructed using a selection of sequences from related
methanogens and the environmental DNA library from the
GenBank (Fig. 3). The 16S rRNA gene sequence analysis
placed strain St545MbT in the family Methanosarcinaceae
and close to Methanolobus psychrophilus (sequence similar-
ity, 99.0%), Methanolobus taylorii (97.5%), Methanolobus
oregonensis (97.1%), Methanolobus zinderi SD1* (97.3%), M.
vulcani (97.1%), Methanolobus tindarius (96.4%), Methanolo-
bus profundi strain MobM™ (96.3%), and Methanolobus bom-
bayensis (95.9%). A similarity of less than 98% in a 16S rRNA
sequence is evidence for separate species (23). The 16S rRNA
gene sequence similarity between strain St545Mb" and Meth-
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FIG. 2. Influence of NaCl (A), pH (B), temperature (C), and MgCl, (D) on the growth of strains St545Mb™ (O) and FG694aF (®) in MB/W
medium with methanol or formate as the catabolic substrate, as indicated by specific growth rates. Specific growth rates were calculated from rates

of methane production and are the means of triplicate cultures.

anolobus psychrophilus was higher than 98%. The psychrophilic
methanogen Methanolobus psychrophilus (isolated from the
Zoige wetland of the Tibetan plateau) can grow over a tem-
perature range of 0 to 25°C, with the optimal growth temper-
ature at 18°C, and utilizes methyl sulfide as a catabolic sub-
strate (64); by comparison, strain St545Mb7, isolated from
subsurface sandstone at 30°C from the Taiwan Chelungpu
fault, grows over the temperature range of 24 to 45°C, with an
optimal growth temperature of 37°C (Table 1; Fig. 2C), and
cannot utilize methyl sulfide (Table 1). The whole-cell protein
profile analysis of strain St545Mb”™, M. psychrophilus, M. vul-

cani, and M. portucalensis FDF1T revealed that the protein
profile of St545Mb™ was obviously distinct from the those of
the other three strains (Fig. 4). Additionally, in DNA-DNA
hybridization experiments, the DNA of strain St545Mb™ ex-
hibited 14 to 20% hybridization with the DNA of M. psy-
chrophilus strain R15. Therefore, based on the differential
characteristics listed in Table 1, combined with the whole-cell
protein analysis and DNA-DNA hybridization data, we pro-
pose that strain St545Mb™ represents a novel Methanolobus
species and that it be named Methanolobus chelungpuianus
Sp. nov.

92 56
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99! clone II-B3 (EF376986)
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FIG. 3. Phylogenetic analysis of 16S rRNA genes showed the relationships between strain St545Mb" and related methanogen isolates and
environmental clones. Bootstrap values at nodes are the percentages of 500 replicates. The accession number for each reference species is shown
in parentheses. The bar indicates evolutionary distance.
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é E o SfocEE £ £ = fault gouge at a depth of 694 m, with formate as a substrate.
2 2, @ Te£888% S a2 goug P . . [
g % So EX= ié SE. E 5 E Cells of strain FG694aF are ﬁlamentous,'thm rods with dl.am-
5 ZZgEES sS4, EQZ 32&8‘[: eters of 0.4 to 0.6 wm by 1.7 to 3.4 um (Fig. 1B). Aggregations
322 EZ 5 of were observed under a microscope. The cells stained Gram
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negative and could not lyse upon the addition of 0.01% (wt/
vol) SDS, indicating that a pseudomurein cell wall was present
as in other Methanobacterium species. Inside the roll tube,
white opaque colonies were observed.

Strain FG694aF can use only formate and H, plus CO, to
produce methane (Table 2). Under a N,-CO, atmosphere, it
could not produce methane from acetate, methanol, trimethyl-
amine, ethanol, 2-propanol, isobutanol, or 2-butanol. Strain
FG694aF was resistant to ampicillin, penicillin, kanamycin,
tetracycline, spectinomycin, and vancomycin but was sensitive
to chloramphenicol. Cells of strain FG694aF tolerated a NaCl
range of 0 to 0.54 M (Fig. 2A), a pH range of 5.7 to 8.3 (Fig.
2B), and a temperature range of 20 to 45°C (Fig. 2C). The
optimal growth conditions were 37°C, pH 5.7 to 6.8, and 0.08
M NaCl. Strain FG694aF, isolated from a subsurface fault
gouge at 40°C from the Taiwan Chelungpu fault, grows over a
temperature range of 20 to 45°C, with an optimal growth tem-
perature of 37°C (Table 2; Fig. 2C). The specific growth rates
of strain FG694aF in MM/W and in MB/W with formate as the
catabolic substrate were similar (0.081 h™' and 0.080 h™’,
respectively). Acetate was not required for cell growth. Thus,
strain FG694aF is an autotrophic, hydrogenotrophic methan-
ogen. Interestingly, the addition of tungsten significantly
increased growth. The specific growth rate of strain FG694aF
grown in MB medium without the addition of tungsten was
0.043 h™'. The addition of tungsten increased the rate to 0.081
h™!. The thermophilic methanogenic archaea Methanobacte-
rium wolfei and Methanobacterium thermoautotrophicum re-
quire tungsten or molybdenum for growth, as has been dis-
cussed previously (15, 24). Schmitz et al. (47) showed that
tungsten does not support synthesis of active formylmethano-
furan dehydrogenase in Methanosarcina barkeri and concluded
that mesophilic methanogens appear to use only molybdenum.
However, mesophilic methanogens Methanofollis aquaemaris
(29), Methanofollis formosanus (62), Methanocalculus taiwan-
ensis (32), Methanocalculus chunghsingensis (30), and Meth-
anobacterium palustre FG694aF (this study), which we isolated
from estuarine, marine, and deep subsurface fault environ-
ments, all demonstrated that trace amounts of tungsten not
only promoted growth but also extended the temperature, pH,
and salt ranges of growth conditions.

The 16S rRNA gene sequence (1,240 bp; EU293795) of
strain FG694aF was determined, and phylogenetic trees
were constructed using a selection of sequences from re-
lated methanogens and the environmental DNA library
from GenBank (Fig. 5). The sequence analysis placed strain
FG694aF within the genus Methanobacterium (95.8 to 99.3%)
and showed that it is closely related to M. palustre (99.3%). The
genus Methanobacterium belongs to the order Methanobacte-
riales and family Methanobacteriaceae, which include hydrogen-
utilizing rods. The hydrogenotrophic, mesophilic Methanobac-
terium species have been isolated from anaerobic waste
digesters (7), peat bogs (63), marshy soil (25), rice fields, and
various freshwater lake sediments (2). The catabolic substrates
Methanobacterium uses can be divided into four groups: (i) H,
plus CO, only, (ii) H, plus CO, and formate, (iii) H, plus CO,,
2-propanol plus CO,, and isobutanol plus CO,, and (iv) H,
plus CO,, formate, 2-propanol plus CO,, and isobutanol plus
CO, (Table 2). These organisms can tolerate only low-salt
environments, with an optimal salinity for growth of less than
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Methanobactenum palustre strain FG694aF (EU293795)

clone ND-For-ARC-1 (AB233308)

clone NR-For-A (AB23605)

Methanobacterium palustre (AF093061)
clone YWAO3 (AB294251)

85

Methanobacterium subterraneum (X99044)

96 [— clone NAK2-a1 (DQ867042)

92 L—— Methanobacterium formicicum (AY196659)
83 L Methanobacterium alcaliphilum (DQ649335)

Methanobacterium oryzae (AF028690)

8 ! Methanobacterium ivanovii

{ clone D8A-6 (AY768826)
93 clone D8A-7 (AY768827)

P Methanobacterium bryantii (AF028688)
| |Methanobacterlum espanolae (AF095260)
(AF095261)

— clone D8A-8 (AY768828)

0.01

100 L Methanothermobacter wolfeii (AB104858)

FIG. 5. Phylogenetic analysis of 16S rRNA genes showed the relationships between strain FG694aF and related methanogen isolates and
environmental clones. Bootstrap values at nodes are the percentages of 500 replicates. The accession number for each reference species is shown

in parentheses. The bar indicates evolutionary distance.

0.26 M NaCl. However, the pH tolerance is diverse. Some
species are moderately acidic, such as Methanobacterium
espanolae, which has a pH range of 4.6 to 7.0 and an optimal
pH of 5.6 to 6.2 (43), and some are alkalophiles, such as
Methanobacterium alcaliphilum, which has a pH range of 7.0 to
9.9 and an optimal pH of 8.1 to 9.1 (61) (Table 2). An excep-
tion is Methanobacterium subterraneum, the first methanogen
isolated from the deep granitic groundwater at depths of 68,
409, and 420 m (27). It is eurythermic (3.6 to 45°C) and grows
optimally at 20 to 40°C, pH 7.8 to 8.8, and 0.2 to 1.2 M NaCl.

Distribution of Methanobacterium spp. throughout the sub-
surface. Methanobacterium palustre strain FT was isolated from
a peat bog (63). Additional isolates and environmental clones
have also been obtained from anaerobic digesters and rice
paddy fields (Fig. 5). Strain FG694aF is the first strain of
Methanobacterium palustre isolated from the deep subsurface.
Compared with Methanobacterium palustre strain FT, strain
FG694aF is more tolerant of acids and salts, and the addition
of tungsten doubles its growth rate. However, strain FG694aF
cannot utilize 2-propanol plus CO, and isobutanol plus CO,
(Table 2). Most of the environmental methanoarchaeal clones
previously characterized from the terrestrial deep subsurface
are related to Methanobacterium and Methanothermobacter,
although a few are related to Methanosaeta (36, 37). Moser et
al. (37) studied the microbial community of the fault at the
Drietontein Consolidated Mine at Johannesburg, South Af-
rica, by PCR amplification of 16S rRNA gene sequences. Their
work indicated that Methanobacterium spp. dominate at 4 to 5
kilometers deep. We reanalyzed these clones and found that
clone DSA-8, which is closely related to Methanothermobacter
wolfeii as well as to clones DS8A-6 and D8A-7, forms its own
clade, which is separate from known Methanobacterium spe-
cies. Furthermore, these phylotypes may belong to a new genus
(Fig. 5). In addition, the dominant environmental NAK2-al
clones, obtained from a depth of 703 to 805 m in a natural gas
well in Japan (36), were related to Methanobacterium formici-
cum. Clone YWAO3, from a coal seam aquifer located 843 to

907 m below ground level in northern Japan, was formerly
reported to be related to M. formicicum (48); however, our
phylogenetic analysis suggests that it is related to M. subterra-
neum (Fig. 5). In this report, we isolated and purified Meth-
anobacterium palustre strain FG694aF from the Chelungpu
fault at 694 m below the surface. Both cultivation and molec-
ular studies suggested that Methanobacterium species are wide-
spread in subsurface environments.

The methane-producing archaea have long been believed to
be one of the most abundant organisms in the deep subsurface.
Although many environmental 16S rRNA gene surveys re-
vealed the diversity of methanoarchaea, only a few methan-
ogens have been isolated from this habitat. Here, we demon-
strated the occurrence of methanoarchaea in the Chelungpu
fault, Taiwan, and enriched, purified, and characterized two
different types of methanogens, the methylotrophic Methanolo-
bus chelungpuianus St545Mb™ and hydrogenotrophic Meth-
anobacterium palustre FG694aF, obtained from fault samples
at depths of 545 m and 694 m, respectively. Scientific studies
often focus solely on hydrogenotrophic methanogens within the
subsurface biosphere and neglect the methylotrophic metha-
nogens. Bacterial rRNA gene sequencing efforts for the Antrim
Shale have shown that a variety of fermentative, syntrophic,
and homoacetogenic bacteria inhabit the shale (13). These
organisms are believed to convert bioavailable components of
shale organic matter into substrates for methanogenesis, such
as H,, CO,, acetate, and methylamines (55). The rock forma-
tions of the TCDP coring site, where Methanolobus chelung-
puianus St545MbT was isolated, are mainly composed of sand-
stone and shale in different proportions (see Table S1 in the
supplemental material) (56, 57). It is likely that the catabolic
substrates for methylotrophic methanogens may also be produced
by the biodegradation of organic matter in shale. Although we do
not know exactly how methylotrophic methanogens obtain their
catabolic substrates within the deep subsurface, our isolate Meth-
anolobus chelungpuianus St545Mb” and environmental DNA
surveys clearly indicate that Methanolobus and Methanosaeta
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live within the deep subsurface. The results of this investigation
expand our understanding of the microbial life deep under-
ground.

Description of Methanolobus chelungpuianus sp. nov. Meth-
anolobus chelungpuianus sp. nov. (che.lung.pu.i.a’nus. N.L. adj.
chelungpuianus, Chelungpu fault, the place of isolation).

Cells are irregular cocci (diameter, 0.5 to 1.0 wm) and are
strictly anaerobic and Gram negative. The cell wall has an
SDS-sensitive surface layer protein. Methane is produced from
methanol and trimethylamine, but not formate, acetate, di-
methylamine,ethanol,2-propanol,isobutanol,2-butanol,methyl-
amine, or methyl sulfide. Cells are mesophilic and grow at 24
to 45°C, with optimal growth at 37°C. Cells grow at pH 6.8 to
7.4, with optimal growth at pH 7.0. Cells grow well in 0.00 to
0.68 M NaCl and 5 to 200 mM Mg>", with optimal growth at
0.00 to 0.08 M NaCl and 75 mM MgCl,. No organic compounds
are required for growth; however, cells grow better in medium
with yeast extract and tryptone. Growth is completely inhibited by
chloramphenicol and partly inhibited by tetracycline, but not by
ampicillin, penicillin, kanamycin, spectinomycin, or vancomycin.
The DNA G+C content of strain St545Mb* (DSM 19953T;
JCM 151597, BCRC AR100307) is 48.3 mol%. This strain was
isolated from the deep subsurface at a depth of 545 mbls in
sandstone in Chelungpu fault near Dai-Keng, Taiwan.
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