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The Zoige wetland of the Tibetan plateau is at permanent low temperatures and is a methane emission
heartland of the plateau; however, cold-adaptive methanogens in the soil are poorly understood. In this study,
a variety of methanogenic enrichments at 15°C and 30°C were obtained from the wetland soil. It was demon-
strated that hydrogenotrophic methanogenesis was the most efficient type at 30°C, while methanol supported
the highest methanogenesis rate at 15°C. Moreover, methanol was the only substrate to produce methane more
efficiently at 15°C than at 30°C. A novel psychrophilic methanogen, strain R15, was isolated from the methanol
enrichment at 15°C. Phylogenetic analysis placed strain R15 within the genus Methanolobus, loosely clustered
with Methanolobus taylorii (96.7% 16S rRNA similarity). R15 produced methane from methanol, trimethyl-
amine, and methyl sulfide and differed from other Methanolobus species by growing and producing methane
optimally at 18°C (specific growth rate of 0.063 = 0.001 h™") and even at 0°C. Based on these characteristics,
R15 was proposed to be a new species and named “Methanolobus psychrophilus” sp. nov. The K,, and V. of
R15 for methanol conversion were determined to be 87.5 + 0.4 uM and 0.39 += 0.04 mM h™! at 18°C,
respectively, indicating a high affinity and conversion efficiency for methanol. The proportion of R15 in the soil
was determined by quantitative PCR, and it accounted for 17.2% = 2.1% of the total archaea, enumerated as
107 per gram of soil; the proportion was increased to 42.4% =+ 2.3% in the methanol enrichment at 15°C. This
study suggests that the psychrophilic methanogens in the Zoige wetland are likely to be methylotrophic and to

play a role in methane emission of the wetland.

Wetlands in cold areas, such as permafrost and tundra, con-
tribute a large proportion of global methane emission, since
about 75% of the Earth’s biosphere is cold (3). The Zoige
wetland of the Tibetan plateau is such a wetland. Although it
is located in a low-latitude region (33°56'N, 102°52'E), its
average annual temperature is around 1°C due to the high
altitude (3,400 to 3,600 m). Previous studies estimated the
annual methane emission in the Tibetan plateau to be in
the range of 0.56 to 1 Tg (8, 9), and the Zoige wetland and the
headstreams of the Yangtze and Yellow rivers could be the
CH, emission flux heartlands of the plateau (17). Chen et al.
(4) recently reported a mean methane emission rate of 14.45
mg CH, m 2 h™! (0.17 to 86.78 mg CH, m 2> h™ ") for the
Zoige wetland covered by two dominant vegetations (Carex
muliensis and Eleocharis valleculosa) during summer, indicat-
ing that psychroadaptive methanogens could be active in the
wetland soil. However, no studies were conducted to charac-
terize the methanogen populations and the methanogenesis
pathways in this cold wetland.

Studies on methane production in cold terrestrial ecosys-
tems, using radiolabeled methanogenic precursors and stable
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isotope signatures, indicated that the acetoclastic methanogen-
esis pathway was strongly prevalent (11, 12, 32, 41), possibly
due to psychroactive homoacetogenesis supplying extra acetate
in addition to fermentation-derived acetate (22, 23). Methano-
gen population structure analysis in boreal wetlands, such as
a Siberia peat bog, based on unculturable approaches also
showed that Methanosarciaceae, Methanomicrobiaceae, and
rice cluster II presented as the dominant group (23). A study
on methanogenic community shifting in a cellulose-fermenting
enrichment of paddy soil in response to different temperatures
showed that acetoclastic methanogenesis was the predominant
metabolic type, with Methanosaeta members dominating at
15°C and Methanosarcina dominating at 30°C (36). However,
no culture-based analyses of methanogenic metabolic types
and methanogen populations were reported for cold wetlands.
In this study, a novel psychrophilic methylotrophic methano-
gen, which could be prevalent in Zoige wetland soil, was iso-
lated using methanol as a substrate, and its methanogenesis
from methanol at low temperatures was characterized as well.

MATERIALS AND METHODS

Soil sampling. The sampling site is located in the Zoige wetland (33°56'N,
102°52'E; altitude, 3,430 m) of the Tibetan plateau, where Carex muliensis and
Eleocharis valleculosa grow as the dominant vegetation. The average soil tem-
peratures are between 6°C and 15°C from June to September at a soil depth of
10 to 30 cm (37), the pH value is 7.0 to 7.5, and the NaCl concentration is around
40 mM. The rhizosphere soil of Eleochalis valleculosa at a depth of 20 to 30 cm
was sampled at the end of June 2005. The soil samples were put into sterile
serum bottles, which were sealed with butyl rubber stoppers and then kept in a
cool box during transportation.
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Methanogen strains, media, and enrich t of meth cultures. Me-
thanolobus oregonensis DSM5435", Methanolobus taylorii DSM9005, Methanolo-
bus vulcani DSM3029", Methanolobus bombayensis DSM7082", Methanobacte-
rium  formicicum DSMZ1535", Methanosarcina barkeri DSMZ800", and
Methanomethylovorans hollandica DSMZ15978" were purchased from DSMZ
(Braunschweig, Germany). Strain R15 and Methanomethylovorans hollandica 7.1
were isolated from the rhizosphere soil of Eleochalis valleculosa in this study.

Prereduced basal medium was prepared as described previously (40), but with
rumen fluid and titanium solution omitted. The medium was dispensed into
screw-cap tubes sealed with butyl rubber stoppers, and the gas phase for routine
cultivation was N, unless indicated otherwise.

The methanogenic cultures were enriched in the basal medium with the ad-
dition of each of the methanogenic substrates to a final concentration as follows:
20 mM of acetate, formate, methanol, and trimethylamine and 1.01 X 10° Pa
H,-CO, (80:20) in the headspace. A mixture of ampicillin (final concentration, 2
mg/ml) and kanamycin (final concentration, 1 mg/ml) was added to inhibit
bacterial growth (21). One gram of soil sample was inoculated into 5 ml of
medium inside an anaerobic box (Forma anaerobic system 1029), and subsequent
transfers were done with syringes and needles. The enrichments with each sub-
strate were incubated at either 15°C or 30°C. CH, production was followed for
all enrichments during the incubation period, and the methanogenesis rates were
calculated from the linear range of the methane accumulation curve against time
of incubation (days). The data reported are averages for triplicate experiments.

Isolation and physiology of psychrophilic methylotrophic methanogen. The
methanogenic enrichment on methanol at 15°C was 10-fold serially diluted in the
basal medium containing 20 mM methanol, and then the Hungate rolling tube
technique was performed. Colonies that produced fluorescence under UV light
at a wavelength of 420 nm (Nikon Diaphot) were picked for further purification.
The purity of cultures was examined periodically by monitoring cell morphology
under a normal bright-field microscope and colony homogeneity, as well as the
absence of growth in rich media such as peptone-yeast extract-glucose broth.

Cell morphology was examined by using light microscopy (Olympus BH-2
microscope) as well as electron microscopy (Hitachi H-600A microscope). For
electron microscopy studies, cells were negatively stained with uranyl acetate.

Substrate utilization was tested by measuring methane production of the
isolate growing in basal medium supplemented with the tested substrates. Re-
quirements for growth factors were determined by measuring growth in the
medium, omitting one of the components in each test, including vitamins, yeast
extract, peptone, etc. The pH range for growth was estimated by cultivating the
strain in methanol medium with various pH values, adjusted with 10% (wt/vol)
NaOH or HCI. The growth temperature range was measured by cultivating the
strain in methanol medium in a water bath with a temperature controller and in
an ice-water mixture as 0°C. To determine NaCl tolerance, 0 to 1,500 mM NacCl
was added to the methanol medium. Specific growth rates were calculated from
the linear range of the growth curve determined with the optical density at 550
nm (ODss,) according to the method described by Franzmann et al. (13).

Determination of methanol conversion kinetics of strain R15. Cells of “Me-
thanolobus psychrophilus” R15 in middle log phase were collected by centrifu-
gation inside the anaerobic box and resuspended in 5 ml phosphate-buffered
saline (pH 7.2). Methanol was then added to the cell suspension to final con-
centrations in the range of 60 uM to 800 wM and incubated at 18°C. The total
amount of cell protein was measured by Bradford assay (2). Methanol consump-
tion and methane production were measured at 10- to 30-min intervals for up to
5 h. The conversion rate (V) at each methanol concentration () was calculated from
the linear range of the degradation curves, and then V,,,, was estimated. The K,,,
constant was calculated according to the Monod equation [V = V,,,,.S/(K,,, + S)] (6).

Analytical techniques. Methanol and methane were measured with a model
GC-14B gas chromatograph (Shimadzu) equipped with a flame ionization de-
tector and a C;g column as described previously (42). The temperature param-
eters were set as follows: for methanol determination, the column temperature
was 150°C, the injector temperature was 170°C, and the detector temperature
was 250°C; and for methane determination, the column temperature was 50°C,
the injector temperature was 80°C, and the detector temperature was 100°C.
Under these conditions, the detection limitation was 20 uM for methanol and 1.6
M for methane.

DNA extraction and purification. DNAs from strain R15 and methanogenic
enrichment cultures were extracted using a modified cetyltrimethylammonium
bromide method as described previously (44), with the following modifications.
Cells were suspended in 750 wl of TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM
EDTA) containing 7.5% Chelex (Sigma), 0.05 EDTA (pH 7.0), 2% sodium
dodecyl sulfate, and 200 pg of proteinase K. After removal of the Chelex layer
by centrifugation, 100 pl of 5 M NaCl and 80 pl of cetyltrimethylammonium
bromide (10% [wt/vol] in 0.7 M NaCl) were added, and the mixture was incu-
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bated at 65°C for 30 min. DNAs were purified exactly as described previously
(44).

Determination of DNA base composition and DNA-DNA hybridization. The
G+C content of the DNA was determined by the thermal denaturation method
(27), using Escherichia coli K-12 as a reference. DNA-DNA hybridization was
determined for the initial reassociation rate at 67°C according to the method of
Owen and Pitcher (29). The determinations were performed using a DU 800
spectrophotometer (Beckman).

Amplification and sequencing of 16S rRNA gene and phylogenetic analysis.
The 16S rRNA gene of strain R15 was amplified with the universal archaeal
primer 21F (7) and the prokaryotic primer 1541R (33), as described previously
(15). Purified PCR products of about 1,400 bp were cloned into the pUCm-T
vector and sequenced by Sangon Biological Engineering Technology & Services
Co., Ltd. (Shanghai, China).

The 16S rRNA gene sequence of strain R15 was submitted to GenBank to
search for similar sequences by use of the BLAST algorithm. The best-matching
sequences were retrieved and aligned, and similarity analysis was performed by
CLUSTAL X (35). Phylogenetic trees were constructed using the neighbor-
joining method implemented in MEGA 4.0 (34). The topologies of the resultant
trees were evaluated by bootstrap analysis (10) based on 1,000 resamplings.

Quantification of strain R15 in the soil by quantitative real-time PCR. The
principle of quantitative PCR (qPCR) is described elsewhere (30). PCRs were
carried out on an ABI Prism 7000 sequence detection system (Applied Biosys-
tems). All qPCR reactions were performed in eight-strip PCR tubes (Axygen),
and the reaction signals were generated by binding of SYBR green to double-
stranded DNA.

Real-time PCR primers were designed based on a strain-specific region of the
strain R15 16S rRNA gene (EF202842), using Primer Premier 5.0, Oligo 6.0, and
Premier Express 2.0. The designed primers, R15F (5'-GCTACACGCGGGCT
ACAATGA-3') and R15R (5'-AATTTAGGTTCGAACACGGCATGAA-3'),
were at positions 1161 to 1181 and 1382 to 1406, respectively, and were applied
in quantitative real-time PCR (246-bp amplicon) to quantify the biomass of
strain R15 in the in situ soil and methanogenic enrichments. The specificity of the
primers was verified by no amplification from the DNAs of Methanobacterium
formicicum DSMZ1535T, Methanosarcina barkeri DSMZ 800", and Methano-
methylovorans hollandica DSMZ 15978" or the clones of the 16S rRNA library
constructed for Zoige wetland soil covered by Eleochalis valleculosa vegetation
(43). Primers Arc787 and Arc1059 (38) were used to quantify the biomass of total
archaea (273-bp amplicon).

pUCm-T plasmids containing the complete 16S rRNA genes of strain R15
(EF202842) and Methanomethylovorans hollandica Z1 (EF174501) were used as
quantitative calibrators for Methanolobus psychrophilus R15 and total archaea,
respectively. The DNA preparations were quantified by a NanoDrop ND-1000
UV-Vis spectrophotometer, and the copy numbers of the 16S rRNA gene were
calculated according to the equation described by Yu et al. (39). The plasmids
were then 10-fold serially diluted from 10% to 10 16S rRNA molecules/ml and
used to generate calibration curves of 16S rRNA copies for strain R15 (see Fig.
S1A in the supplemental material) and total archaea (see Fig. S1B in the sup-
plemental material).

Each qPCR mixture contained 2X SYBR green master mix (Applied Biosys-
tems), 1 pl DNA template prepared as described above, 100 nM of each primer,
and double-distilled H,O to a final volume of 25 wl. The PCR was initiated at
50°C for 2 min to optimize AmpErase uracil-N-glycosylase activity, followed by
denaturation at 95°C for 10 min and 40 cycles of amplification as follows: 95°C
at 30 s, 57°C at 40 s, and 72°C at 40 s. Fluorescence data were collected during
the elongation step. The reactions were all performed in triplicate.

Nucleotide seq e accessi ber. The 16S rRNA GenBank accession
number for strain R15 is EF202842.

RESULTS

Enrichment of psychroactive methanogens from Zoige wet-
land soil. In total, five types of methanogenic enrichments
were obtained by using Zoige wetland soil as an inoculant.
Table 1 shows that the highest methanogenesis rate at 30°C
was determined for the H,-CO, enrichment, while the highest
rate at 15°C was determined for the methanol enrichment.
Moreover, the methanogenesis rate derived from methanol at
15°C (32.1 = 2.6 uM h™ ') was two times higher than that at
30°C (14.8 = 3.2 pM h™ '), although the methanogenesis rate
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TABLE 1. CH,-producing rates of enriched Zoige wetland soil
incubated at 15°C and 30°C

CH, production rate (uM h™%)
Substrate (concn)

15°C 30°C
H,-CO, (1.01 X 10° Pa) 7.0x12 16.7 =23
Formate (20 mM) 8.6 0.8 52=*11
Trimethylamine (20 mM) 103 =14 104 = 2.7
Acetate (20 mM) 120 £ 2.2 72+28
Methanol (20 mM) 321+26 148 =32

from acetate appeared to be higher at 15°C than at 30°C as
well. This suggested that the dominant psychroactive or psy-
chrophilic methanogens inhabiting the Zoige wetland could
prefer methanol over other substrates for methanogenesis.

Isolation and characterization of psychrophilic methanogen
strain R15. The methanol methanogenic enrichment at 15°C
was subcultured in the same medium to isolate the psychro-
philic methanogens. Single colonies were observed in Hungate
rolling tubes after cultivation at 15°C for 60 days. The colonies
were white circular colonies of 1.5 to 2.0 mm in diameter and
emitted green fluorescence at 420 nm. The purified strain
assigned as methanogen R15 was oval (0.9 to 1.0 by 1.0 to 1.2
wm), with two flagella inserted at the end of the cell (Fig. 1A).
Cells were also coated by a capsule-like material and fre-
quently formed loose aggregates (Fig. 1B).

Both phenotypic and genetic characteristics of strain R15
met the minimal criteria for the genus Methanolobus, which
include producing CH, from methanol, trimethylamine, and
methyl sulfide but not from H,-CO,, acetate, or formate. R15
also required NaCl for growth, and better growth occurred in
a medium supplemented with 15 to 300 mM NaCl, with the

L

FIG. 1. Electron micrographs of Methanolobus psychrophilus R15
growing in 20 mM methanol at 18°C. (A) Cell with two polar flagella;
(B) cell aggregate. Bars = 0.5 pm.

APPL. ENVIRON. MICROBIOL.

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0 . . . .

0 5 10 15 20 25

Temperature ('C)

Specific growth rate (h')

-0.2
-0.4
-0.6

-1.2

Log (ODssonm)

Concentration of methane (mM)

0 10 20 30 40 50 60 70 80 90
Time (h)

FIG. 2. Growth of Methanolobus psychrophilus R15 on 20 mM
methanol. (A) Specific growth rates at various temperatures. Data are
means for three replicates. (B) Curves of log ODss5, (open circles) and
methane production (filled circles) at 18°C. Data are means for three
replicates. Standard deviations are shown.

optimal growth occurring at 200 to 250 mM NaCl but no
growth occurring above 800 mM NaCl or below 5 mM NaCl
(see Fig. S2 in the supplemental material). Biotin, but not
thiamine or yeast extract, was essential to growth, although
yeast extract stimulated growth. The G+C content of the chro-
mosomal DNA (44.9 mol%) also fell in the range for the genus
Methanolobus (39 to 46 mol%).

The growth and CH,, production of strain R15 were further
characterized. As shown in Fig. 2, R15 grew in the temperature
range of 0°C to 25°C (Fig. 2A) and produced methane opti-
mally at 18°C, with a specific growth rate of 0.063 = 0.001 h—!
(Fig. 2B). Even at 0°C, the ODs5,, reached 0.304 after incuba-
tion of R15 for 60 days. In contrast, none of the described
Methanolobus spp. grew exclusively below 25°C. DNA-DNA
hybridization experiments also revealed the lower level of re-
latedness between strain R15 and other Methanolobus spp.,
and the homology between R15 and M. vulcani DSM3029T, M.
bombayensis DSM7082T, M. taylorii DSM9005T, and M. ore-
gonensis DSM5435T was 30.8%, 28.3%, 32.6% and 35.7%;, re-
spectively. Therefore, based on the differential characteristics
listed in Table 2, combined with the DNA-DNA hybridization
data, methanogen R15 could represent a novel Methanolobus
species characterized by growing exclusively at low tempera-
tures.

Phylogenetic affiliation of strain R15. To ascertain the phy-
logenetic affiliation of strain R15, the complete 16S rRNA
gene (1,447 bp) was sequenced, and a phylogenetic tree was
constructed based on a consensus length of 1,378 bp of the
related 16S rRNA sequences (Fig. 3). Phylogenetic analysis
placed strain R15 in the genus Methanolobus, with the highest
16S rRNA sequence similarity (96.7%) to Methanolobus taylo-
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TABLE 2. Differential characteristics that distinguish Methanolobus psychrophilus R15 from described Methanolobus species

Description or value

Characteristic M. psychrophilus M. tindarius M. oregonensis M. taylorii DSM M. vulcani DSM M. bombayensis
R15" ATCC 35996 DSM 5435 9005° 3029 DSM 7082¢
Morphology
Coccoid cells + + + + + +
Loose aggregates + + + + + -
Flagella One or two polar Monotrichous - - - -
Substrate
Methyl sulfides + - + + - +
Growth factor Biotin NR/ Biotin, thiamine Biotin Biotin +
requirement
Growth
Temp range/optimal 0-25/18 7-50/28 7-44/34 11-40/39 13-45/40 13-46/37
temp (°C)
p 6.0-8.0 5.5-8.0 7.4-9.5 7.0-8.6 5.5-8.0 6.0-8.5
NaCl (mM) 10-800 60-1,270 100-1,600 200-1,200 100-1,200 300-2,000
Methanol conversion rate
(mM h™)
0°C 0.016 0 0 0 0 0
18°C 0.36 NR/ 0.13# 0.099% 0.048° 0.057¢
25°C 0.001 NR/ 0.32% 0.24% 0.27% 0.37%
Mol% G+C of DNA 449 46 41 41 39 39

“ Data are from reference 20.
’ Data are from reference 25.
¢ Data are from reference 28.
4 Data are from reference 18.
¢ Data are from reference 19.
/NR, not reported.

£ This study.

E Methanosarcina mazei DSM 2053 (AB065293)
Methanosarcina barkeri ATCC 43569 (AY196682)

Methanomeihylovorans holladica DSM 15978 (AF120163)

Methanolobus psychrophilus RIST (EF202842)

Methanolobus vulcani DSM 3029 (U20155)

Methanolobus indarius ATCC 35996" (M59135)

Methanolobus bombayensis DSM 7082 (U20148)

Methanolobus taylorii DSM 9005 (U20154)
Methanolobus oregonensis DSM 5435 (U20152)

Z Metharnohalophitus mahii ATCC 35705" (MS59133)

Methanococcoides methyltens ATCC 33938 (M59127)

Methaohalobium evestgatum DSM 3721" (U20149)
Methanomicrococcus blattcola DSM 13328" (AY196680)

—
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FIG. 3. Phylogenetic tree showing the position of strain R15 among
other species of the genus Methanolobus. Based on a consensus 1,378
bp of the 16S rRNA gene, the tree was constructed by the neighbor-
joining method. The topology of the tree was estimated by bootstraps
based on 1,000 replications. The number on each branch node is the
percentage supported by bootstraps. GenBank accession numbers of
16S rRNA sequences are given in parentheses. Bar, 1% sequence
divergence.

rii. Therefore, a novel Methanolobus species, Methanolobus
psychrophilus, was proposed based on the phylogenetic diver-
gence and phenotypic differences.

Methanogenesis and Kkinetics of methanol conversion by
strain R15 at low temperatures. Methanol conversion rates by
growing cells of strain R15 were determined at a variety of low
temperatures. The highest rate was determined at 18°C, with a
maximal conversion rate of 0.36 = 0.09 mM methanol h™!
(Fig. 4A), and about 16.5 mM CH, was formed from 22.7 mM
of methanol. Strain R15 even degraded methanol at 0°C (Fig.
4B), although the conversion rate (0.016 = 0.003 mM methanol
h™1') was quite low. In contrast, none of the Methanolobus species
degraded methanol at temperatures below 7°C (Table 2).

By suspending the resting cells (81.4 g cell protein/ml) of
strain R15 in various concentrations of methanol and incubat-
ing them at 18°C, methanol conversion kinetics were determined.
The conversion rate was measured as a K,,, value of 87.5 = 0.4
uM and a V,, value of 0.39 + 0.04 mM h™', suggesting that
strain R15 could efficiently produce CH, even from low levels of
methanol. Stoichiometrically, 0.73 = 0.019 mmol CH, was
formed from 1 mmol methanol consumed by the resting cells of
strain R15 at 18°C.

Quantification of strain R15 in Zoige wetland soil and
methylotrophic methanogenic community. Community DNAs
were extracted from either the original soil sample or the
enrichments with methanol or trimethylamine incubated at
15°C and 30°C for 60 days. By using a pair of strain R15-
specific 16S rRNA primers and a pair of archaeal universal 16S
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FIG. 4. Methanol degradation (open circles) and methane produc-
tion (filled circles) by Methanolobus psychrophilus R15 growing cells at
a methanol concentration of 20 mM, incubated at 18°C (A) and 0°C
(B). Data are means for three replicates. Standard deviations are
shown.

rRNA primers, the 16S rRNA gene copies of strain R15 and
total archaea were determined to be 5.5 X 107 and 3.2 X 10®
per gram of soil, respectively (Table 3). Thus, the cell mass of
strain R15 could account for 17.2% = 2.1% of the total ar-
chaea in the original soil sample. The 16S rRNA gene copies of
strain R15 were increased 33- and 20-fold in methanol and
trimethylamine enrichments, respectively, at 15°C, and the
proportions among the total archaea in the methylotrophic
enrichments were also elevated to 42.4% =+ 2.3% and 31.2% =
1.8%, respectively. However, the percentages of strain R15 in
the total archaea decreased to 6.7% = 1.1% and 3.8% * 0.5%,
respectively, in the two enrichments at 30°C.

DISCUSSION

With its location in a low-latitude region, the Zoige wetland
receives intensive sunlight, with an annual sunlight time of
2,353.6 t0 2,516.5 h (37), so cold-tolerant grasses such as Carax
and Eleocharis grow vigorously. During the growing season,
high CH, flux (14.45 mg m 2 h ') has been measured from the
soil layer at a depth of 10 to 20 cm (4), where the roots of Carex
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muliensis and Eleocharis valleculosa can reach. Temperature is
a determinative factor on the methanogen population in an
ecosystem; generally, members of the Methanosarciaceae and
Methanomicrobiaceae are prevalent, and acetoclastic methano-
genesis dominates in the cold wetlands (11, 12, 23). The soil
pH can be another limiting factor in determining the me-
thanogen community and methanogenic pathways. Horn et al.
(16) demonstrated that hydrogen was an important methano-
genic precursor in acidic peat bogs, and hydrogenotrophic
methanogens were enumerated to be 107 per gram of soil.
Kotsyurbenko et al. showed that in a Siberian acidic peat bog
(pH 4.2 to 4.8), acetoclastic and hydrogenotrophic methano-
geneses operated closely, at a ratio of approximately 2:1, irre-
spective of the incubation temperature (23). The Zoige wet-
land is a neutral peatland with a pH value range of 7.0 to 7.5.
As shown in this study, in contrast to the case for methanogens
prevalent in acidic peat bogs, methylotrophic and acetoclastic
methanogeneses are determined to be more robust at low
temperatures in this neutral pH soil, although hydrogenotro-
phic methanogenesis can be comparable at 30°C. Furthermore,
the novel psychrophilic Methanolobus strain R15 was isolated
from a methylotrophic methanogenic enrichment obtained
from the soil.

Strain R15 produces CH, from methanol efficiently at a low
temperature (18°C), and even at 0°C, and has a high affinity for
methanol (K, of 87.5 = 0.4 uM). All of these observations
suggest that strain R15 could perform an effective methanol-
derived methanogenesis in the Zoige wetland, as 0.48 to 2.6
mM methanol has been detected in the soil. Physiologically,
strain R15 is also adapted to the physical-chemical environ-
ment of the Zoige wetland (neutral soil containing about 40
mM NaCl), as shown by its large number (107 per gram of soil,
based on three or four 16S rRNA gene copies in Methano-
sarcinales [26]) and large proportion (about 17% of the total
archaea) in the wetland. An even higher percentage (about
40%) of strain R15 was determined for the methylotrophic
community at a lower temperature (15°C). Taken together,
these data suggest that the methanogen R15 could be a pre-
dominant psychrophilic methanogen and function in methane
emission in the cold Zoige wetland. Methanogen community
structure in different wetlands could be correlated to the field
vegetation types, which would either excrete unique compound
mixtures or accumulate grass-specific biomass, with the latter
providing methanogenic substrates via the multiple species in-
volved in biodegradation relay. A linkage between vegetation
type and archaeal community composition has been reported
for Alaskan peatlands (31).

In this study, the highest methanogenesis rate was detected
for methanol among the detected methanogenic substrates in

TABLE 3. 16S rRNA copy numbers for Methanolobus psychrophilus R15 and total Archaea in methylotrophic enrichments incubated for 60
days and in the original soil sample

16S rRNA copy no. in enrichment

% R15 in total

16S rRNA copy no. in enrichment % R15 in total

Substrate at 15°C Archaea at at 30°C Archaea at
(30 mM) 15°C 30°C
R15 (107) Archaea (10%) R15 (107) Archaea (10%) -
Methanol 1852+ 22 43.6 £ 2.4 424 +23 52x04 7.8 £0.4 6.7 £ 1.1
Trimethylamine 1124 = 1.7 354+32 31.2+1.8 5.8 +0.7 153 +0.9 38+05
In situ soil 55+03 32*x04 172 +21
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Zoige wetland soil, and in a separate experiment, the highest
most-probable-number quantification of methanol-utilizing
methanogens was obtained (data not shown). Although the
methanol level (0.48 to 2.6 mM) detected in Zoige wetland soil
is not very high, it is much higher than those reported for other
wetlands (5), suggesting that methanol-derived CH, can con-
tribute more in Zoige wetland than in other ecosystems (5),
which is probably attributable to the different vegetation. Al-
though acetate has been demonstrated to contribute the larg-
est proportion of CH, flux in paddy soil at relatively low tem-
peratures (11) and in boreal permafrost (24), the methanol
contribution to CH, flux in different types of wetlands may
need to be reassessed, especially in cold terrestrial wetlands
with luxuriant grasses, where methanol can be released from
pectin and not many methylotrophic competitors exist, except
for cohabiting homoacetogens.

So far, only a few psychrophilic methanogens have been
isolated, and those were all isolated from Antarctic lakes, such
as Methanococcoides burtonii (13) and Methanogenium frigidum
(14). The description of the psychrophilic methanogen R15 in
this work will contribute to the knowledge of the diversity of
the cold-loving methanogenic archaeal family.

Currently, the genus Methanolobus is comprised only of
members isolated from saline habitats and mesophilic growth
(1). Upon the recruitment of strain R15, the genus description
of Methanolobus has to be amended to include species that are
both psychrophiles and mesophiles.

Description of the novel species Methanolobus psychrophilus.
Methanolobus psychrophilus (psychrophilus. Gr. adj. psychros,
cold; Gr. adj. philus, preferring; M. neut. adj. psychrophilus,
preferring cold).

Cells are elliptical (0.9 to 1.0 by 1.0 to 1.2 pm), with one or
two polar flagella, are wrapped by a capsule-like material, and
frequently form loose aggregates. The strain is psychrophilic
and grows most rapidly at 18°C, with no growth above 25°C.
Methanol is the preferred methanogenic substrate; methyl-
amine and methyl sulfide are used as well. H,-CO,, formate,
and acetate are not utilized. It is slightly halophilic. Better
growth occurs in a medium supplemented with 15 to 300 mM
NaCl, optimal growth occurs with 200 to 250 mM NaCl, and no
growth occurs with <5 mM or >800 mM NacCl. The pH range
for growth is 6.0 to 8.0, and the optimum pH is 7.0 to 7.2. Yeast
extract is not essential but stimulates growth. The G+C con-
tent of the DNA of strain R15 is 44.9 mol% (at melting tem-
perature).

Methanolobus psychrophilus R15T (JCM 14818T; CGMCC
1.50607) is isolated from Zoige wetland soil, obtained from a
permanently cold wetland located on the Tibetan plateau in
southwestern China.

ACKNOWLEDGMENTS

This study was supported by the National Basic Research Program
of China (2004CB719602) and a knowledge innovation grant of the
Chinese Academy of Sciences (kzcx2-yw-418-03).

We thank Fengxia Qi at Oklahoma University for editing the manu-
script.

REFERENCES

1. Boone, D. R. 2001. Genus V. Methanolobus Konig and Stetter 1983, 439'P, p.
283-287. In D. R. Boone, R. W. Castenholz, and G. M. Garrity (ed.),
Bergey’s manual of systematic bacteriology, 2nd ed., vol. 1. Springer, New
York, NY.

METHANOGENESIS BY A NOVEL PSYCHROPHILIC METHANOGEN

w

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

6119

. Bradford, M. 1976. A rapid and sensitive method for the quantification of

microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254.

. Cavicchioli, R. 2006. Cold-adapted archaea. Nat. Rev. Microbiol. 4:331-343.
. Chen, H., S. Yao, N. Wu, Y. Wang, P. Luo, J. Tian, and Y. Gao. Determinants

influencing seasonal variations of methane emissions from alpine wetlands in
Zoige Plateau and their implications. J. Geophys. Res., in press.

. Conrad, R., and P. Claus. 2005. Contribution of methanol to the production

of methane and its '*C-isotopic signature in anoxic rice field soil. Biogeo-
chemistry 73:381-393.

. Crompton, I. E., and S. G. Waley. 1986. The determination of specificity

constants in enzyme-catalysed reactions. Biochem. J. 239:221-224.

. Cytryn, E., D. Minz, R. S. Oremland, and Y. Cohen. 2000. Distribution and

diversity of archaea corresponding to the limnological cycle of a hypersaline
stratified lake (Solar Lake, Sinai, Egypt). Appl. Environ. Microbiol. 66:3269—
3276.

. Ding, W. X, and Z. C. Cai. 2007. Methane emission from natural wetlands

in China: summary of years 1995-2004 studies. Pedosphere 17:475-486.

. Ding, W. X,, Z. C. Cai, and D. X. Wang. 2004. Preliminary budget of methane

emissions from natural wetlands in China. Atmos. Environ. 38:751-759.
Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using
the bootstrap. Evolution 39:783-791.

Fey, A., and R. Conrad. 2000. Effect of temperature on carbon and electron
flow and on the archaeal community in methanogenic rice field soil. Appl.
Environ. Microbiol. 66:4790-4797.

Fey, A., P. Claus, and R. Conrad. 2004. Temporal change of '*C-isotope
signatures and methanogenic pathways in rice field soil incubated anoxically
at different temperatures. Geochim. Cosmochim. Acta 68:293-306.
Franzmann, P. D., N. Springer, W. Ludwig, C. E. De Macario, and M.
Rohde. 1992. A methanogenic archaeon from Ace Lake, Antarctica: Me-
thanococcoides burtonii sp. nov. Syst. Appl. Microbiol. 15:573-581.
Franzmann, P. D., Y. Liu, D. L. Balkwill, H. C. Aldrich, E. C. De Macario,
and D. R. Boone. 1997. Methanogenium frigidum sp. nov., a psychrophilic,
H,-using methanogen from Ace Lake, Antarctica. Int. J. Syst. Bacteriol.
47:1068-1072.

Furlong, M. A., D. R. Singleton, D. C. Coleman, and W. B. Whitman. 2002.
Molecular and culture-based analyses of prokaryotic communities from an
agricultural soil and the burrows and casts of the earthworm Lumbricus
rubellus. Appl. Environ. Microbiol. 68:1265-1279.

Horn, M. A., C. Matthies, K. Kiisel, A. Schramm, and H. L. Drake. 2003.
Hydrogenotrophic methanogenesis by moderately acid-tolerant methano-
gens of a methane-emitting acidic peat. Appl. Environ. Microbiol. 69:74-83.
Jin, H. J., J. Wu, G. D. Cheng, N. Tomoko, and G. Y. Sun. 1999. Methane
emissions from wetlands on the Qinghai-Tibet Plateau. Chin. Sci. Bull.
44:2282-2286.

. Kadam, P. C., and D. R. Boone. 1995. Physiological characterization and

emended description of Methanolobus vulcani. Int. J. Syst. Bacteriol. 45:400—
402.

Kadam, P. C., D. R. Ranade, L. Mandelco, and D. R. Boone. 1994. Isolation
and characterization of Methanolobus bombayensis sp. nov., a methylotrophic
methanogen than requires high concentrations of divalent cations. Int. J.
Syst. Bacteriol. 44:603-607.

Konig, H., and K. O. Stetter. 1982. Isolation and characterization of Me-
thanolobus tindarius, sp. nov., a coccoid methanogen growing only on meth-
anol and methylamines. Zentralbl. Bakteriol. Mikrobiol. Hyg. 1 Abt. Orig. C
3:478-490.

Kotelnikova, S., A. J. L. Macario, and K. Pedersen. 1998. Methanobacterium
subterraneum sp. nov., a new alkaliphilic, eurythermic and halotolerant me-
thanogen isolated from deep granitic groundwater. Int. J. Syst. Bacteriol.
48:357-367.

Kotsyurbenko, O. R., A. N. Nozhevnikova, T. 1. Soloviova, and G. A. Zavar-
zin. 1996. Methanogenesis at low temperatures by microflora of tundra
wetland soil. Antonie van Leeuwenhoek 69:75-86.

Kotsyurbenko, O. R., K.-J. Chin, M. V. Glagolev, S. S. Maria, V. Simankova,
A. N. Nozhevnikova, and R. Conrad. 2004. Acetoclastic and hydrogeno-
trophic methane production and methanogenic populations in an acidic
West-Siberian peat bog. Environ. Microbiol. 6:1159-1173.

Kotsyurbenko, O. R., M. V. Glagolev, A. N. Nozhevnikova, and R. Conrad.
2001. Competition between homoacetogenic bacteria and methanogenic ar-
chaea for hydrogen at low temperature. FEMS Microbiol. Ecol. 38:153-159.
Liu, Y., D. R. Boone, and C. Choy. 1990. Methanohalophilus oregonense sp.
nov., a methylotrophic methanogen from an alkaline, saline aquifer. Int. J.
Syst. Bacteriol. 40:111-116.

Maeder, D. L., I. Anderson, T. S. Brettin, D. C. Bruce, P. Gilna, C. S. Han,
A. Lapidus, W. W. Metcalf, E. Saunders, R. Tapia, and K. R. Sowers. 2006.
The Methanosarcina barkeri genome: comparative analysis with Methanosar-
cina acetivorans and Methanosarcina mazei reveals extensive rearrangement
within methanosarcinal genomes. J. Bacteriol. 188:7922-7931.

Marmur, J., and P. Doty. 1962. Determination of the base composition of
deoxyribonucleic acid from its thermal denaturation temperature. J. Mol.
Biol. 5:109-118.



6120

28.

29.

30.

31

32.

33.

34.

35.

36.

ZHANG ET AL.

Oremland, R. S., and D. R. Boone. 1994. Methanolobus taylorii sp. nov., a new
methylotrophic, estuarine methanogen. Int. J. Syst. Bacteriol. 44:573-575.
Owen, R. J., and D. Pitcher. 1985. Current methods for estimating DNA base
composition and levels of DNA-DNA hybridization, p. 67-93. In M. Good-
fellow and D. E. Minnkin (ed.), Chemical methods in bacterial systematics.
Academic Press, London, United Kingdom.

Raeymaekers, L. 2000. Basic principles of quantitative PCR. Mol. Biotech-
nol. 15:115-122.

Rooney-Varga, J. N.,, M. W. Giewat, K. N. Duddleston, J. P. Chanton, and
M. E. Hines. 2007. Links between archaeal community structure, vegetation
type and methanogenic pathway in Alaskan peatlands. FEMS Microbiol.
Ecol. 60:240-251.

Schulz, S., H. Matsuyama, and R. Conrad. 1997. Temperature dependence
of methane production from different precursors in a profundal sediment
(Lake Constance). FEMS Microbiol. Ecol. 16:251-260.

Sung, Y., K. M. Ritalahti, R. P. Apkarian, and F. E. Loffler. 2006. Quanti-
tative PCR confirms purity of strain GT, a novel trichloroethene-to-ethene-
respiring Dehalococcoides isolate. Appl. Environ. Microbiol. 72:1980-1987.
Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4: molecular
evolutionary genetic analysis (MEGA) software, version 4.0. Mol. Biol. Evol.
24:1596-1599.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22:4673-4680.

Wu, X. L., K. J. Chin, S. Stubner, and R. Conrad. 2001. Functional patterns
and temperature response of cellulose-fermenting microbial cultures con-

37.

38.

39.

40.

41.

42.

43.

44,

APPL. ENVIRON. MICROBIOL.

taining different methanogenic communities. Appl. Microbiol. Biotechnol.
56:212-219.

Yang, F., and Z. Dong. 1993. Study of the environment and ecology of
wetland, meadow in Zoige Plateau. J. Sichuan Grassland 14:1-7. (In Chi-
nese.)

Yu, Y., C. Lee, J. Kim, and S. Hwang. 2005. Group-specific primer and probe
sets to detect methanogenic communities using quantitative real-time poly-
merase chain reaction. Biotechnol. Bioeng. 89:670-679.

Yu, Y., J. Kim, and S. Hwang. 2006. Use of real-time PCR for group-specific
quantification of aceticlastic methanogens in anaerobic processes: popula-
tion dynamics and community structures. Biotechnol. Bioeng. 93:424-433.
Zehnder, A. J. B., and K. Wuhermann. 1977. Physiology of a Methanobac-
terium strain AZ. Arch. Microbiol. 111:199-205.

Zepp Falz, K., C. Holliger, R. Grobkopf, W. Liesack, A. N. Nozhevnikova, B.
Muller, B. Wehrli, and D. Hahn. 1999. Vertical distribution of methanogens
in the anoxic sediment of rotsee (Switzerland). Appl. Environ. Microbiol.
65:2402-2408.

Zhang, C., X. Liu, and X. Dong. 2004. Syntrophomonas curvata sp. nov., an
anaerobe that degrades fatty acids in co-culture with methanogens. Int. J.
Syst. Evol. Microbiol. 54:969-973.

Zhang, G., J. Tian, N. Jiang, X. Guo, Y. Wang, and X. Dong. 2008. Me-
thanogen community in Zoige wetland of Tibetan plateau and phenotypic
characterization of a dominant uncultured methanogen cluster ZC-I. Envi-
ron. Microbiol. 10:1850-1860.

Zhou, J., M. A. Bruns, and J. M. Tiedje. 1996. DNA recovery from soils of
diverse composition. Appl. Environ. Microbiol. 62:316-322.



