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experiments using isolated microbes (e.g., Balabane et
al., 1987; Botz et al., 1996; Valentine et al., 2004) and
incubation experiments using environmental samples
(e.g., Sugimoto and Wada, 1995; Chidthaisong et al.,
2002; Fey et al., 2004). The basic mechanisms of hydro-
gen and carbon isotope fractionations in CO2 reduction
are not yet fully understood.

Less information related to hydrogen isotope
fractionation in CO2 reduction is available than for car-
bon isotope fractionation. Hydrogen isotope fractionation
achieved from a laboratory incubation study of CO2 re-
duction with pure cultures (>300‰; Balabane et al., 1987)
was greater than those observed in natural environments
such as deep-sea sediments in which CO2 reduction is
the dominant pathway in CH4 production (approximately
160‰; Whiticar et al., 1986). Incubation experiments
have never indicated hydrogen isotope fractionation fac-
tors equivalent to those observed in natural environments.
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To elucidate the isotope geochemistry of CH4 production in deep subsurface environments, we investigated the rela-
tion between H2 concentration and hydrogen and carbon isotope fractionation by CO2 reduction using microbial commu-
nities obtained from groundwater in a deep aquifer associated with an accretionary prism. Incubation experiments were
conducted under anaerobic culture conditions of two types. In one experiment, a coculture of H2-producing fermenters
and hydrogenotrophic methanogens was established in groundwater treated with organic substrates. The other experiment
used groundwater under H2 + CO2 (80:20, v/v) to produce CH4 under high H2 concentrations. In the cocultures, H2 con-
centrations increased in the initial phases, then decreased gradually and remained low during CH4 production, indicating
H2 consumption by hydrogenotrophic methanogens to produce CH4. This study revealed for the first time that cocultures
with fermenters and hydrogenotrophic methanogens producing CH4 in low H2 concentration cause smaller hydrogen iso-
tope fractionations (0.663 < αH < 0.725) than in monocultures under high H2 concentrations (0.629 < αH < 0.656). Carbon
isotope fractionation in cocultures was greater (1.052 < α(CO2–CH4) < 1.074) than in monocultures under high H2 con-
centrations (1.021 < α(CO2–CH4) < 1.023). The large carbon fractionation was thought to result from low levels of H2,
supporting the hypothesis of differential reversibility of multiple enzymatic processes in CH4 production. Although lack
of agreement remains between results of incubation experiments and field observations especially in hydrogen isotope
fractionations, both hydrogen and carbon isotope fractionation in cocultures were close to the fractionations of field
observation in which CO2 reduction is a dominant pathway in CH4 production compared with those in monoculture.
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INTRODUCTION

Stable hydrogen and carbon isotope ratios in micro-
bial CH4 vary widely, with δD–CH4 values from –400‰
to –150‰, and δ13C–CH4 values from –110‰ to –50‰
(Whiticar, 1999). Isotope fractionation factors should be
considered when explaining such high variation in the
δD and δ13C values of CH4. However, reported hydrogen
and carbon isotope fractionation factors in CO2 reduc-
tion, which is as important a pathway as acetate fermen-
tation because of its dominance in natural environments,
also vary widely. Fractionation factors have been inves-
tigated using different approaches such as pure culture
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Although this discrepancy remains unexplained, it has
been suggested that it results from the use in experiments
of H2 concentrations that are much higher than those oc-
curring in the natural environment: hydrogen isotope
fractionation between CH4 and H2O increases continu-
ously with increasing H2 concentration (Burke, 1993;
Sugimoto and Wada, 1995). This interpretation has been
supported by field observations in natural wetlands
(Sugimoto and Fujita, 2006). However, incubation experi-
ments using Methanothermobacter thermoautotrophicus
with fermentative bacteria revealed that culture conducted
with low H2 concentrations produced larger hydrogen iso-
tope fractionations than those obtained from pure cultures
conducted with higher H2 concentrations (Yoshioka et al.,
2008). The effect of H2 concentration on hydrogen iso-
tope fractionation must therefore be clarified to elucidate
δD–CH4 values.

Carbon isotope fractionation factors of approximately
1.02–1.08 were obtained in various laboratory studies of
CO2 reduction (Conrad, 2005). Valentine et al. (2004)
reported that carbon isotope fractionation in CO2 reduc-
tion is related to H2 supply. They proposed a differential
reversibility hypothesis dependent on the Gibbs free en-
ergy (∆G). Although this relation between carbon isotope
fractionation and H2 supply has been confirmed in labo-
ratory coculture experiments under various conditions
(Penning et al., 2005), it has not been tested under ther-
mophilic conditions using natural microbial communities.

As described above, the variations of hydrogen and
carbon isotope fractionations in CO2 reduction are attrib-
utable to the high H2 concentration used in most labora-
tory experiments. Experiments using low H2 concentra-
tion must be conducted to obtain better estimates of hy-
drogen and carbon isotopic fractionation factors in CO2
reduction for use in the interpretation of δD and δ13C
values of CH4.

Our previous study showed that past and ongoing mi-
crobial CH4 production contribute to the CH4 reservoirs
in a deep aquifer associated with an accretionary prism
in southwestern Japan (Kimura et al., 2010). We also in-
cubated a microbial community in groundwater obtained
from the deep aquifer by coculture of H2-producing
fermenters and hydrogenotrophic methanogens, and by
monoculture of hydrogenotrophic methanogens in ther-
mophilic conditions (Kimura et al., 2010). This system
enables us to investigate hydrogen and carbon isotope
fractionation in CO2 reduction using culture of two types
and to compare the fractionation factors under low H2
concentrations in cocultures relative to those under high
H2 concentrations in monocultures. In this study, we con-
ducted concentration and isotopic measurements in this
incubation system to determine the relations between
hydrogen and carbon isotopic fractionation factors and
H2 concentration.

METHODS

Study site and groundwater sampling
In September 2008, groundwater samples were col-

lected from a deep well (the Ita-Wari well; 34°52.283′ N,
138°09.150′ E) in Shimada, Shizuoka Prefecture, Japan
(Kimura et al., 2010). The well is located geologically in
the Paleogene Setogawa group of the Shimanto Belt,
which is a typical and well-studied ancient accretionary
prism (Taira et al., 1992; Tanabe and Kano, 1996). The
Shimanto Belt, which is distributed along southwestern
Japan parallel to the Nankai Trough, is composed mainly
of non-metamorphosed to weakly metamorphosed thick
sequences of sandstone, mudstone, alternating beds of
sandstone and mudstone, and locally associated chert and
greenstone. The Ita-Wari well is drilled to about 1500 m
below the Earth’s surface and is reinforced with tight steel
casing pipes. The casing pipes are equipped with a strainer
at 1188–1489 m below the Earth’s surface. Groundwater
flows from the deep aquifer through the strainer into the
well and rises naturally to about 250 m below the sur-
face; it is then drawn up anaerobically to the ground sur-
face using a pumping system. To prevent contamination
by air and water from shallow environments, groundwater
was pumped at a flow rate of 116 L min–1 for 24 h before
sampling. To avoid atmospheric contamination, exactly
120 ml of the groundwater at the bottom of a bucket, with
continuous overflowing of groundwater from the well,
was injected anaerobically into autoclaved 240-ml serum
bottles that had been sealed tightly with sterile butyl rub-
ber stoppers and evacuated. The groundwater samples
were stored at 4°C before incubation.

Culture conditions
Cocultures of fermenters and hydrogenotrophic

Batch Substrate Headspace gas Temperature
(°C)

Predicted culture

A YPGa N2
b 55 Coculturee

B YPG N2 65 Coculture
C YPG N2 + CO2

c 55 Coculture
D YPG N2 + CO2 65 Coculture
E — H2 + CO2

d 55 Monoculturef

F — H2 + CO2 65 Monoculture

Table 1.  Culture conditions of each batch undertaken in this
study

aYPG medium (yeast extract, peptone, and glucose).
b0.25 MPa.
cN2 : CO2 = 80:20 (0.25 MPa).
dH2 : CO2 = 80:20 (0.25 MPa).
eCH4 production by syntrophic cooperation of fermenters and
hydrogenotrophic methanogens.
fCH4 production by hydrogenotrophic methanogens.
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methanogens were grown by anaerobic cultivation of the
deep-aquifer groundwater, and by treatment with organic
substrates using a modification method of Kimura et al.
(2010). Groundwater samples for cocultures were treated
with 12 ml of YPG medium (3.0 g of yeast extract, 3.0 g
of peptone, and 0.6 g of glucose per 100 ml of distilled
water). The gas phase was exchanged to N2 (0.25 MPa)
for batches A and B, and to N2 + CO2 (80:20, v/v; 0.25
MPa) for batches C and D.

For batches E and F, the groundwater was not treated
with organic substrates and the gas phase was exchanged
to H2 + CO2 (80:20, v/v; 0.25 MPa); these batches, in
which only hydrogenotrophic methanogens were expected
to grow, were used as monocultures for comparison with
the cocultures.

Incubation temperatures were 55°C for batches A, C,
and E, and 65°C for batches B, D, and F because CH4
production has been observed at these temperatures ac-
cording to our previous study (Kimura et al., 2010). The
batch culture conditions are presented in Table 1.

Measurement of H2, CH4, and CO2 concentrations
The H2, CH4, and CO2 concentrations of the gas phase

in the headspace were analyzed using a gas chromato-
graph (GC; GC-2014; Shimadzu Corp., Kyoto, Japan)
equipped with a thermal conductivity detector (TCD) and
a packed column (Shin-carbon ST, 6.0 m × 3.0 mm i.d.;
Shinwa Chemical Industries Ltd., Kyoto, Japan). Ar was
used as the carrier gas.

Analyses of isotope ratios
Headspace gases in the incubated cultures were col-

lected every 2–3 days using a gas-tight syringe. They were
then transferred to serum bottles filled with ultrapure He
and stored for later isotopic analyses.

Instrumentation for measurement of the hydrogen iso-
tope ratios of CH4 consisted of an on-line CH4 extraction
system, a GC pyrolysis furnace, and an isotope ratio mass
spectrometer (DeltaplusXL; Thermo Fisher Scientific
Inc., Bremen, Germany). The GC pyrolysis interface con-
sisted of a GC (6890; Hewlett Packard Co., Palo Alto,
CA, USA) equipped with a split/splitless injector and a
capillary column (HP-PLOT Q, 30 m × 0.32 mm i.d., 20
µm film; Hewlett Packard Co.), a pyrolysis furnace (Al2O3
ceramic tube, 320 mm × 0.5 mm i.d.), a Nafion dryer,
and an open split. A similar system was used to measure
the carbon isotope ratios of CH4, but the pyrolysis fur-
nace and the DeltaplusXL mass spectrometer were re-
placed, respectively, with a combustion furnace (Al2O3
ceramic tube packed with CuO, NiO, and Pt wires, 320
mm × 0.5 mm i.d.) and an isotope ratio mass spectrometer
(Finnigan MAT 252; Thermo Fisher Scientific Inc.). The
operation principle is described in Yamada et al. (2003).
Briefly, CH4 was extracted using these systems and in-

troduced on-line into the GC. The separated CH4 was
transferred either into a pyrolysis furnace (at 1440°C) or
a combustion furnace (at 960°C) for conversion into H2
or CO2 to measure stable hydrogen or carbon isotope ra-
tios.

The water in the culture samples, which was collected
from the bottles before incubation, was transferred to 10
ml bottles. Hydrogen isotope ratios of the medium wa-
ters were measured using a conventional equilibrium
method (Horita et al., 1989) with a Finnigan MAT252
mass spectrometer (Thermo Fisher Scientific Inc.).

The carbon isotope ratios of the CO2 samples were
analyzed using a GC-C-IRMS system consisting of a GC-
combustion interface (ThermoQuest GC/TC interface;
Thermo Fisher Scientific Inc.) and an isotope ratio mass
spectrometer (DeltaplusXP; Thermo Fisher Scientific
Inc.). The GC-combustion interface was a GC (6890 GC;
Hewlett Packard Co.) equipped with a capillary column
(PoraPLOT Q, 25 m length, 0.32 mm i.d., 10 µm thick-
ness; Varian Inc., Palo Alto, CA, USA).

Typical uncertainties, quantified by replicate measure-
ments of standards, were δ13C–CH4 (0.3‰), δD–CH4
(4‰), δ13C–CO2 (0.3‰), and δD–H2O (1‰).

Notation
Stable isotope ratios are expressed in conventional δ

notation calculated using Eq. (1) as

δX = (Rsample/Rstandard – 1) × 1000(‰), (1)

where X denotes a heavy stable isotope such as D or 13C,
and R denotes the isotope ratio of samples and standards.
The carbon isotope ratio values are given in per mil nota-
tion (‰) relative to the Vienna PeeDee Belemnite car-
bonate (VPDB) standard. The hydrogen isotope ratios are
given in per mil notation (‰) relative to the Vienna Stand-
ard Mean Ocean Water (VSMOW) standard.

The carbon isotope fractionation factors (α(CO2–CH4)
values) are

α(CO2–CH4) = (δ13C–CO2 + 1000)/(δ13C–CH4 + 1000).
(2)

The hydrogen isotope fractionation factors (αH values)
are

αH = (δD–CH4 + 1000)/(δD–H2O + 1000). (3)

RESULTS

CH4 production by culture
The enriched cultures were grown in closed systems.

Each culture produced CH4 by CO2 reduction and had
established a steady state within 12 days (Fig. 1). Before
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and after incubation, the pH values of cultures were mea-
sured using a pH meter (TPX-90; Toko Chemical Labo-
ratories Co. Ltd., Japan) and were 6.3–6.7 at the final time
of incubation. The enriched cultures from groundwater
treated with organic substrates (batches A, B, C, and D)
showed that CO2 and H2 production began first with sub-
sequent CH4 production starting on the second or third
day (Figs. 1a and 1b). In batches A, B, C, and D, the H2
concentrations increased to a maximum in the initial phase
(0–4 days), then decreased gradually and remained under
the detection limit of TCD-GC (0.01 mmol L–1 in the
headspace) (Figs. 1a and 1b). In addition, the increases
in CH4 concentrations were slower or absent at 8–12 days
(Figs. 1a and 1b). In cultures with groundwater under H2
+ CO2 (batches E and F), the CH4 concentrations increased
gradually after 3 or 4 days and then slowed or showed no
further increase at 8–12 days (Fig. 1c). These results are
generally consistent with the incubation experiment re-
sults of our previous study (Kimura et al., 2010).

Fractionation of hydrogen isotopes
Changes in δD–CH4 and αH values determined from

Eq. (1) or Eq. (3) are presented in Table 2. The δD–CH4
values of all cultures were between –382‰ and –292‰.
The average fractionations after steady state in these cul-
tures were, respectively, 0.701, 0.709, 0.711, 0.723, 0.646,
and 0.656 for batches A, B, C, D, E, and F (Table 2).
Statistical analysis of αH values using Student’s t-test
between A and B, C and D, and E and F showed no sig-
nificant difference between these pairs (p > 0.05), indi-
cating that hydrogen isotope fractionations did not de-
pend on growth temperatures. In contrast, the αH values
of batches E and F were significantly different (p < 0.01)
from those of batches A, B, C, and D. Consequently, hy-
drogen isotope fractionations under high H2 concentra-
tions (batches E and F) were approximately 10–90‰
larger (0.01–0.09 lower in terms of αH values) than those
in cocultures grown under low H2 concentrations.

Fractionation of carbon isotopes
Changes in δ13C–CH4, δ13C–CO2, and α(CO2–CH4)

values for batches A–D, as determined from Eq. (1) or
Eq. (2), are presented in Fig. 1. Botz et al. (1996) re-
ported that carbon isotope fractionation during the steady-
state period is more representative for natural habitats than
that during the early phases. We therefore considered the
average carbon isotope fractionation factors in the steady
state, i.e., after day 10 for batch A, day 10 for batch B,
day 8 for batch C, and day 8 for batch D (Figs. 1a and
1b). The average carbon isotope fractionation factors
were, respectively, 1.074 ± 0.000, 1.069 ± 0.000, 1.068 ±
0.001, and 1.067 ± 0.000 for batches A, B, C, and D.

In batches E and F, the carbon isotope fractionation
was small (α(CO2–CH4) = 1.021–1.023), and CH4 was
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produced under high concentrations of H2 (71–86 mmol
L–1 in the headspace) (Fig. 1c). As with the other cul-
tures,  we examined the average carbon isotope
fractionation factors in the steady state. They were 1.021
± 0.000 for batch E (after day 8), and 1.022 ± 0.000 for
batch F (after day 8).

No significant difference in α(CO2–CH4) values was
found between different incubation temperatures, but
α(CO2–CH4) values of batches E and F were significantly
different from those of batches A, B, C, and D.

DISCUSSION

CH4 production by syntrophic cooperation
In our previous study, a series of culture-dependent

and culture-independent microbiological studies was un-
dertaken using groundwater from the same location
(Kimura et al., 2010). In that study, CH4 production was

observed for enrichment via CO2 reduction, but it was
not observed with other substrate such as acetate, metha-
nol, and formate. Based on phylogenetic analysis, we also
demonstrated that the dominant species in this ground-
water included hydrogenotrophic methanogens belong-
ing to the genus Methanobacteriales, and confirmed that
the microorganisms propagated in this groundwater
treated with H2 + CO2 were closely related to M.
thermoautotrophicus, which is a thermophilic methanogen
using H2 and CO2 for growth and CH4 production (Zeikus
and Wolfe, 1972). Therefore, CH4 production by CO2 re-
duction was expected to be observed in these cultures in
the present study.

For batches A, B, C, and D, the H2 concentrations in-
creased to approximately 1–2 mmol L–1 (in the
headspaces) at 1–4 days. The H2 concentrations remained
low and constant after CH4 production began (Figs. 1a
and 1b). The H2 and CH4 dynamics observed in these

Table 2.  Hydrogen isotope ratios of CH4 and the fractionation factors (αH) in the enrichment cultures

aCalculated using equation (δD–CH4 + 1000)/(δD–H2O + 1000). δD–H2O values were measured before incubation and were: –20.1‰, –20.4‰,
–20.4‰, –20.5‰, –18.1‰, and –18.1‰, respectively, for batches A, B, C, D, E, and F.
bGroundwater + YPG medium + N2 (0.25 MPa).
cGroundwater + YPG medium + N2 + CO2 (80:20, v/v, 0.25 MPa).
dGroundwater + H2 + CO2 (80:20, v/v, 0.25 MPa).

δD−CH4 αH
a δD−CH4 αH

a

Batch Ab (55°C) Batch Bb (65°C)

Day 2 −350 0.663 Day 2 −339 0.675

Day 4 −335 0.679 Day 4 −311 0.703

Day 6 −323 0.691 Day 6 −307 0.708

Day 8 −311 0.703 Day 8 −310 0.705

Day 10 −311 0.703 Day 10 −305 0.709

Day 12 −318 0.696 Day 12 −306 0.709

Average of all days ± 1σ 0.689 ± 0.016 Average of all days ± 1σ 0.701 ± 0.013

Average after day 8 ± 1σ 0.701 ± 0.003 Average after day 10 ± 1σ 0.709 ± 0.003

Batch Cc (55°C) Batch Dc (65°C)

Day 3 −338 0.676 Day 3 −308 0.707

Day 5 −322 0.692 Day 5 −295 0.72

Day 8 −315 0.699 Day 8 −290 0.725

Day 10 −292 0.723 Day 10 −294 0.721

Average of all days ± 1σ 0.698 ± 0.019 Average of all days ± 1σ 0.718 ± 0.008

Average after day 8 ± 1σ 0.711 ± 0.017 Average after day 8 ± 1σ 0.723 ± 0.003

Batch Ed (55°C) Batch Fd (65°C)

Day 4 −382 0.629 Day 4 −369 0.643

Day 6 −378 0.634 Day 7 −370 0.642

Day 8 −372 0.639 Day 8 −355 0.657

Day 10 −364 0.648 Day 10 −356 0.656

Day 12 −361 0.651 Day 12 −356 0.656

Average of all days ± 1σ 0.640 ± 0.009 Average of all days ± 1σ 0.651 ± 0.008

Average after day 8 ± 1σ 0.646 ± 0.004 Average after day 8 ± 1σ 0.656 ± 0.000
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cocultures resembled those of syntrophic cocultures of
fermentative bacteria and hydrogenotrophic methanogens
reported previously (Penning et al., 2005; Ishii et al.,
2005; Kimura et al., 2010). Consequently, syntrophic
cooperation (symbioses based on nutritional cooperation)
between fermenters and hydrogenotrophic methanogens
at thermophilic conditions was established for batches A,
B, C, and D in which CH4 was produced under low H2
concentration (Figs. 1a and 1b). For batches E and F, on
the other hand, CH4 was produced by CO2 reduction un-
der much higher H2 concentrations than in batches A, B,
C, and D (Fig. 1c). This experimental approach allowed
CH4 production at different H2 conditions using micro-
bial communities from the deep aquifer under moderately
thermophilic conditions (55°C and 65°C).

Several studies have investigated the relation between
H2 concentration and hydrogen or carbon isotope
fractionation (e.g., Burke, 1993; Valentine et al., 2004).
We therefore concentrate mainly on these relations.

Hydrogen isotope fractionation by CO2 reduction
The cocultures (batches A, B, C, and D) gave hydro-

gen isotope fractionation values that were approximately
10–90‰ smaller (higher αH values) than those of batches
E and F (Table 2).  Therefore,  hydrogen isotope
fractionations were larger (lower αH values) in the case
of CH4 production at low H2 concentrations, which is
consistent with the hypothesis proposed by Burke (1993):
hydrogen isotope fractionation between CH4 and H2O
increases (and αH values decrease) with increasing H2
concentration. These results are the first to support
Burke’s hypothesis using incubation experiments.

Yoshioka et al. (2008) reported the opposite of Burke’s
hypothesis: larger hydrogen isotope fractionations (lower
αH values) were observed in cocultures of M.
thermoautotrophicus and Syntrophothermus lipocalidus,
which maintained lower H2 concentrations than in a pure
culture of M. thermoautotrophicus under higher H2 con-
centrations. Their results are not consistent with our re-
sults, although their experimental conditions resembled
ours. Nevertheless, it is noteworthy that steady-state αH
values in our cocultures (batches A, B, C, and D) were
similar to their coculture values: 0.701–0.723 for our
cocultures (Table 2), and 0.725 ± 0.003 for their cocultures
of M. thermoautotrophicus and S. lipocalidus (Yoshioka
et al., 2008). The steady-state αH values observed in pre-
vious laboratory studies in which CH4 was produced un-
der high H2 concentrations were 0.602 ± 0.003 for
Methanobacterium formicicum (Balabane et al., 1987),
and 0.755 ± 0.014 for M. thermoautotrophicus (Yoshioka
et al., 2008). The steady-state αH values for batches E
and F in this study were 0.646–0.656 (Table 2). Other
than those in pure cultures of M. thermoautotrophicus
(Yoshioka et al . ,  2008),  small hydrogen isotope

fractionations (αH = 0.701–0.725) were observed in these
cocultures of fermenters and hydrogenotrophic
methanogens in which CH4 was produced at low H2 con-
centrations, which is consistent with Burke’s hypothesis.
In addition, low hydrogen isotope fractionation between
H2O and CH4 was observed in a terrestrial natural wetland
with very low H2 partial pressure (Sugimoto and Fujita,
2006), indicating that the relation between hydrogen iso-
tope fractionation and H2 concentration proposed by
Burke (1993) is generally correct. Although Sugimoto and
Fujita (2006) present possible explanations of how H2
concentration affects variations in hydrogen isotope
fractionation between H2O and CH4, it is important to
investigate how isotopic exchange between H2 and H2O
is reached and to elucidate its relation to the enzymatic
expression of step 4 of multi-enzymatic processes. These
mechanisms, which remain unclear, demand further study.

This report describes the first results showing that a
coculture in which fermenters and hydrogenotrophic
methanogens produced CH4 under low H2 concentrations
caused smaller hydrogen isotope fractionation (higher αH
values) than did monocultures under high H2 concentra-
tions. However, the hydrogen isotope fractionations in
our cocultures are also large compared with those in natu-
ral environments in which CO2 reduction is dominant (ap-

Fig. 2.  Stable carbon isotope ratios of CO2 and CH4 produced
in anaerobic cultures using groundwater obtained from the deep
aquifer. Arrows indicate increasing incubation times. Dotted
lines show apparent fractionation between CO2 and CH4 de-
termined using the ratio (δ13C–CO2 + 1000)/(δ13C–CH4 +
1000). Circles: groundwater + YPG medium (under N2); �,
batch A (55°C); �, batch B (65°C). Squares: groundwater +
YPG medium (under N2 + CO2, 80:20, v/v); �, batch C (55°C);
�, batch D (65°C). Triangles: groundwater (under H2 + CO2,
80:20, v/v); �, batch E (55°C); �, batch F (65°C).
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proximately 160‰; Schoell, 1980; Whiticar et al., 1986),
and to those obtained in field observations of this deep
aquifer (160.6–165.9‰; αH values 0.831–0.837) by
Kimura et al. (2010), suggesting the existence of another
factor controlling hydrogen isotope ratios of CH4 and
suggesting that future study is necessary.

Carbon isotope fractionation by CO2 reduction
Changes in δ13C values of CO2 and CH4 and calcu-

lated α(CO2–CH4) values are presented in Fig. 2. Al-
though the α(CO2–CH4) values for batches E and F were
much lower than those for the other cocultures, the dif-
ferences in CO2 addition between batches A, B and
batches C, D did not strongly affect the α(CO2–CH4) val-
ues (Figs. 1 and 2). This finding suggests that CH4 pro-
duction under low H2 concentrations gives large carbon
isotope fractionation.

Valentine et al. (2004) found that carbon isotope
fractionation was affected by the H2 supply in a CO2 re-
ducing culture of Methanothermobacter marburgensis at
65°C. They proposed a ∆G-dependent differential revers-
ibility hypothesis for the multistep enzymatic processes,
and the extent of reversibility in multistep enzymatic proc-
esses is expected to impact the extent to which
fractionations are expressed from each enzymatic step as
well as shown in dissimilatory sulfate reduction (Kaplan
and Rittenberg, 1964; Rees, 1973). Indeed, strong corre-
lations between carbon isotope fractionation by CO2 re-
duction and ∆G values for CO2 reduction have been ob-
served (Penning et al., 2005; Takai et al., 2008). The H2
concentration is the most important parameter in control
of the ∆G values. Therefore, the relation between carbon
isotope fractionation and H2 concentration in this study
was consistent with the differential reversibility hypoth-
esis. According to the differential reversibility hypoth-
esis (Valentine et al., 2004), for cocultures (batches A, B,
C, and D), the low concentration of H2 in syntrophic co-
operation of fermenters and hydrogenotrophic
methanogens is expected to increase reversibility in the
multiple enzymatic processes of CH4 production, result-
ing in large carbon isotope fractionation (1.052 < α(CO2–
CH4) < 1.074). In batches E and F in this study, CH4 pro-
duction under high H2 concentrations gave small carbon
isotope fractionation because of reduced reversibility in
the multiple enzymatic processes (1.021 < α(CO2–CH4)
< 1.023).

The α(CO2–CH4) values observed in the cocultures
are consistent with those obtained from field observations
in some terrestrial and marine environments (1.04–1.09;
Whiticar et al., 1986), and from field observations at the
site used in the current study (1.058–1.059; Kimura et
al., 2010). This result suggests that carbon isotope
fractionation via syntrophic cooperation between
fermenters and hydrogenotrophic methanogens resembles

fractionation in natural environments more closely than
monocultures under high H2 concentration do.

CONCLUSIONS

We investigated hydrogen and carbon isotope
fractionation factors in CO2 reduction under coculture and
monoculture. For these cocultures, in which CH4 was pro-
duced under low H2 concentrations, hydrogen isotope
fractionations were smaller and carbon isotope
fractionations were larger than those observed in
monocultures. Although lack of agreement between re-
sults of incubation experiments and field observations in
hydrogen isotope fractionations remains, both hydrogen
and carbon isotope fractionation in cocultures were simi-
lar to the fractionations observed in situ. Consequently,
microbial syntrophic cooperation and the concentration
of nutrients such as H2 might be important for obtaining
fractionation factors similar to those obtained from field
observations.
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