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Abstract

The abundance of methane isotopologues with two rare isotopes (e.g., '*CH3D) has been
proposed as a tool to estimate the temperature at which methane is formed or thermally
equilibrated. It has been shown, however, that microbial methane from surface environments and
from laboratory cultures is characterized by low '3CH3;D abundance, corresponding to
anomalously high apparent 3CH3D equilibrium temperatures. We carried out a series of batch
culture experiments to investigate the origin of the non-equilibrium signals in microbial methane
by exploring a range of metabolic pathways, growth temperatures, and hydrogen isotope
compositions of the media. We  found that thermophilic = methanogens
(Methanocaldococcus jannaschii, Methanothermococcus thermolithotrophicus, and
Methanocaldococcus bathoardescens) grown on Ho+CO» at temperatures between 60 and 80°C
produced methane with A'*CH3D values (defined as the deviation from stochastic abundance) of
0.5 to 2.5%o, corresponding to apparent '3CH3;D equilibrium temperatures of 200 to 600°C.
Mesophilic methanogens (Methanosarcina barkeri and Methanosarcina mazei) grown on
H>+CO,, acetate, or methanol produced methane with consistently low A'3CH3D values, down to
-5.2%o. Closed system effects can explain part of the non-equilibrium signals for methane from
thermophilic methanogens. Experiments with M. barkeri using D-spiked water or D-labeled
acetate (CD3COQ") indicate that 1.6 to 1.9 out of four H atoms in methane originate from water,
but A3CH3D values of product methane only weakly correlate with the D/H ratio of medium water.
Our experimental results demonstrate that low A'3CH3D values are not specific to the metabolic
pathways of methanogenesis, suggesting that they could be produced during enzymatic reactions
common in the three methanogenic pathways, such as the reduction of methyl-coenzyme M.
Nonetheless C-H bonds inherited from precursor methyl groups may also carry part of non-

equilibrium signals.
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1. Introduction

Methane is significant to the global carbon cycle (e.g., Alperin and Blair, 1992), a potent
greenhouse gas (e.g., Wecht and Jacob, 2014), a source of energy (e.g., Whiticar, 1990), and a
potential biosignature both for the deep biosphere (e.g., Inagaki et al., 2015) and planetary missions
(e.g., Webster et al., 2014). The greatest natural source of methane to the atmosphere is produced
by microbes in anoxic environments such as swamps, sediments, rice paddies, and ruminant tracts
(Klapp et al., 2010). Microbial methanogenesis also contributes the majority of methane to oceanic
gas hydrates, the largest reservoir of methane on Earth (Kvenvolden, 1993; Thauer et al., 2008).

Three major pathways are known for microbial methanogenesis (Thauer, 1998):

Hydrogenotrophic methanogenesis CO, +4H, » CH, + 2H.O (1)
Acetoclastic methanogenesis CH.COOH - CH, + CO, 2)
Methylotrophic methanogenesis 4CH,OH - 3CH, + CO. + HO 3)

Hydrogenotrophic methanogenesis (1) is the reduction of CO, with H, as an electron donor,
which is employed by at least six of the seven known orders of methanogens (Bapteste et al.,
2005). Although not as common, methanogens capable of hydrogenotrophic methanogenesis can
use formate as both a source of carbon and as electron donor (Bapteste et al., 2005). Acetoclastic
methanogenesis (2), the disproportionation of acetate to CH, and CO.,, is restricted to the genera
Methanosarcina and Methanosaeta within the order Methanosarcinales. Hydrogenotrophic and
acetoclastic methanogenesis are the two most common forms of microbial methanogenesis today
(Conrad, 2005). Methylotrophic methanogenesis (3), used by Methanosarcinales and
Methanomassiliicoccales, uses methyl compounds (e.g., methanol, methyl amines,
dimethylsulfide, or methylthiols) as substrates (Bapteste et al., 2005; Penger et al., 2012).
Nonetheless, all methanogenic archaea possess the enzyme methyl-coenzyme M reductase (MCR)
which catalyzes the final step of methanogenesis (e.g., Ermler et al., 1997; Grabarse et al., 2000;
Scheller et al., 2013; Wagner et al., 2016).

Carbon ('*C/'?C) and hydrogen (D/H) isotope ratios have been widely used to identify the
origin of methane in the environment (Blair and Carter, 1992; Whiticar, 1999; Conrad et al., 2009;
McCalley et al., 2014; Blaser and Conrad, 2016). However, it is often challenging to accurately
determine the methane source since the isotopic composition of methane depends upon carbon and
hydrogen sources as well as isotope fractionation during formation processes (Waldron et al.,
1999; Valentine et al., 2004; Yoshioka et al., 2008; Kawagucci et al., 2014).

Previous culture experiments using D-labeled water (Daniels et al., 1980) or D-spiked water
(Kawagucci et al., 2014) indicate that hydrogen in hydrogenotrophic methane is primarily derived
from the hydrogen in water with only minor contribution from hydrogen in hydrogen gas (Hz). The

contribution from H> can be explained by the production of metabolic water (Sugimoto and Wada
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1995) since the production of one mole of methane yields two moles of water
(CO2+4H2>CH4+2H:0), and the high specific rate of methanogenesis results in rapid turnover of
intracellular water. The residence time of intracellular water is estimated to be as short as a few
seconds (much lower than the doubling time of cells) during exponential growth (Kawagucci et
al., 2014). The 6D value of intracellular water can also be influenced by exchange between H»
and H3O", which can be catalyzed by hydrogenase enzymes (Burke, 1993; Valentine et al., 2011).
Alternatively, the direct transfer of hydrogen in H> into CH4 can be mediated by the enzyme
methylenetetrahydromethanopterin dehydrogenase (Schworer et al., 1993; Schleucher et al., 1994;
Klein et al., 1995a,b; Hartmann et al., 1996). In contrast, experiments with acetoclastic
methanogens indicate that up to three out of four hydrogen atoms in methane are derived from the
methyl group of acetate, as implied in the stoichiometry of Reaction (2) (Pine and Barker, 1956).
In addition to the ratios of '*C/'2C and D/H of methane, measurements of the doubly isotope
substituted isotopologue, *CH3D and/or '>CH2D», have recently been applied as tools to constrain
the source of methane in a variety of environments (Stolper et al., 2013; Stolper et al., 2014; Wang
et al., 2015; Douglas et al., 2016; Wang et al., 2016; Young et al., 2016, Douglas et al., 2017,
Whitehill et al., 2017; Young et al., 2017). The following reaction shows the equilibrium among

four methane isotopologues, including '*CH3D:
13CH4 + 12CH3D < 13CH3D + 12CHa. (4)

Here, its equilibrium constant (K1) can be written as:

__ [*3cH3D][*2CH,]
T ™ [t2cH,D][13CH,] ’ )

The value of Kt primarily depends on temperature, and it approaches unity at high temperatures
(1.0002 at 1,000°C), but is about 1.0057 at 25°C as estimated by molecular simulations (Ma et al.,
2008; Stolper et al., 2015; Wang et al., 2015; Liu and Liu, 2016). Thus, the precise measurements
of four isotopologues’ abundance ('?CHa, '*CH4, 1?CH3D, and *CH3D) were thought to provide
an estimate of the temperature at which the methane gas was formed or thermally equilibrated.
Initial studies using high-resolution mass-spectrometry demonstrated that this new isotopologue
thermometer provides a range of temperatures that are consistent with formation temperatures for
methane samples from geologic environments, such as natural gas reservoirs (Stolper et al., 2014).
Later studies, however, showed that methane sampled from surface environments (e.g., ruminants,
lakes, and swamps) is characterized by clear non-equilibrium signals that yield apparent clumped
isotopologue temperatures higher than environmental methane generation temperatures (Stolper et
al., 2015; Wang et al., 2015; Douglas et al, 2016; Young et al., 2017).



126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

These studies also showed that the degree of methane isotopologue disequilibrium is
correlated with D/H-isotope disequilibrium between H>O and CH4 (i.e., CH3D + H,O <> CH4 +
HDO). To explain this observed relationship, Wang et al. (2015), and Stolper et al. (2015) both
presented a mathematical model that considered metabolic reversibility, which is defined as the
ratio of backward to forward fluxes through an enzymatically-mediated reaction sequence. These
models were based on earlier models for sulfur isotope effects of sulfate reducers (Rees, 1973;
Farquhar et al., 2007; Sim et al., 2011). By choosing the appropriate fractionation factors, these
models can describe isotopologue compositions of microbial methane between kinetic and
equilibrium end-members, corresponding to unidirectional and reversible reactions, respectively.
Accordingly, both studies attributed the origin of kinetic clumped isotope signals intrinsic to one
or more enzymatic reactions in the methanogenic pathways. The application of transition state
theory (Bigeleisen, 1949) can explain '3*CH3;D abundance between equilibrium and stochastic
(AP*CH3D >0%o), but anti-clumped '*CH3;D abundance (A*CH3D <0%o) requires the mixing of
methane reservoirs with an often unreasonably large range of bulk 3D and 8'*C values or a physical
mechanism, including quantum mechanical tunneling (Wang et al., 2015; Whitehill et al., 2017;
Young et al., 2017) (A3CH3D is a measure of excess '*CH3D as defined later in equation (8)). For
the doubly deuterated isotopologue CH:D», purely statistical combinational-effects can also
produce large apparent depletions in CH2D»> (Yeung et al., 2016, Young et al., 2017).

Recent work cultivating methanogens produced isotopologue compositions consistently
out of isotopic equilibrium (Douglas et al., 2016; Young et. al., 2017). These results were in
agreement with previous culture studies (Stolper et al., 2015; Wang et al., 2015), but highlighted
the need for further assessment of the mechanisms that control microbial '*CH3D compositions. In
particular, the source of H in CH4 for acetoclastic and methylotrophic methanogenesis remained
uncertain (Douglas et al., 2016, 2017). The goal of this work is to better characterize the kinetic
BCH3D effects that lead to these generally low A3CH3D values, specifically during microbial
methanogenesis, using a comprehensive set of metabolic pathways and temperatures. We
investigated this with a series of batch culture experiments to test the effect of 1) species
(Methanothermococcus thermolithotrophicus, Methanocaldococcus jannaschii,
Methanocaldococcus bathoardescens, Methanosarcina barkeri, and Methanosarcina mazei), 2)
temperature (from 30 to 85°C), and 3) substrate (H,+CO,, acetate, and methanol). We also
investigated the effect of closed-system processes as well as D/H ratios of medium water to test if
apparent high-temperature signals are produced by mixing of two or more pools of methane (or its
precursors), as mixing has been shown to produce a bias in the clumped isotopologue temperature
estimate (Stolper et al., 2015; Wang et al., 2015; Douglas et al., 2016).
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2. Methods

2.1 Laboratory Culture Experiments
Table 1 summarizes all culture experiments conducted in this study as well as results from
our earlier experiments presented in Wang et al., (2015). Descriptions of specific experimental

conditions are provided below.

2.1.1 Temperature Series Experiments

Pure cultures of methanogens were grown in duplicate in batch cultures at a range of
temperatures (30 to 85°C). Three different hydrogenotrophic methanogens were selected based on
their growth kinetics and optimum growth temperatures:
Methanothermococcus thermolithotrophicus, Methanocaldococcus jannaschii, and
Methanocaldococcus bathoardescens. Cultures of M. thermolithotrophicus and M. jannaschii
were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). M. bathoardescens was originally isolated from vent fluid at Axial
Volcano, Juan de Fuca Ridge, and maintained in culture at the University of Massachusetts,
Ambherst (Stewart et al., 2015).

Culture medium was prepared following the recipe for DSMZ medium 282 according to
Stewart et al. (2015). The headspace was filled with H>:CO; (in a ratio of 80:20 by volume) at 2
bar absolute pressure. For each experiment, 5 mL of inoculum from a culture in the exponential
growth phase was added to a sample vial containing 50 mL media. M. thermolithotrophicus was
grown at 30, 40, 50, and 60°C, M. jannaschii was grown at 70 and 80°C, and M. bathoardescens
was grown at 85°C. All cultures were incubated in 140 mL rubber-stoppered glass serum vials in
forced-air convection ovens. Cell concentrations were monitored by cell counts with a Petroft-
Hauser counting chamber and phase-contrast light microscope to determine the growth kinetics as
a function of temperature (Stewart et al., 2016). Experiments for isotope measurement were
stopped at a time when stationary phase was reached (5 to 64 hours, as measured in prior studies
and replicated in our laboratory (Huber et al., 1982, Jones et al., 1983, Ver Eecke et al., 2013);
Table 2). Most CO2 (>95%) was converted to CH4 as indicated by gas chromatography (GC)

measurements of carbon dioxide and methane in the headspace gas.

2.1.2 Time Series Experiments

M. bathoardescens was grown under an H>:CO» (80:20) atmosphere in replicate batch
cultures at 80°C to study the effects of growth phase and closed system on '*CH3D and to estimate
instantaneous clumped isotopologue fractionation factors. Culture medium was prepared as above

(Sec. 2.1.1). Methane was sampled and analyzed by GC from batch cultures at time points
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corresponding to fractional conversion of 6, 10, 68, and 77% of the initial carbon dioxide to
methane (Table 1). The fractional conversion was calculated by dividing the volume of methane

produced at the conclusion of the experiment by the volume of methane expected.

2.1.3 Substrate Series Experiments

To determine the effect of different metabolic pathways, established batch culture
incubations of Methanosarcina barkeri were grown on three different substrates: H+CO»,
(referred to as hydrogenotrophic cultures hereafter), methanol (methylotrophic cultures), and
acetate (acetoclastic cultures). Cultures of M. barkeri (strain DSM-800) were purchased from the
DSMZ (Braunschweig, Germany). The growth medium was prepared according to the recipe for
DSMZ medium 120 (Balch et al., 1979). For hydrogenotrophic cultures, the headspace was filled
with 1.5 absolute bar of H»:CO» (80:20) gas mix. For acetoclastic and methylotrophic cultures, the
headspace was filled with 1.5 absolute bar of N2:CO; (70:30) gas mix and the medium was
amended with 30 mM of Na-acetate or 250 mM of methanol, respectively. Cultures were incubated
in duplicate near room temperature. Two sets of experiments were carried out. The first set of
experiments (Set 1) was intended to provide preliminary data, and thus temperature was not strictly
controlled over the course of the experiment (cultures exposed to ambient temperatures between
21 and 38°C), and the medium contained yeast extract. Nonetheless, all bottles in this series were
subjected to identical environmental conditions. A second set of cultures (Set 2) was prepared and
incubated under close monitoring at constant temperature (38°C). Yeast extract (YE) and casitone
were omitted from medium unless otherwise noted. At the end of the experiment, cultures were
killed with 1M NaOH to prevent any additional methanogen activity as described in Methods
Section 2.2.

2.1.4. D-label and d-spike Experiments

To constrain the source of hydrogen in the hydrogenotrophic, methylotrophic, and
acetoclastic pathways, a subset of M. barkeri cultures was also spiked with either 15 or 30 puL of
D>0O per one liter of media. Additionally, acetoclastic cultures were prepared containing 10, 50, or
100% (molar fraction) deuterated acetic acid (CD3;COOD, 99% purity, Sigma-Aldrich, St. Louis,
MO).

2.2 Sample Preparation and Isotopologue measurements

At the completion of an experiment, | M NaOH was injected in each culture bottle (at a
ratio of 1 mL per 10 mL of medium) to sacrifice the culture and to draw down CO> pressures in
the headspace. Methane samples from culture experiments were measured within one year of the

completion of culture experiments. Repeated measurements of NaOH-treated samples did not
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show measureable changes in isotope or isotopologue ratios during storage. The headspace was
sampled by flushing with helium via two needles. Methane gas was purified from culture gas
mixtures (mostly methane, hydrogen, and nitrogen) using an automated preparative gas
chromatography system as previously described (Wang et al.,, 2015). For most analyses,
approximately 10 mL STP of methane was used.

The abundance of isotopologues in methane samples was measured by a tunable infrared
laser direct absorption spectrometer (TILDAS) that measures absorption in the infrared region of
the electromagnetic spectrum corresponding to bending vibrations of C—H and C-D bonds (Ono
etal., 2014; Wang et al., 2015). A typical measurement consists of eight to ten cycles of alternating
measurements of reference and sample methane. Measured isotopologue ratios were averaged and
95% confidence intervals were calculated according to Student’s #-distribution as previously
described (Wang et al., 2015).

The hydrogen isotope composition of culture medium water (6Dm20), except for that of
Methanosarcina Set 2 experiments, was measured using a cavity ring-down spectrometer (CRDS,
Picarro Inc., Santa Clara, California, USA) at the University of Massachusetts, Amherst. The
d0Dm2o values of the Methanosarcina Set 2 cultures were measured at the University of Bremen
also by CRDS (Picarro L2130-i Analyzer (Picarro Inc., Santa Clara, CA, USA). The hydrogen
isotope composition of H was not measured. Bulk 8'3C of methanol and acetate were measured
via LC-IRMS at the University of Bremen (Heuer et al., 2006). CO> in the N»:CO; and H>:CO»
gas mixes, bicarbonate solution, and culture media were measured via isotope ratio infrared
spectrometry (IRIS) at the University of Bremen. The D/H ratio of sodium acetate (CH;COONa)
was measured by high temperature conversion elemental analyzer interfaced with isotope ratio
mass-spectrometer (IRMS) at University of Chicago. Typical uncertainties were 0.2 to 0.4%o and
2 to 5%o for 6'3C and 8D, respectively.

2.3. Isotope Notation and Calibration
In this work, stable isotopic ratios of carbon and hydrogen are reported in conventional 6

notation, defined as:
(13C/12C)sample _

130 _

o7 = (*3C/*2C)ppp ©)
_ (D/H)sample _

oD = (D/H)smow M

where, PDB and SMOW are Pee Dee Belemnite and Standard Mean Ocean Water, respectively.
The factor of 1000, which commonly appears in definitions of & values in the geochemical
literature, has been omitted from Equations (6) and (7), as it is implied by the permil (%o) symbol,

in accordance with IUPAC recommendations (Coplen, 2011). Values for 6'*C and 8D of methane
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analyzed via TILDAS at MIT have been calibrated against PDB and SMOW via measurements of
natural gas standards NGS-1 and NGS-3 (Wang et al., 2015). Reference values for 6'3C and 6D
were taken to be —29.0%0 and —138%o0 for NGS-1, and —72.8%0 and —176%o0 for NGS-3,
respectively (Hut, 1987).

Because the TILDAS measures ratios of methane isotopologues, bulk §'*C and 3D values
reported in this paper are necessarily derived quantities. For samples of methane containing a mix
of isotopologues at or sufficiently close to their naturally-occurring abundances, including all
samples analyzed via TILDAS in this study, ratios of isotopologues are interchangeable with ratios
of isotopes (i.e., 3C/">C and D/H) when calculating & values, with no difference within achievable
uncertainties of isotope ratio measurements: '3C/'?C = [BCH4]/['">CH4] and D/H = Y
['2CH3D]/['*CHa4]. Note that the symmetry factor of ¥4 cancels out when 8D values are calculated
via equation (7).

The abundance of the clumped isotopologue '*CHsD is reported as A'3CHzD, which
represents the deviation (excess) of the abundance of *CH3;D from a stochastic distribution (i.e.,
one in which all carbon and hydrogen isotopes are randomly distributed amongst the isotopologues
12CHy4, 3CH4, >CH3D, and '*CH;3D) (Ono et al., 2014):

[*3CHsD][**CH,|

ABCH,D =
3 [13CH,][*2CH;D]
13CH3D 13CH 12CH;3D
=In————- In—=— In——. (8)
12CH4_ 12CH4_ 12CH4_

We used the following equation to derive apparent A'*CH3D temperatures:

0\3 10001\2 1000)

100
ABBCH;D(T) = —0.1101 (T) +1.0415 (T) —0.5223 (T 9)

where T is in Kelvin. Density function theory (B3LYP) with 6-31G(d) basis set was used to
estimate harmonic vibrational frequencies, and isotope fractionation factors were calculated
following conventional theory by Urey (1947). A sample of methane with stochastically-
distributed abundances of isotopologues has a A3CH3D value of zero, corresponding to an
apparent equilibrium temperature of infinity for Reaction (4). Negative A'*CH3D values represent
“anti-clumped” signals, where the abundance of '3CH3D is more depleted than that expected for
stochastic isotopologue distribution.

Measurements made via TILDAS give the abundances of methane isotopologues relative
to a reference gas against which the samples are measured (here, a commercially-sourced cylinder
of methane termed “AL1” was used as the reference gas). To express A'3*CH3D values of samples
relative to the stochastic distribution requires determination of the A'3CH3D value of the reference

gas AL1. This was determined by heating ALI in a flame-sealed glass tube in the presence of a
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platinum catalyst between 150 and 400°C for several days to months (Ono et al., 2014; Wang et
al., 2015).

The fractionation factor (o) quantifies the difference in the relative abundance of isotopes
between the substrate and the instantaneous product of a reaction. For the reduction of carbon

dioxide to methane, the fractionation factor is defined as:
813CCH4 +1
) 13Cc02 +1°

(10)

13 —
OCcH4/CO02 =

Two modes of D/H fractionation characterize each hydrogen addition step during the biosynthesis
of methane. For example, for addition of H (or D) onto a methyl group:

CH3-R; + D-Ry — CH3D + Ri-R» 20, (11

CH;D-R; + H-R2 — CH3D + Ri-R» 20 (12)
Reaction (11) is accompanied by a primary D/H isotope effect (characterized by the fractionation
factor 20), where a D is substituted for H in the bond formed (or broken). Reaction (12) is
accompanied by a secondary D/H isotope effect (with fractionation factor Zos), where the
substitution of D for H occurs on the site adjacent to the C—H bond being formed (or broken) and
the C—D bond are carried from reactant to product. Primary D/H isotope effects are typically much
larger compared to secondary isotope effects. For the reduction of methyl-coenzyme M to methane
above, the secondary isotope effect is 0.84 and the primary isotope effect of the backward reaction
is 0.41 (Scheller et al., 2013).

According to the rule of geometric mean (Bigeleisen, 1955), the fractionation factor for the
clumped isotopologue '3CH3D is usually close, but not necessarily equal, to the product of carbon
and hydrogen fractionation factors (1*?0='3a’a). A significant departure from this rule has been
observed for some in vitro enzyme assay experiments for doubly deuterated substrates, and
attributed to quantum mechanical tunneling (e.g., Srinvasan et al., 1985; Amin et al., 1988; Huskey
et al., 2007). We represent the departure from this relationship by the y factor, which is a metric of
the kinetic clumped isotope effect (Wang et al., 2015). There are two ways by which a '3C-
containing methyl group can acquire an H (or D) to form '*CH3D (analogous to Reactions 5 and

6). Thus, there are two v factors corresponding to primary (yp) and secondary D/H isotope effects

(s):

B3-2gp=vp *o?0p and (13)

13—2(152ys 13(12(15‘ ‘ (14)
For bond forming reactions, product methane could become anti-clumped (A'*CH3D<0) when the

value of v is less than unity.

2.4 FTIR Analysis of Methane Isotopologues
A Fourier transform infrared (FTIR) spectrometer (iS5, Thermo Scientific, Waltham,

Massachusetts, USA) was used to quantify the mixing ratios of deuterated isotopologues of

10
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methane (CHD3, CH2D» and CH3D) and non-deuterated methane (CH4), produced in acetoclastic
cultures spiked with CD3COOD. The FTIR spectrometer has a 0.8 cm ™! spectral resolution, and is
equipped with a gas cell that has a path length of 10 cm, volume of 70 mL, and windows of KBr.
The cell was evacuated and filled with argon three times prior to injection of the sample or
standard. For each measurement, 100 uL to 1 mL standard temperature and pressure (STP) of the
standard or sample (culture headspace, subsampled with a gas-tight syringe, Vici Valco, Houston,
Texas, USA) was injected into the cell through a small inlet valve. Reference spectra were taken
on samples of ordinary CH4 (containing D at natural abundance) and on pure (>98% purity)
deuterated isotopologues (CH3D, CH;D,, and CDs;H) purchased from Cambridge Isotope
Laboratories (Cambridge, MA). The mixing ratio of methane isotopologues was determined by a

least squares fit in the region of the absorption spectrum between 3200 and 2800 cm™'.

3. Results
Table 1 (Section 2) summarizes the tables and figures in which results for each set of
methanogen culture experiments are displayed, Table 2 summarizes all data used in the figures

that follow, and Table 3 summarizes the isotope composition of substrates and medium water.

3.1 Non-equilibrium A 3CH3;D signals of methane from microbial cultures

Microbial methane produced from pure culture experiments yielded non-equilibrium
signals with corresponding apparent clumped isotope temperatures much higher than the
temperatures at which the cultures were incubated (Figure 1). Overall, thermophilic methanogens
(grown at >40°C) produced A'>*CH;3D values that are lower than those expected for equilibrium
distribution (0.5 to 2.5%o), whereas mesophilic methanogens produced lower (mostly anti-
clumped) signals (-5.2 to 1.6%o0), consistent with limited measurements reported in Douglas et al.,
(2016) and Young et al., (2017).

Thermophilic  methanogens (M. jannaschii, M.  bathoardescens, and M.
thermolithotrophicus) grown on Ha+COz between 30 and 80°C produced methane with A3CH3D
values ranging from 2.5 to 0.5%o, corresponding to apparent clumped isotopologue temperatures
of 195 to 603°C, respectively. Methane produced by Methanosarcina (M. barkeri and M. mazei)
grown on Ho+COs, acetate, and methanol was characterized by A'*CH3D values ranging from -5.2

to -1.1%o, which are lower than those of methane produced by thermophilic methanogens (Figure

1.
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As described in the methods (Section 2.1.3), Set 1 cultures were exposed to ambient
temperatures between 21 and 38°C and the media contained yeast extract. Set 2 cultures were
prepared and incubated under close monitoring at constant temperature (38°C). Yeast extract (YE)
and casitone were omitted from media unless otherwise noted (Table 2), and at the end of the
experiment, cultures were killed with IM NaOH. There are some notable differences in the
A"*CH3D values between Set 1 and Set 2 experiments for cultures with M. barkeri and M. mazei.
Table 2 shows that Set 1 exhibits slightly higher A'*CH3D values for each substrate, most extreme
for cultures grown on H>+CO; (as much as a 3%o difference). M. barkeri cultures in Set 2 grown
on H+CO» at lower temperatures (21 vs. 38°C) but in the same conditions without any isotope
spike exhibit higher A'*CH3D values (by 2.0%o).

Because methanogens grown on different substrates and at different temperatures exhibit
different growth rates, methane was generated more quickly or slowly for some bottles. For the
Time Series experiments (TS), the culture headspace reached <1% CO: in as little as 5 hours for
80°C cultures and as long as 3 days for 30°C cultures. Cultures in the Time Series experiments
(CS) were stopped intervals between 2.75 and 4 hours, spanning 6-77% reaction completion (Table
2). Methanogens from the Substrate, Spike, and Temperature experiments (1&2) took much longer
to generate methane. Set 2 cultures required long as two months of incubation in order to produce

enough methane to be sampled and analyzed.

3.2 Effect of a closed system on 8'3C, 8Dcus, and A'*CH;D systematics

In order to test the potential bias in A'*CH;3D values due to closed system isotope effects,
methane was sampled from batch cultures in time series experiments (Table 2; Figure 2). The §'*C
value of methane increased from -18.0 to -3.8%o over the course of experiments (Figure 2A). This
increase is consistent with closed system isotope effects. In contrast, D values of methane
decreased (-350.3 to -402.3%o) over the course of the experiment (Figure 2B). Our results show
A">CH3D values remain relatively constant over the course of the experiment between 2.1 and
2.5%o (Figure 2C).

3.3 D-spiked H20 experiments

As the 6D of water is increased by spiking the media water, the dD of product methane
also increased (Figure 3). This illustrates the uptake of hydrogen from water to form methane,
consistent with previous pure culture (Yoshioka et al., 2008; Kawagucci et al., 2014; Okumura et
al., 2016) and incubation experiments (Schoell, 1980; Sugimoto and Wada, 1995). Linear
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regression of the data for hydrogenotrophic, acetoclastic, and methylotrophic cultures yielded the

following relationships, respectively:

8Dcna = (0.571+0.011) Do —(423.0+2.1), (15)
8Dcna = (0.212+0.004) Do —(331.5+0.8), and (16)
8Dcus = (0.269+0.005) 8Drzo —(369.7+1.2). (17)

where intercepts are in %o. The linear fit and standard error for the slope and intercept was
calculated following (York et al., 2004) by taking into account standard errors of 0.2%o0 and 5%o
for 6Dch4 and dDm2o (assuming errors are not correlated). Hydrogenotrophic cultures yielded a
higher slope (0.571) compared to methylotrophic (0.269) and acetoclastic (0.211) cultures.

The values of A'*CH3D are weakly dependent on pathways: -2.9 to -3.8%o, -4.2 to -4.9%o,
and -2.4 to -3.1%o for hydrogenotrophic, methylotrophic, and acetoclastic cultures, respectively.
For each pathway, lower A3 CH;3D values tend to be associated with lower D20 values (Figures
3 and 4). The linear fit and standard error for the slope and intercept was calculated as described
above. Hydrogenotrophic cultures yielded a higher slope (0.0020+0.0010) compared to
methylotrophic (0.0019+0.0014) and acetoclastic (0.0016+0.0012) cultures.

3.4 D-labeled acetate experiment

In order to track the transfer of D (or H) from the methyl group of acetate to methane, M.
barkeri was cultured with medium spiked with CD3;COO". As the amount of CD3;COQO" in an
acetoclastic methanogen culture increased, not only the relative abundance of CHD3 but also that
of CH:;D» and CH;3D increased at the expense of CH4 (Figure 4). Cultures incubated with 100%
CD3COO" produced methane comprised of a majority of triply deuterated isotopologues (68%
CHD:3) but also contained CH2D, (13%) and CH3D (5%).

4. Discussion

4.1 Closed system isotope effect does not explain non-equilibrium A 3CH;D
Methanogens in the temperature series experiment (Method 2.1) were incubated until
nearly all the substrate (CO2) had been converted to product (CHa4). As a result, the 8'3C value of
the product methane would have increased with reaction progress, eventually reaching the §'3C
value of the starting CO». In addition to changes in & values due to closed system effects, it has

been shown that the apparent D/H fractionation factor between methane and water changes with
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growth phase (Valentine et al., 2004; Kawagucci et al., 2014). This could be due to changes in the
oD value of intracellular water via D/H exchange with Ha (Burke, 1996) or the contribution from
metabolic water (Kawagucci et al., 2014). Values of A'*CH;3D do track non-linearly with §'*C and
oD upon the mixing of two or more pools of methane (Stolper et al., 2015; Wang et al., 2015;
Douglas et al., 2016), such that mixing of two methane reservoirs would result in non-equilibrium
A"*CH3D values even when A'*CH3D values of the source reservoirs carry equilibrium signals.
We sought to isolate any experimental effects introduced in the closed system and therefore tested
if changing the '3C/'>C and/or D/H ratios of bulk methane over the course of the reaction may also
affect the A3CH;3D value of the end product.

The production of four methane isotopologues from two isotopologues of CO, can be

written as:
12CO, — 2CHay, k (18)
13CO, — BCHay, Bo k (19)
12CO, — 2CH;3D, 20 Ruk (20)
13C0O, — BCH;D, v BoloRu k (21)

where, k is the pseudo-first order rate constant for CO, to "CH., "a. and *a are the carbon
and hydrogen isotope fractionation factors, respectively, and R, is the D/H ratio of source hydrogen
(intracellular water, R, = Ry(0D,.,+1)). For the application of equation (20) and (21), we assume
that the source for H of CHjs is intracellular water. The value of D of intercellular water can be
different from that of media due to exchange with H» or production of metabolic water inside the
cytoplasm (Burke, 1993; Kawagucci et al., 2014). In addition, the direct transfer of H in H> to CHa4
was suggested (Kawagucci et al., 2014). Since the detailed mechanism of the effect of 0 D-H; is
beyond the scope of this study, the above model includes the effect as the change of the 2a value
during the course of the culture. Changing Ry would produce results identical to changing % o.
Equations (18) to (21) were integrated numerically with three fitting parameters (20, 2a, and 7),
and the results are shown in Figure 2. We used §'°C and 8D data to fit '*a and ?a, and the A3CH3D
data was used to fit y value for the derived '3a and %o values.

The best fit to the experimental data was obtained when >0 was 0.97 and 20 changed
linearly from 0.69 to 0.57 from 0 to 25% reaction and remained a constant value of 0.57 afterwards
(Figure 2 A and B) (8Du20 of -49.6%0 SMOW, and §'*Cco2 of 10.9%o0). As Dm0 does not change
significantly during the course of the experiment, the change in 6Dcn4 cannot be explained by the
closed system effect. The increasing fractionation factor at a later stage indicates 6Dch4 1s moving
away from the value expected for equilibrium with water. Previous studies also observed similar
changes in apparent D/H fractionation factors during early exponential growth phases (Valentine
et al., 2004; Kawagucci et al., 2014; Okumura et al., 2016). Values of 6D of methane produced

during the early growth phase can be a function of dDn2 as well as Dm0 (Kawagucci et al., 2014).
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For those 3a and 2a values, the best fit for y was 1.0020 and 1.0032 for the early and late growth
phases, respectively (Figure 2). The value of y of higher than unity indicates that the rate of '*CH3D
production is faster than the rate expected from the product of the two fractionation factors ('*a
200).

These derived y values of 1.0020 and 1.0032 translate to closed-system corrected A'3CH3D
values of 2.0 and 3.2%o respectively (corresponding to 243 and 135°C, for apparent equilibrium
temperatures). These values are similar to the uncorrected values of 2.1 to 2.5%o0, demonstrating
that the effect of a closed system can only partially explain the non-equilibrium A3CH;3D signals
of microbial methane. The numerical model above shows that the A'*CH3D value of accumulated
methane decreases by up to 1.2%o0 over the course of reaction given constant y values, due to the

effect of mixing of methane formed during early and late exponential growth phases (Figure 2C).

4.2 Origin of H in methane from three methanogenesis pathways

The results of the D-spiked series experiments can be used to estimate the origin of C-H
bonds in methane during three pathways of methanogenesis and associated deuterium isotope
effects (0p and %05). Assuming methane is formed via mixing of hydrogen atoms both from H>O

and the methyl group of acetate or methanol, the 6D value of product methane can be written as:

8Dcna +1 = 20y f(8Dm20 +1) +20s (1-f) (8Dcns +1) (22)

where, 2ay is the kinetic fractionation factor from H,O to CH4 (primary D-isotope effect), and 2as
is the kinetic isotope fractionation factor from CH3 (methyl-H) to CH4 (secondary D-isotope effect)
(Sessions and Hayes, 2005). The value of f'is the fraction of H from H>O. The canonical value of
fis 0.25, but this can be higher when scrambling of C-H bonds occurs between C-H and
intercellular H>O.

Our experimental results yield the following relationships for CO> + H, acetate and

methanol cultures, respectively (Figure 5):

8Dcna+1 = (0.57120.011) (8Dm20 +1)+(0.006+0.012), (23)
8Dcna+1 = (0.212£0.004) (8Dm20 +1)+ (0.457+0.005), and (24)
8Dcra+1 = (0.269+0.005) (8Dm20 +1)+(0.361+0.006). (25)

For hydrogenotrophic methanogenesis, a small (can be zero within standard error) intercept
suggests all four hydrogen atoms are derived from water (i.e., /=1), and an a,, value of 0.571 is
obtained, which is within the range of previous experiments 0.55 and 0.86 (Valentine et al., 2004;
Yoshioka et al., 2008; Kawagucci et al., 2014; Okumura et al., 2016).
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The acetate culture (equation 24) yields:
20p f=0.211, and (26)

205 (1-/)(8Dcms +1) = 0.457. (27)
The methyl-H of acetate is measured as -123%o (i.e., dDcus+1 = 0.877, Table 3). The two

fractionation factors, o, and o5, are calculated for a given value of fin Figure 6. The equations (26
and 27) cannot provide a unique answer, as there are two equations with three unknowns (o, os
and f). The likely range of values can be constrained, however, because isotope fractionation
factors are expected to be normal (i.e., ap <1 and as <1), and the value of fis between ' and 1.
This yields a range of possible values: 0.449< 2a, <0.844 and 0.695< 205 <1.0, and 0.25< /< 0.48
(Figure 6). The secondary isotope effect for the formation of methane from methyl-coenzyme M
(the last step of methanogenesis, utilized by all known methanogens Figure 7) is reported to be
0.84 (Scheller et al., 2013). For example, this value for %05, would yield /=0.39 and 2o,= 0.545.
The analysis indicates that the value of f significantly deviates from the canonical value of 0.25,
which is expected from the reaction stoichiometry. Therefore, this analysis suggests that among
the four hydrogen atoms in methane, up to 1.9 hydrogen atoms (=0.48%4) are derived from water,
whereas only one is required from reaction stoichiometry. Since 6Dcn3 of methanol was not
measured, we cannot carry out the same analysis for methanol experiments. The slightly higher
slope for methanol cultures (0.269) compared to acetate cultures (0.212), however, suggests a
similar or greater contribution of hydrogen atoms from water if we assume the same 20, value for
the acetate culture.

Previous incubation studies with D-spiked water showed slopes between dDchs and 6Dn20o
of 0.4 for sewage sludge (Schoell, 1980) and 0.48 to 0.61 for paddy soil (Sugimoto and Wada,
1995). These are higher than the value obtained by our experiments, indicating a higher
contribution of water-H to methane in these incubation studies. Since previous experiments were
enriched cultures (not pure cultures), results from previous experiments reflect a mixed
contribution from hydrogenotrophic and acetoclastic methanogenesis. A previous incubation study
of lake and estuary sediments using triply deuterated acetate (CD3COQO") showed rapid exchange
of the methyl-H of acetate by methanogenic acetate metabolism (de Graaf et al., 1996). Such an
exchange would contribute to the greater slope for the incubation study using natural populations,

compared to pure culture experiments for this study.

4.3 Pathway of D-isotope exchange during acetoclastic methanogenesis
Figure 7 illustrates the three pathways of methanogenesis examined in this study. The solid
arrows represent the predominant direction of reaction, and dashed arrows represent the backward

reaction, which is thought to be minor. The two solid arrows are used where the reactions are
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thought to be reversible. This reversibility was inferred from our results as well as based on
previous studies (e.g., Thauer et al.,1998; Ferry 2010). Hydrogenotrophic methanogenesis
proceeds with a series of two electron reactions, which each adding one H, while the C; group is
carried by cofactors: methanofuran (MF), tetrahydrosarcinapterin (H4SPT), and coenzyme M
(CoM). Acetoclastic methanogenesis is a disproportionation reaction where acetate is activated to
acetyl-coA (via acetyl phosphate) and split between a methyl and a carbonyl (CO) moiety, where
the latter is oxidized to CO,. The methyl group is transferred to CH3-H4SPT (methyl-
tetrahydrosarcinaopterin), and then to CH3-CoM (methyl-coenzyme M), and finally reduced to
methane. Methylotrophic methanogenesis is also a disproportionation reaction where the oxidation
of one methyl group is coupled with the reduction of three methyl groups. The last step (the
reduction of methyl-CoM) is common to all three pathways, and most (if not all) reactions are
thought to be reversible (Thauer, 2008).

Our analysis of the D-spiked water experiments, together with the D-labeled acetate
experiment, suggests that up to 1.9 out of four hydrogen atoms in methane are derived from water-
H. In addition to one hydrogen atom that is added at the last step of methanogenesis (the reduction
of methyl-CoM, Figure 7 and 8), nearly another one of three hydrogen atoms in the methyl group
of acetate could be exchanged with water. Since hydrogen isotope exchange between H,O and
CHs is sluggish, the exchange probably occurs at the CH3-HsSPT (methyl-
tetrahydrosarcinaopterin) intermediate via H-abstraction to form CH>,=H4SPT (the exchange can
also occur at the methyl-CoM moiety, Scheller et al., 2013). This part of the pathway is not
required for the acetoclastic metabolism but can occur as a side reaction. A similar D/H exchange
mechanism was suggested to explain the observed scrambling of CD3COO- during the incubation
of methanogenic sediments (de Graaf et al., 1996). Because up to 0.9 out of three methyl-H atoms
are exchanged, the flux of this side reaction is estimated to be at most 0.3 H (=0.9/3) per uptake of
one acetate (Figure 8-A).

When deuterium-labeled acetate (CD3COO") was used as a substrate, the major product
(68%) was the isotopologue CDsH. However, the isotopologues CD>H>, CDH3 and CH4 were also
formed (Figure 4). Among the four isotopologues, the fraction of CH4 isotopologues was
disproportionally high. This is because CH4 and non-deuterated acetate are carried over from the
inoculum. If all CH4 isotopologues are from the inoculum, the proportion of CD3H isotopologues
i1s 79% (=68/(5+13+68)) over CD3H, CH2D> and CH3D isotopologues. This is the maximum
fraction since a small quantity (most likely less than 5%) could be produced from CD;COO".
Following the model of D/H exchange at the CH3-H4SPT step as described above, this means that
less than 100% yield of CDsH is explained by the loss of CD3-H4SPT to CD>=H4SPT of 0.2 per
one CD3COO . The reaction from CD3-H4SPT to CD>=H4SPT and from CD3;-CoM to CD3H would

accompany deuterium isotope effects of 20, 20> and 20s°, respectively. Thus, the corresponding
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flux for CH3COO" can be higher by the ratio of the two isotope effects (*as/ay,), which could be as
high as ~2 based on in vitro study of a similar reaction (=0.84/0.41) (Scheller et al., 2013). Note
that the medium water (and thus intercellular water) contain very little deuterium such that there
is practically no back flux from CD>=H4SPT to CD3-H4SPT (Figure 8-B). Thus, H/D scrambling
at the CHz-moiety can be explained by the reverse flux of 0.2 to 0.3 based on the estimate from
the D-spiked medium (0 to 0.3) and CD3;COO" experiments (0.2 to ~0.4) (Figure 8).

4.4 Origin of C-H signals in methane from acetoclastic methanogenesis

Measured A3CH3D values are -1.7 to -3.1, -1.1 to -3.8, -4.2 to -5.2%o for Methanosarcina
cultures grown on acetate, H>+CO», and methanol, respectively, and are weakly correlated with
dDm20 of the medium (Figure 3B). The linear fit and standard error (95% confidence interval) was
calculated following York et al. (2004). The slope (A'*CH3;D/3D) for acetate is 0.0016+0.0012,
hydrogen i1s 0.0020+£0.0010 and methanol is 0.0019+0.0014. While this is a small sample size,
these are statistically not zero. These anti-clumped A'*CH3D values can originate from 1) mixing
of two or more pools of methane or its precursor with different '*C and 8D values, 2) transfer of
the methyl-group of acetate and methanol with pre-existing anti-clumped signals (for acetate and
methanol cultures), and/or 3) intrinsic kinetic isotope effects associated with enzymatic reactions
common to three pathways, such as the reduction of methyl-CoM (Figure 7).

It has been well known that mixing is non-linear in the clumped isotope system such that
mixing of two pools of methane yields a A3CH3D value that is not between the two A'*CH3D
values of original two reservoirs (Eiler and Schauble, 2004; Affek and Eiler, 2006; Affek et al.,
2007; Defliese and Lohmann, 2015). When two pools of methane (A and B) are mixed, the

A"*CH3D value of the mixture (Amix) can be approximated as:
Amix = (1-f) Aa + fAg +A1-£) (613Ca- 613Cg)(8Da- 6Dg)  (28)

where f'is the mixing ratio of pool B (Wang et al., 2015). The first and second terms show linear
mixing between two A'*CH3D values (Aa and Ag), whereas the third term produces a curvature
following a quadratic function to /. This bias becomes the largest when the two pools of methane
are mixed at a 1:1 ratio (i.e., /=0.5), and proportional to the product of the difference of 6 values
between the two pools of methane. Mixing of a '3C- and D-enriched pool with a '3C- and D-
depleted pool would produce a positive (low temperature) bias, whereas diagonal mixing (e.g.,
mixing between a '3C-enriched and a D-depleted pool with a '3C-depleted and a D-enriched pool)
would produce a negative (high temperature) bias in A'*CH;D. By extension, the mixing effect for
doubly-deuterated clumped methane (1>?CH2D») will always produce a positive (low temperature)

bias (Young et al., 2016). Equation (28) can be used to model reaction branching (i.e., producing
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two products) or reversible reactions (where mix is the source and A and B are forward and
backward reactions).

A fully quantitative model for the isotope systematics for the acetoclastic pathway in Figure
8 is the scope of future study, but equation (28) can be used to test the magnitude of any A3*CH3;D
bias due to mixing. For example, mixing of two reservoirs (or fluxes) in equal portions (/=0.5)
with §'3C and 8D differing by 40%o and -300%o, respectively, can produce a non-linear bias of -
3%o (0.5(1-0.5)x0.04%(-0.3)). These magnitudes of kinetic '*C- or D-isotope effects are possible.
Therefore, an anti-clumped A'*CH3D value of -3%o can be produced entirely by mixing. For the
acetoclastic cultures in these experiments, however, the value of A'3CH3D was not sensitive to the
8D value of the medium, which changed from -35 to 360%. (Figure 3B), indicating that the mixing
(between C-H bonds with water-derived H and methyl-derived H) is unlikely to be the major
source of anti-clumped signals observed.

Calculations from the D-spiked cultures grown on acetate reported in this study showed
that approximately up to two out of four hydrogen atoms in CH4 are derived from water, while
only one is required from stoichiometry. On average, the methyl group of acetate contributes 2 to
3 hydrogen atoms to one methane molecule, presumably also carrying its original '*C-D signal.
Although the degree of '*C-D clumping of the methyl group of acetic acid (or methanol) cannot
be measured by our current instrumentation, we expect its '*C-D clumping signal is not much
different from that of CH4. This is because most industrial acetate (the likely source of sodium
acetate used in this study) is produced from the high temperature (150 to 200°C) catalytic reaction
of methanol and carbon monoxide (e.g., Eby and Singleton, 1983). Industrial methanol, in turn, is
produced from carbon monoxide, carbon dioxide, and hydrogen at high temperature (typically 200
to 300°C) (Cheng and Kung, 1994). Based on theoretical calculations from modeled vibrational
frequencies, Wang et al. (2015) reported that the equilibrium '*C-D clumping of simple carbon
compounds have a relatively narrow range of clumped isotope effects from +5.9 to +6.2%o at 25°C
for the molecules studied (methane, methanol, formaldehyde, formic acid, methanethiol, acetic
acid). This indicates that the '3C-D clumped isotope effect is not sensitive to detailed bonding
environments. This is reasonable considering that the '*C-D clumped isotope effect largely
originates from a zero point energy shift (AZPE) associated with the C-H stretching vibration
frequency at around 3000 cm'; bending vibration is much lower in energy (1350 cm™') and the
AZPE is relatively small (Whitehill et al., 2017). Therefore, we estimate that the acetate or
methanol may thus carry a A3 CH;3D signal of 1.6 to 3.1%o assuming the near-equilibrium reaction
between 150 and 300°C. If we assume that acetate was produced at the lower end of this
temperature range (150°C) and methanol was produced at the higher end (300°C), this would
correspond to equilibrium values of 3.1%o for acetate vs. 1.6%o for methanol. It is possible that this

discrepancy could explain part, but not all of the difference between the A*CH3D values of the
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acetoclastic and methylotrophic cultures. Nonetheless, experiments with various sources of acetic
acid, natural and/or synthetic, will be needed to constrain the degree of non-equilibrium signals in
13C-D bonds of acetic acids.

Another possibility is that the observed anti-clumped signal originates during the addition
of the last hydrogen atom of methane. By applying equation (28), the A3CH3D value of methane
(Acha) 1s expected to carry % signal from methyl precursor (CH3-CoM, Achs), and %4 from the last
H added:

3 1
Acpy = Z(ln ¥s +4Acus) + Zln Yp (29)

where ys and yp are kinetic clumped isotope effects for the secondary and primary D-addition
(equations 13 and 14). Here, the non-linearity bias in equation (28) does not apply, because '*C
isotope effects for secondary and primary processes will be nearly identical (i.e., §'*°Ca — 8'3Cp =
0).

What are the values of y s and v p? Applying transition state theory, Whitehill et al. (2017)
presented a detailed analysis of the kinetic clumped effect for the gas phase oxidation of methane
by the OH radical. We use their framework to make an approximate inference for this study.
According to Whitehill et al. (2017), clumped isotope effects can be explained by the difference
of zero-point energy shifts (AZPE) between '*CH/'>’CH and '*CD/">)CD. For methane, the AZPE
for '*CH4 vs. '2CH4 is 29.8 cm™ and that for '*CH3D vs. '"2CH3D is 31.9 cm™!. The difference
between the two, AAZPE of 2.1 cm™, is the origin of clumped effect (Whitehill et al., 2017).
Transition state for the last step of methanogenesis involves a methyl radical intermediate with
trigonal planar geometry (Scheller et al., 2013; Wongnate et all, 2017). We estimated the AAZPE
of the methyl radical of 2.1cm™! using unrestricted MP2 with basis set aug-cc-pVQZ basis set.
AAZPE for reactant (CH3-S-CoM, approximated by methylthiol, Wang et al., 2015) and transition
state (approximated by the methyl radical) suggests that there is little kinetic clumped effect for
the secondary reaction such that ys is expected to be close to unity. Whitehill et al. (2017) also
showed that the imaginary frequency and tunneling terms do not produce clumped effects (within
transition state theory), although the Wigner tunneling correction used in the study is highly
approximated.

For the primary reaction, the C-D bond becomes loose at a transition state, contributing a
smaller AAZPE between 0 and 2.1 cm™ (it is 0.5cm™! for CH3-D-OH transition state, Whitehill et
al., 2017). For the bond forming reaction, '3C-D is slightly preferred but not as much as equilibrium
(yr<1.006). However, the anti-clumped effect (yp<1) is unlikely because it requires the AAZPE to
have the opposite sign (i.e., smaller AZPE for 3CD/!>CD than '*CH/'>CH) at the transition state.

Thus, based on this transition state model, yp could take any value between 1.000 and 1.006.
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For example, if In(ys) and Acns are 0.0 and 1.6 %o, respectively, the value of In(yp) of -13
%o is required to explain the observed A'*CH3D value in the acetate culture of ~ -3%o (equation
(29). The magnitude of this kinetic anti-clumped effect has been implicated by Wang et al. (2015)
as well as Stolper et al. (2015) to explain the observed values for natural samples. Low A3CH3D
values for methanol cultures (-4.2 to -4.9 %o) suggest that the methyl group of methanol may carry
lower A3CH;3D values.

Another possibility is that the anti-clumping effect for methanol cultures is related to the
faster growth rate of methylotrophic compared to acetoclastic and hydrogenotrophic cultures.
Cultures were incubated until they had produced enough methane for our analyses (>5mL, STP)
which was reached over the course of different incubation times as noted in Table 2. Although
exact experiment durations and methane concentrations were not controlled for in all experimental
setups, incubation times and volume of methane produced are reported for Set 2 cultures (Table
2). Despite some measurement uncertainty, it appears methanol cultures generated methane more
quickly. Quantifying the effect of growth rate warrants investigation in future work.

A series of studies suggest the potential importance of quantum mechanical tunneling in
some H transfer reactions, in particular, during the oxidation of alcohol by dehydrogenase (Cha et
al., 1989; Klinman and Kohen, 2013). Experimental evidence that supports tunneling includes the
observed mass-independent fractionation among H/D/T, departure from the rule of geometric
mean for multiply-deuterated (clumped) substrates, rate enhancement at low temperatures
(Klinman and Kohen, 2013; Srinvasan et al., 1985; Amin et al., 1988; Huskey, 2007), and the anti-
clumped CH2D» abundance (Young et al., 2017). The large anti-clumped effect may be due to the
tunneling effect, which is only approximated in the above transition state model. The test for this
hypothesis would include in vitro enzyme assay experiments similar to Scheller et al. (2013), or
high-level quantum mechanical modeling with accurate geometry and potential energy surface at
the key transition state (e.g., Chen et al., 2012; Klinman and Kohen, 2013; Wongnate et al., 2016).

4.5 Non-equilibrium vs. equilibrium A 3CH;D signals of methane in the
environment

This study corroborates previous studies (Stolper et al., 2015; Wang et al., 2015; Douglas et
al., 2016; Wang et al., 2016; Young et al., 2016; Young et al., 2017) and demonstrates that non-
equilibrium (i.e., kinetic) clumped methane isotopologue signals are common for methane
produced by microbial methanogenesis in laboratory cultures (Figure 1, Figure 9).

Our results are consistent with kinetic signals in methane sampled from freshwater
environments (e.g. swamps and lakes), where acetoclastic methanogenesis, as opposed to

hydrogenotropic methanogenesis, is thought to be the dominant source of methane (e.g., Conrad
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2005; Ferry 2010). Nonetheless, our results demonstrate that low A'3CH3D values are consistently
out of equilibrium in batch culture and in environmental samples, but that this is not necessarily
dependent on the metabolic pathway (hydrogenotrophic, methlyotrophic, or acetoclastic). Thus,
3CH3D isotopologue compositions cannot be used alone to resolve which methanogenic pathway
is dominant in the environment.

Although dominantly microbial in origin, methane in marine environments (e.g. pore water
and hydrate) tends to carry equilibrium or near-equilibrium '*CH3;D abundances (Stolper et al.,
2015; Wang et al., 2015). This is also corroborated by dDcna values that are relatively constant at
-180+10%o (e.g., Whiticar, 1999; Okumura et al., 2016), which is close to the expected value for
methane in equilibrium with seawater water (with 6D=0 %o) (Horibe and Craig, 1995). It was
suggested that “slow” methanogenesis under small thermodynamic drive (low environmental H»
concentration) would produce near-equilibrium clumped isotopologue signals (Wang et al., 2015;
Stolper et al., 2015). Oxidative cycles of methane also modify clumped isotopologue signals of
environmental methane. The aerobic oxidation of methane by Methylococcus, for example, is
characterized by kinetic clumped isotope effects (y=1), and residual methane can exhibit strong
non-equilibrium signals (Wang et al., 2016). In contrast, anaerobic oxidation of methane (AOM),
thought to be the reverse process of methanogenesis (Hallam et al., 2004; Scheller et al., 2013;
Wang et al., 2014), has been shown to operate with significant back-flux (Holler et al., 2011) and
produce near-equilibrium carbon isotope fractionation (e.g., Yoshinaga et al., 2014). Methane
cycling involving AOM and methanogenesis likely promotes near-equilibrium isotopologue
distributions, in particular, in marine environments, and may contribute to near-equilibrium 8D as
well as A'*CH3D signals. Conversely, bulk 8D and A'*CH3D values of methane may primarily
reflect kinetic versus equilibrium signals and the rate of methanogenesis more so than metabolic

pathways.

5. Conclusions

This study reports the A3CH3D systematics of microbial methane produced by pure
cultures of methanogens. Our results show that the A'3CH3D signals are not directly pathway
dependent, as cultures of M. barkeri and M. mazei grown on acetate, methanol, and H,+CO, all
yield methane that is depleted in '*CH3;D, which seems to be characteristic of microbial
methanogenesis in near-surface environments (lakes, swamps and ruminants). For mesophilic
methanogens, the lowest A3CH3D values were produced for methane from cultures grown on
methanol. Methanol cultures grew faster (incubation time of ~3 days) than those grown on acetate
or H,+CO> (incubation time of ~30 days). Thus, the A'*CH3D values of methane may be related

to the rate at which methane is produced rather than to the substrate used. Mesophilic methanogens
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(M. barkeri) produced anti-clumped ACH3D values (<0), while thermophilic and
hyperthermophillic (Methanothermococcus and Methanocaldococcus) methanogens produced
less kinetic signals.

Experiments with deuterated water or acetate aid in determining the source of hydrogen
atoms in methane. The deuterated water experiments confirm that the four hydrogen atoms that
form methane in hydrogenotrophic methanogenesis are derived from water. For the acetoclastic
culture, 1.6 to 1.9 H atoms are derived from water, whereas only one is required by stoichiometry,
suggesting some reversibility and isotope exchange at the methyl precursor. The deuterium spiked
experiments also demonstrate that the observed non-equilibrium signals cannot be explained by
the mixing of two pools of C-H bonds (e.g., from methyl group of acetate and one C-H bond
formed during acetoclastic methanogenesis). The production of low A*CH.D values independent
of the methanogenic pathway, suggests, although not exclusively, that the most of the kinetic signal
is produced during the enzymatic reactions common in the three methanogenic pathways, such as

the reduction of methyl-coenzyme M.
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Figure 1. Clumped methane, A3CH3D, plotted against environmental temperatures. The
dashed line represents the equilibrium A'3CH3D values calibrated experimentally using heated
methane calibrations between 400 and 150°C (Ono et al.,, 2014; Wang et al., 2015) and
extrapolated for lower temperatures. Colored triangles, circles, and squares represent laboratory
cultures from this study. Right-facing triangles refer to Ho+CO: cultures, circles to acetate cultures
and squares to methanol cultures. A subset of samples was previously published in Wang et. (2015)
as noted in Table 2. For comparison to this work, previously reported Ho+CO> and methanol
cultures from Stolper et al., 2014 (Ref-1), Young et al., 2017 (Ref-2) and Douglas et al., 2016
(Ref-3) are plotted with grey symbols which correspond to the substrate used. Also plotted are
environmental methane samples reported in Wang et al. (2015) (Grey symbols). Bovine rumen
samples are published in Lopes et al. (2016). In situ temperatures for hydrate samples are
calculated using depths and geothermal gradients listed in IODP reports (Riedel et al., 2006). All
previously published culture data are reported according to their original measurement notation
(APCH3D or A18).
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Figure 2. Isotope systematics of 8'3C, 6D, ACH3D over the course of a batch culture
experiment. Hydrogenotrophic methanogens (Methanocaldococcus bathoardescens) grown at
80°C. Reacted fraction refers to the fraction of carbon dioxide converted to methane. The filled
circles represent methane measured from culture experiments. The dashed lines show the results
of a closed system model discussed in section 4.1. §'*C, 8D and A'*CH3D of methane are shown
in A, B, and C, respectively. Results for two y values are shown in C. See text for other
fractionation factors. The §'3C value of initial CO> was fitted to 10.9%o.
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Figure 7: Three methanogenic pathways for Methanosarcina. The solid arrows represent the
predominant direction of the reaction, and the dashed arrows represent the backward reaction,
which is thought to be minor. Two solid arrows are used to indicate that the reactions are thought
to be reversible, according to the literature, not specifically evaluated in this study. In the
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1126  Table 1. Summary of experiments.

Experiment (Method) Organism(s) Purpose Variables Substrates Used  Presented in

Methanocaldococcus jannaschii,

- .
;errlnrl)srature Series Methanocaldococcus bathoardescens, Zt;iecetr(;tt“ ng:OWth "(f}er?nWte};a ture H>+CO2 ?agbli?:zl ’39

o Methanothermococcus thermolithotrophicus peratu peratu ’
Time Series Closed system . . Figures 1,2, 9
2.12) Methanocaldococcus bathoardescens isotope effects Incubation Time Hx+COo, Tables 2, 3
Substrate Series Methanosarcina barkeri, Substrate & Substrate H>+COy, acetate,  Figures 1,3,4,5,9
(2.1.3) Methanosarcina mazei Pathway effects methanol Tables 2, 3
Deuterated Water , . Hydrogen H>+COo, acetate,  Figures 1, 3,5, 6, 8,9
2.14) Methanosarcina barkeri source 0D Water methanol Tables 2., 3
Deuterated Acetate . . Hydrogen . Figures 1,4, 8,9
2.1.5) Methanosarcina barkeri source CDsCOOD Spike acetate Tables 2, 3

1127  *A part of this data was reported in Wang et al. (2015) as noted in Table 2.
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Table 2. Results for methanogen culture experiments.

Methanogen Substrate*! T(C) Dmo 3Ccms  +-%  dDcus +-%  ABCH3D  +/- %o zl’::;‘)h““"“ lgzg‘)?e
Temperature Series Experiments (TS)

M. jannaschii* H>+CO» 80 -49.0 -18.79 0.03 -415.46 0.05 2.29 0.23 525" NA
M. bathoardescens™ H>+CO» 85 -49.0 -12.58 0.07 -417.80 0.07 1.03 0.45 8's NA
M. thermolithotrophicus™ — Hy+CO, 40 -49.0 -16.47 0.04 -427.76 0.04 138 0.34 28" NA
M. thermolithotrophicus H>+CO» 30 -49.0 -17.05 0.08 -421.44 0.12 1.56 0.28 64" NA
M. thermolithotrophicus H>+CO;» 60 -49.0 -17.15 0.06 -409.77 0.05 0.66 0.28 6" NA
M. thermolithotrophicus™ ~ Hy+CO, 60 -49.0 -17.05 0.05 -409.84 0.05 0.54 0.28 6" NA
Time Series Experiments (CS)

M. bathoardescens Hx+CO2 (6%) 80 -49.6 -17.82 0.07 -350.30 0.21 2.13 0.29 2.75 NA
M. bathoardescens H2+CO2 (10%) 80 -49.6 -18.25 0.10 -347.63 0.10 2.30 0.55 3.25 NA
M. bathoardescens H2+CO> (68%) 80 -49.6 -3.91 0.04 -396.41 0.04 2.35 0.21 35 NA
M. bathoardescens Hx+CO2 (77%) 80 -49.6 374 0.03 -402.25 0.03 2.45 0.29 4 NA
Methanosarcina Substrate, Spike, and Temperature Experiments - set 13

M. barkeri** Ho+CO2 2138 512 -59.90 0.05 -418.40 0.05 -1.34 0.22 336" NA
M. barkeri** Ho+CO2 2138 512 -59.30 0.07 -422.67 0.07 -1.08 0.63 336" NA
M. barkeri Ho+CO2 2138 100%3 -59.15 0.06 -340.47 0.05 -1.32 0.23 336" NA
M. barkeri Ho+CO2 2138 260%3 -60.93 0.11 -201.10 0.11 -2.35 0.56 336" NA
M. barkeri methanol 2138 -51.2 -11630 0.1 -372.46 0.11 516 0.48 336 NA
M. barkeri acetate 21-38 512 -66.83 0.08 -317.08 0.09 -2.87 0.42 336 NA
M. barkeri acetate 21-38 512 -66.78  0.34 -313.61 0.55 2.97 1.49 336 NA
Methanosarcina Substrate, Spike, and Temperature Experiments - set 2

M. barkeri Ho+CO2 38 85.4 -62.02 0.05 -373.86 0.05 -3.06 0.28 730 22
M. barkeri Ho+CO2 38 322.1 -58.08 0.05 -239.13 0.05 291 0.23 730 39
M. barkeri Ho+CO2 38 -50.5 -57.40 0.05 -452.14 0.05 -3.82 0.32 730 30
M. barkeri*? Ho+CO2 21 -49.4 -70.52 0.05 -425.43 0.05 -1.85 0.23 730 15
M. barkeri methanol 38 -39.1 -117.01  0.05 -370.16 0.05 -4.92 0.40 72 22
M. barkeri methanol 38 196.7 -116.32  0.06 -333.09 0.06 -4.82 0.27 72 33
M. barkeri methanol 38 3347 -118.10  0.05 -273.19 0.06 4.17 0.36 72 96
M. barkeri acetate 38 105.1 -73.74 0.07 -300.93 0.07 2.75 0.47 730 1
M. barkeri acetate 38 359.7 -67.68 0.05 -259.54 0.05 243 0.22 730 9
M. barkeri acetate (+YE) 38 35 -72.86 0.10 -343.12 0.10 -3.10 0.45 730 12
M. mazei Ho+CO2 38 511 -56.07 0.05 -460.03 0.05 -3.46 0.22 730 23
M. mazei acetate 38 341 -60.40 0.05 -314.90 0.05 -1.70 0.20 730 11
M. mazei methanol 38 23 -120.82  0.04 -363.34 0.04 -4.47 0.20 72 86

*! Substrate (%) refers to the percent of substrate consumed or reaction completion.

*2 The culture was grown at 21°C and excluded from Figure 3, 4 and analysis.

*3 Do values represent estimates. These were measured for Set 2.

** From Wang et al., 2015

*3 Values represent an estimate based on previous culture data using this this culture strain grown at similar

temperatures.

*6 Values represent estimated incubation time.
*7Volume of methane (STP) in the culture headspace at the end of the incubation time. NA is recorded for

all cultures that were not injected with NaOH at the end of incubation and prior to isotope measurements.
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Table 3. Isotopic compositions of substrates and medium water.
Material 33C %0  6Dm0%o  dDcu3 %o

H, - COygas mix™  -34.4
Nz- CO,gas mix™!  -35.8

CH;COONa' -40.2 -123
CH;0H"! -49.5

Bremen DI Water*? -51.2

UMass DI Water*? -49.6

*1: These materials were used for Set 2 of substrate and D-spike experiments.
*2: Bremen DI water (pre-inoculation) was used in Set 2 of substrate and D-spike experiments.
*3: UMass DI water (pre-inoculation) was used in the temperature and time-series experiments.
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