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ARTICLE INFO ABSTRACT

Associate editor: Shuhei Ono Aerobic methane oxidation (AeOM) is an important biological sink of methane on Earth. Stable isotopes are
critical tools in tracking the sources and sinks of Earth’s surface methane budget. However, the major factors
that influence the two multiply-substituted (clumped) isotope signatures of AeOM, 4'3CH;Dand 4'2CH,D, ,
are not well known. Here we quantify the influence of kinetics as a function of temperature and different
methane monooxygenase (MMO) enzymes (modulated by copper) on the isotopologue concentrations of
residual methane by the obligate aerobic methanotroph, Methylococcus capsulatus (Bath). We observe deviations
from traditional closed-system distillation (Rayleigh) fractionation during exponential growth at high oxidation
rates. We model this as a reservoir effect controlled by the ratio of oxidation rate in the cells to transport
rate of methane into the cells, where environmental temperature affects both rates. We also test whether
clumped isotope fractionation values vary for the particulate versus soluble MMOs, but the results show
minimal differences. We further determine that the back reaction (re-equilibration) of methane with medium
water is unlikely. Together, the observations and model demonstrate that at low oxidation-to-transport ratios,
the clumped isotope signatures follow canonical Rayleigh fractionation, whereas at high ratios, more positive
A2CH,D, values result, deviating from simple Rayleigh-like trajectories. This study shows that the methane
oxidation-to-transport ratio is a critical influence on clumped isotope signatures of AeOM that should be
considered when interpreting the isotopic data of natural methane samples in both open and closed systems.

Dataset link: https://git.dartmouth.edu/leavitt_
lab/aerobic_methanotroph, https://figshare.co
m/projects/Li_etal 2024_AeOM/184504
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1. Introduction The major sources of methane on Earth include those that are either

natural or anthropogenic, as well as biotic or abiotic in origin (Dlu-

Methane is a powerful greenhouse gas that has played a role in
Earth’s climate for billions of years (Catling et al., 2001; Frieling et al.,
2016). Since the Industrial Revolution, methane has accumulated in
Earth’s atmosphere faster and to a greater extent than any time in
at least the last 800 kyr (Ruppel and Kessler, 2017), with significant
consequences predicted for extant and future climate (Dlugokencky
et al., 2011; Saunois et al., 2020). Methane is also a major component of
natural gas, powering vast swaths of the human economy (Hamak and
Sigler, 1991; Faramawy et al., 2016). Beyond Earth, the presence and
isotopic compositions of methane on other planetary bodies may enable
us to differentiate biological from non-biological processes (McKay and
Smith, 2005; McKay et al., 2008; Yung et al., 2018; Thompson et al.,
2022).
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gokencky et al.,, 2011; Kirschke et al., 2013; Saunois et al., 2020).
Anthropogenic methane sources include release during fossil fuel ex-
traction, biomass burning, coal mining, agriculture, and waste disposal
(i.e. anoxic microbial activity). Natural sources include the microbial
degradation of organic matter (e.g. in anoxic wetlands, lakes, oceans,
and ruminant guts) and the release of methane from permafrost and
gas hydrates. Abiotic methane synthesis is the product of water-rock
reactions in hydrothermal systems, including, at lower temperatures,
serpentinization (McCollom and Seewald, 2001; Etiope and Sherwood
Lollar, 2013). The major methane sinks on Earth include abiotic oxi-
dation in the tropo- and stratosphere due to interactions with OH and
Cl radicals (Ehhalt, 1974; Cicerone and Oremland, 1988), as well as
microbial oxidation, a.k.a “methanotrophy” (Curry, 2007). Microbial
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methanotrophy can be further categorized into the anaerobic oxidation
of methane (AOM) and the aerobic oxidation of methane (AeOM).
Among them, AeOM plays an important role in methane consumption
in peat soils (Oremland and Culbertson, 1992), ocean water (Qin et al.,
2022; Mao et al., 2022), and in the atmosphere (Greening and Grinter,
2022). However, there are large discrepancies between top-down and
bottom-up estimates of Earth’s methane budget (Saunois et al., 2020).
In part, this is due to a lack of reliable tools to track the sources and
sinks of methane via different pathways.

Methane made and destroyed by abiotic and biological processes
possess unique isotopic information that may provide means to identify
and track the sources and sinks of methane (Schoell, 1988; Whiticar,
1999; Douglas et al., 2017; Young et al., 2019). Several studies inves-
tigated bulk isotope (6'3C and D) fractionation of methane oxida-
tion by lab-cultured aerobic methanotrophic bacteria (Coleman et al.,
1981; Templeton et al., 2006), as well as in marine and fresh wa-
ters (Kawagucci et al., 2021; Thottathil et al., 2022). Technological
advances in the measurement of doubly substituted methane isotopo-
logues ('*CH;Dand '2CH,D,, a.k.a. clumped isotopologues) have al-
lowed for development of a novel tool for tracking the formation and
consumption of methane gas (Stolper et al., 2014; Wang et al., 2015;
Young et al., 2017). At thermodynamic equilibrium, the distribution of
13CH;D and '?CH,D, within a population of methane molecules corre-
lates with temperature (Cao and Liu, 2012; Liu and Liu, 2016; Eldridge
et al,, 2019). Therefore, at equilibrium, methane clumped isotope
values can be applied as thermometers for tracking the formation
temperature (Stolper et al., 2014; Young et al., 2017; Thiagarajan et al.,
2020). In contrast, microbial methane often show clumped isotope
values that depart from equilibrium, whereas methane synthesized abi-
otically exhibits signals both at and departed from equilibrium (Stolper
et al., 2015; Wang et al., 2015; Douglas et al., 2016; Young et al.,
2017; Gruen et al., 2018; Giunta et al., 2019; Gonzalez et al., 2019;
Taenzer et al., 2020; Labidi et al., 2020; Etiope and Oze, 2022). These
disequilibrium values, combined with bulk isotope signatures, allow
us to distinguish methane gases from different sources. However, one
of the major problems hindering the application of methane clumped
isotope values in natural systems is that the original clumped isotope
compositions of a given methane source are susceptible to alteration
by microbial methane oxidation, both aerobic (AeOM) and anaerobic
(AOM) (Haghnegahdar et al., 2017; Ash et al., 2019; Ono et al., 2021;
Giunta et al., 2022).

Prior studies suggest AOM drives methane clumped isotope signa-
tures towards equilibrium at low reaction rates (Ash et al., 2019; Giunta
et al., 2019; Ono et al., 2021; Zhang et al., 2021; Liu et al., 2023).
In contrast, AeOM generates clumped isotope signatures well off the
equilibrium array, and distinct from AOM (Wang et al., 2016; Krause
et al., 2022; Giunta et al., 2022). However, the major controls on AeOM
methane clumping remain poorly understood. The two experimental
studies on AeOM clumped isotope fractionation, while foundational in
providing the first one (Wang et al.,, 2016) and two (Krause et al.,
2022) dimensional clumped isotope measurements, do not address the
influence of growth rate or enzyme-specific isotope fractionation on
methane clumped isotope compositions. The core metabolic processes
of AeOM are well understood, and microbial strains such as Methylo-
coccus capsulatus strain Bath (referred to hereafter as M. capsulatus) are
well-characterized both genetically and physiologically (Hanson and
Hanson, 1996). Together these make M. capsulatus a good target for the
study of bulk and clumped isotope fractionation during AeOM across a
range of environmental parameters.

Several environmental and physiological parameters can potentially
influence the observed clumped isotope signatures of AeOM. Reac-
tion rate can significantly alter the expressed isotope effects during
AOM (Ono et al., 2021; Liu et al., 2023), and other isotope fraction-
ation processes (Laws et al., 1995; Leavitt et al., 2013). We therefore
predict rate has an impact on the isotope fractionation of AeOM as
well. In addition, metal availability, in particular copper (Cu), controls
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the microbial expression of two types of methane monooxygenases
(MMOs) (Stanley et al., 1983; Prior and Dalton, 1985), each of which
catalyzes the first critical step in AeOM. Between the two distinct
MMOs, a soluble form that uses a diiron active site (SMMO) and a
membrane-bound form with a catalytic copper center (pMMO) (Ross
and Rosenzweig, 2017), it remains unknown whether each type has
different or similar clumped isotope fractionation.

In this study we investigate the trajectory of methane clumped
isotope signatures in response to (i) microbial growth and oxidation
rates, and (ii) the expression of MMOs controlled by copper concentra-
tions. We evaluate our experimental findings with potential hydrogen
re-equilibration between water and methane, and construct a cellular
fractionation model that seeks to capture the effects of transport lim-
itation and the closed-system dynamics of the experiments. We then
discuss the implications of the experimental isotope fractionation on
methane in natural systems.

2. Method
2.1. Microbial culturing

All experiments in this study were performed with Methylococcus
capsulatus (Bath) acquired from ATCC (ATCC 33009). M. capsulatus is
an obligate aerobic methanotroph, representative of the wider diver-
sity of aerobic methanotrophic bacteria (Bowman, 2014) that utilize
methane for both carbon and energy (Hanson and Hanson, 1996). We
performed two types of batch experiments to test the effect of either the
two different MMOs (controlled by copper concentration) or the growth
rate (controlled by growth temperature) on clumped isotope fractiona-
tions. Axenic cultures of Methylococcus capsulatus were grown in nitrate
mineral salts (NMS) media following established methods (Wang et al.,
2016; Welander and Summons, 2012). Briefly, 30 mL NMS medium
was dispensed into 160-mL serum bottles, sealed with ambient air at
atmospheric pressure and temperature, then injected with 20 mL of
filter-sterilized ultra high purity methane (UHP, AirGas, ME). Each
serum bottle was inoculated with 1 mL of starter culture at optical
densities of ~0.7 (ODg). For the differential temperature experiments,
cultures were incubated at 21, 27, or 37 °C in NMS media supple-
mented with 5 pM CuSO,. For the copper concentration experiments,
we used basal NMS medium with starting CuSO, concentrations at 0
and 50 pM in addition to the 5 pM used in the differential temper-
ature experiments, with all incubations conducted at 37 °C. To test
the possibility of hydrogen exchange between methane and medium
water, two sets of incubations were done with NMS media made from
deuterium enriched (D-spiked) water at nominally +1500 and +3000
%0 6Dunder 37 °C and with 5 pM CuSO, added. For simplicity, the
differential temperature experiments are referred to as “37 °C", “27 °C”
and “21 °C” experiments, while the differential copper experiments are
referred to as “no-Cu” (0 pM) and “high-Cu” (50 pM), respectively. To
ensure the exchange of headspace methane with the medium liquid,
bottles were shaken at 200 rotations per minute (RPM) in temperature
controlled rotary shakers (Innova42, Eppendorf).

A minimum of four time points were sampled from each experiment,
with five replicates per time point. The time points for sampling were
determined based on the amount of residual methane in the headspace.
We selected the time points so that the residual methane decrease by
10%-20% between the two adjacent time points. Typically a minimum
of 60 to 80 pmol of methane is targeted for isotopic measurements.
Later timepoints have less, but still measurable methane with the cost
of lower analytical precision. In addition, one negative control bottle
(medium without inoculum) was incubated for each temperature or
copper series. From the five replicate bottles, two were designated for
monitoring growth (ODg(), and the other three for methane sampling
at the time of sacrifice. To minimize the chance of methane leakage, the
septa of the three methane sample bottles were only punctured to add
the methane, the cells, and to measure residual methane at the time
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of sacrifice. Microbial growth was quantified by changes in ODgqq over
time. The growth rates and cell doubling times were calculated based
on the optical density in the exponential growth phase, following the
equations in Brock et al. (2003):

0.693
- (€Y

Doubling time =

where s is the slope of a linear function from the plot of In(OD) over
time during the exponential phase (Figure S1). The errors in doubling
time were propagated from the errors of the linear regressions. At each
time point of sampling, all five replicates were sampled for residual
methane amount by gas chromatography (GC). The five biological
replicates were then terminated by the addition of 1 mL 1M HCI to the
30-mL media, and stored inverted at 4 °C until methane extraction.
Copper concentrations were measured on the two monitor bottles at
the end of growth experiments. Following GC measurements, the media
in the monitor bottles were centrifuged without acidification, filtered,
then prepared for ICP-OES (see below).

2.2. Analytical techniques

2.2.1. Methane concentration

Methane concentrations in the headspace were monitored by gas
chromatography fitted with a flame ionization detector (GC-FID, SRI
8610C) with Grade 5.0 helium (UHP, AirGas). The GC is equipped
with a 6’ x 1/8" column filled with HayeSep D polymer. During the
measurement, the column temperature was held at 120 °C, and the
retention time of methane was consistently ~1 min. Methane peaks
were integrated with the PeakSimple software. A daily calibration
with 1% (v/v) methane/helium standard (AirGas) was done to ensure
the analytical linearity of the instrument prior to the measurements.
Headspace gas was sampled from each bottle (40 pL) using a cali-
brated gas-tight syringe with a valve (100-pL; Hamilton Company) for
the quantification of methane concentrations. The results were then
converted to total headspace methane in each bottle. The uncertainty
of each sample was propagated from the error in the GC calibration.
Dissolved methane in the media was calculated following Yamamoto
et al. (1976).

2.2.2. Dissolved copper concentration

Dissolved copper concentrations in the medium were measured us-
ing an inductively coupled plasma - optical emission spectrometer (ICP-
OES; axial-view Spectro ARCOS), and calculated from the variance-
weighted average of the two emission lines, 324 and 327 nm (Landis
et al, 2021). The standards were matrix-matched to the samples,
with an independent calibration verification standard showing residual
standard deviation typically smaller than 2%. The standards were
measured every five samples to correct for the time-dependent drift.
The instrument detection limit (IDL) was calculated as 3x standard
deviation of blank measurements (in ng/mL). For copper, the IDL
is 3.9 ng/mL (0.0614 pM), which was sufficient for monitoring the
change of copper concentrations during the experiment. Each sample
was measured twice and the average values of the two measurements
were taken as the final results, as shown in Table S1.

2.2.3. Isotopic measurements

Prior to isotopic measurements, methane was purified from other
headspace gases on a vacuum line. The procedure was modified based
on the method described in Young et al. (2017) and Taenzer et al.
(2020). The gas was introduced from serum bottles into the vacuum
line through an SGE on/off valve (SMOV) with a needle attached to
it. The gas was then equilibrated between the bottle and the vacuum
line for 5 min to avoid fractionation, after which the SGE valve was
closed. Water vapor and carbon dioxide were trapped in a U-trap by
pure liquid nitrogen (LN,) at —185 °C. Methane was trapped in a U-trap
containing silica gel at LN, temperature, followed by entrainment in 5.5
grade He and transport to a GC (SRI GC-TCD 8610). Purification of CH,
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from non-condensible atmospheric gases (Ar, O,, N,) and higher-order
organics was accomplished using two in-series packed GC columns. One
is a 3-meter 1/8 inch OD stainless steel (SS) filled with 5 A molecular
sieve and the other is a 2-meter 1/8 inch OD SS column with HayeSep
D polymer. After GC purification, methane gas was trapped in a second
U-trap filled with silica gel at LN, temperature, followed by pumping
away the He carrier gas. The purified methane gas was then collected
in a sample vial with silica gel at LN, temperature and transferred
via a small-volume cold finger, also containing silica gel, to the mass
spectrometer for isotopic measurements.

The isotopic compositions of headspace methane were measured
on the prototype high-resolution, double-focusing mass spectrometer,
Panorama (Nu Instruments, AMETEK Inc.) at UCLA. To resolve two
mass-18 isotopologues of methane ('*CH;Dand >CH,D, ), as well as
interfering species, the instrument was run at a mass resolving power
of ~40,000 or above (Young et al., 2016). We utilized a combination
of Faraday collectors with 10! Q resistors and a single channel of
ion counting for these measurements. Isotopic ratios of the samples
were measured relative to a reference methane gas under two mag-
net current settings. The first setting placed *CH;D* in the axial
electron multiplier collector. 3CH, */12CH, * and '*CH;D*/'2CH, *
ratios were obtained after 6 to 20 blocks of twenty 30-s integration
cycles. The second setting placed '>?CH,D, * in the axial collector where
2CH,D*/12CH, * and '>CH,D, */12CH, * ratios were obtained after
16 to 40 blocks of twenty 30 s integration cycles (Young et al., 2017).
The number of blocks used for each measurement depended on the size
of the methane sample, with a maximum number of 40. Fewer blocks
of measurements generally resulted in larger internal 16 uncertainties.
The internal 1o uncertainties (propagation of standard errors in the
means for all blocks) of the samples are typically better than +0.01
%o for 613C , £0.09 %o for 6D, +0.3 %o for A'*CH;D, and +0.8 %o for
A2CH,D, , with few exceptions (Table 1).

Isotopic compositions of medium water were measured in the Stable
Isotope Laboratory at Dartmouth College following the procedures
described previously by Kopec et al. (2019) using an H-Device coupled
to a Thermo Delta Plus XL dual-inlet isotope ratio mass spectrometer
(IRMS). Measured values were converted to the water isotope equiv-
alent by calibration with known standards. Deuterium-spiked water
samples outside the range of working standards were diluted with water
of known isotopic compositions before measurement following the
procedure in Taenzer et al. (2020). Uncertainties in mass spectrometry
measurements and dilutions were propagated into the result of each
measurement. The average values and the standard deviations among
the four biological replicates in each set of experiment were taken as
the final results. Isotope ratios are reported as §Din %o relative to
VSMOW, as shown in Table S2.

2.3. Isotope notations and calculations

2.3.1. Isotope notations
Bulk isotope ratios for methane in this study are reported using
standard delta-notation (in %o relative to international standards):

(13C/12C)sample

sBC=1030(—— 1 2)
( (13C/12C)yppp ) (
(D/H)sam le
6D = 103 (— 2= _ 3
((D/H)VSMOW ®

where VPDB refers to the Vienna Pee Dee Belemnite and VSMOW refers
to Vienna Standard Mean Oceanic Water.

Clumped isotope compositions are expressed using the capital delta
notation in %o relative to the corresponding stochastic distribution for
the sample in which isotopes are randomly distributed among the CH,
isotopologues (Wang et al., 2004):

(['*CH;D1/["*CH, Dgampte

ABCH;D = 103(— B
([ - CH3D]/[ CHA])stochaslic

- 4
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Fig. 1. Cell doubling time of experimental culture (panel A) and clumped isotope signatures of headspace methane in 4'2CH,D, vs. 4'*CH;Dspace (panel B). In panel A, longer
cell doubling time represents slower growth rate. In panel B, the growth conditions are shown as growth temperature or total copper concentration in the legend. Experiments
under different growth temperature are conducted with 5 pM copper-supplemented media. Experiments with different copper concentrations are under 37 °C. High- and no-Cu
correspond to 50 and 0 pM Cu, respectively. The equilibrium curve in panel B is based on the equilibrium clumped isotope values in Young et al. (2017). The temperature
increment between two adjacent points is 150 °C. The clumped isotope data from Krause et al. (2022) are shown for comparison as hollow circles.

([1ZCHZDZ]/[IZCHAt])sample
([12CH2D2]/[12CH4])smchaslic
Here the bracketed values represent the concentrations of methane
isotopologues. Equilibrium values of A'3CH;D and 4!>CH,D, used in

this study are derived from the equilibrium constants in Young et al.
(2017).

A2CH,D, = 10%( )]

- 1.

2.3.2. Calculations of apparent fractionation and clumped isotopologue
factors

Bulk isotope fractionation in a closed system is expected to follow
the Rayleigh equation where the reactants (in this case CH, gas) are
well mixed throughout the process. Therefore calculating net frac-
tionation factors follows the specific forms used here for methane
13¢c/12Cand D/H after (Mariotti et al., 1981):

. 613C + 1000
813C;;, + 1000
and

sD+1000 _ p
DH1000_ _ b, _ )
5D, #1000 @~ Dins

=®a-Dnf (6)

)

where the 3¢ and Pa are the net fractionation factors for '3C/!2C and
D/H, respectively. The 6'3C and 6D are the bulk isotope values of
residual methane (in %o) at the time of sampling, and the §'3C;,;, and
6Dy, are the values of methane (in %o) at the start of the experiment.
Here f is taken to be the fraction of methane remaining relative to the
initial headspace methane (Fig. 2). The net fractionation factors for the
doubly-substituted isotopologues can be expressed similarly as:

8'3CH;D + 1000
and
812CH,D, + 1000

= (3P _1)In f

(8

init

=PPa—1)Inf 9
where '3CPq and PP¢ are the net fractionation factors for '>*CH;D and
12CH,D,, respectively, following prior studies (Wang et al., 2016; Liu
et al., 2023).

These equations predict that if the isotope fractionations are
Rayleigh-like, the relationship between observed fractionations (left
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hand sides of Egs. (6) to (9)) and corresponding In f values is linear
with slopes of (e —1). The net fractionation factors for our experiments,
a, are therefore calculated from slopes defined by plots of observed
fractionations and In f values as determined by least-squares (York
et al., 2004). The derived fractionation factors and lc uncertainties
for the experiments at 37 °C, 27 °C and 21 °C are shown in Table 2.
An important feature of both the 37 °C and 27 °C experiments is the
apparent change in net fractionation factors occurring at low f (high
-Inf) values (Fig. 3), where the linearity of the regression is noticeably
degraded if all data points are fit with a single line (Figs. 3A, 3B, 3E,
3F). To address these changes, two separate sets of fractionation factors
are calculated for the 37 °C and 27 °C experiments, respectively. The
first set is calculated for the first five points in the 37 °C experiment,
with f between 0.668 and 1.000. The second set is calculated for the
last four points in the same experiment, with f ranging from 0.227 to
0.556 (Fig. 3). For the 27 °C experiment, the first set of fractionation
factors is calculated using the first four points with f values 0.374
and 1.000. Then the fourth data point (f = 0.374) and the last two
points with lower f values are used for calculating the second set
of fractionation factors (Figs. 3A, 3B, 3E and 3F). We used the two-
tailed t-test to examine if the two slopes in each experiment were
significantly different. For comparison, we also modeled the results
using the fractionation factors without the divisions (Figure S2), where
we used the equations described in Wang et al. (2016) and Liu et al.
(2023) to calculate the oxidation trajectory of a closed-system Rayleigh
process as a function of f:

ABCH;D(f) = ABCH;D;, + 10°(PPa — Ba — Pa 4+ 1)yInf (10)

and

AZCH,D,(f) = A2CH,Dypp + 10°PPa — 2Pa) + D Inf. @an
ABCH;D,,, and A12CH,D,,,, are the initial clumped isotope signatures
of methane, and A'3CH;D(f) and 4'2CH,D,(f) are the clumped isotope
signatures of methane at a specified value for f.

We also considered clumped isotopologue factors (y), which (Wang
et al., 2016) utilize to describe deviations from the rule of the geometric

mean:

13CD,

13CD)/13(1D(Z (12)
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Fig. 2. Variations of isotopic compositions with the fraction of headspace methane remaining after oxidation (f): (A) §'3C ; (B) 6D; (C) A'3CH;D; (D) 4'>CH,D, . In each panel,
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from the Rayleigh fractionation in 37 °C and 27 °C experiments. Data from previous studies (Wang et al., 2016; Krause et al., 2022) are included as the gray data points in the

figure.

and

DDa — DDy(Da)Z. (13)
When y is equal to unity, the clumped isotopologue frationation fac-
tors are the product of the fractionation factors for the heavy isotopes
they contain (e.g. 13CD* = 3@ D%), following the rule of the geometric
mean (Bigeleisen, 1955). In this scenario, there is no energy difference
between the addition of a heavy isotope to a singly-substituted and
non-substituted isotopologues (e.g. >2CH; + D and '2CH,D + D).

3. Results

Microbial growth rates presented across all experimental treatments
in Fig. 1A are calculated from ODgg, measurements over time as shown
in Figure S1. Doubling times vary over an order of magnitude, from 7 to
113 h. The longest doubling time (slowest growth rate) corresponds to
the lowest growth temperature of 21 °C while the shortest doubling
time (fastest growth rate) is obtained from the 37 °C experiments,
consistent with the optimal conditions for this strain Welander and
Summons (2012). Maximum ODg, values from temperature experi-
ments range from ~0.32 at 21 °C to ~0.67 at 37 °C, respectively (Figure
S1). The growth profiles of the D-spiked experiments are similar to the
unspiked 37 °C experiments.

Total headspace methane quantities are plotted in Figure S1. The
average amounts of methane consumed differed across experimen-
tal conditions. In 37 °C, 27 °C and no-Cu experiments, the average
methane amount decreases from around 600 pmol to less than 100 pmol.
On the other hand, high-Cu and 21 °C experiments have less total
methane consumption, from around 600 pmol to around 200 pmol.
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The amount of methane in each serum bottle is also expressed as
the fraction of residual methane (f) relative to the initial headspace
methane, as shown in Table 1 and Fig. 2. Dissolved methane only
composes ~ 0.1% of headspace methane in each sample, so it is
neglected in the calculation of total methane. The lowest f value is
0.134, corresponding to 85.1 pumol of headspace methane, which is
approaching the minimum methane amount required for purification
and mass spectrometry. Total methane oxidation rate increases from
8.89 to 30.88 pmol/h and 1.94 to 3.79 pmol/h in 37 °C and 27 °C
experiments, respectively (Figure S1). In contrast, oxidation rate in the
21 °C experiment stays constant at 0.96 pmol/h (Figure S1).

Dissolved copper concentrations ([Cuz*]aq ) in the media range from
0.043 + 0.026 to 0.864 + 0.029 uM in 5 pM Cu-supplemented exper-
iment, with lower [Cu2+]aq towards the end of the experiment. The
[Cu2+],,q ranges from 7.54 + 0.06 to 9.19 + 0.06 pM in 50 pM (high)
Cu-supplemented experiment, with no significant decrease towards the
end of the experiment. The [Cu“]aq of the no-Cu experiment is around
zero throughout the experiment, considering 1¢ error (Table S1, Figure
S3).

The measured 6'3C of all samples are between —39.10 + 0.01 to
25.84 + 0.02 %o (1o, same thereafter) VPDB and sDare in the range
of —153.97 + 0.02 to 543.32 + 0.09 %0 VSMOW (Table 1, Fig. 2A,
2B). Consistent enrichment of heavier isotopes (13C and D) in residual
methane is observed in all experiments. The average 4'3CH;Dand
A2CH,D, values for the methane tank gas are 2.90 + 0.09 %o and
7.6 + 0.2 %o (Table 1, Fig. 1B), which are close to the equilibrium
values at 165 °C. The measured A'3CH;D values from all experiments
range from —11.99 + 0.23 %o to 2.99 + 0.19 %o while A'>CH,D, range
from —37.7 + 0.6 to 20.2 + 0.8 %o (Table 1, Fig. 1B). A13CH;D values
consistently decrease with more methane consumption in the majority



J. Li et al.

Table 1

Geochimica et Cosmochimica Acta 381 (2024) 223-238

Isotopic data of headspace methane in aerobic methane oxidation by Methylococcus capsulatus (Bath). Experimental conditions are represented as either growth temperature or copper
concentration in the column “Experimental groups". The differential temperature experiments are conducted with 5 pM Cu in the media, and the differential copper experiments

are conducted under 37 °C. The 1o errors are listed following each measured variables.

Experimental groups Sample name? f 1o 53C (%o) 1o 5D (%0) 1o ABCH,D (%0) 1o A"CH,D, (%o) 1o
Control® 27 °C 5 pM Ctrl 1.000 N/AC —39.006 0.011 —153.655 0.020 2.992 0.193 7.715 0.643
CH, tank gas 1.000 N/A —37.544 0.006 —152.678 0.019 2.889 0.158 7.679 0.672
37 °C 5 puM Ctrl 1.000 N/A —39.095 0.007 —153.968 0.024 2.809 0.197 7.417 0.708
37 °¢d 37 °C 5 pM T1 C3 exp2 0.821 0.035 -37.023 0.008 —133.900 0.023 2.336 0.183 2.858 0.649
37 °C 5 pM T1 C4 expl 0.802 0.013 —29.418 0.014 —73.200 0.020 0.414 0.165 —4.307 0.567
37 °C 5 pM T2 C1 exp2 0.709 0.030 -31.781 0.008 —-92.041 0.024 0.877 0.165 —-2.734 0.635
37 °C 5 pM T1 C2 expl 0.668 0.011 —28.143 0.003 —-59.417 0.017 0.141 0.197 —4.994 0.576
37 °C 5 pM T2 C2 expl 0.556 0.009 -23.215 0.003 —13.248 0.023 —0.945 0.127 -3.029 0.650
37 °C 5 pM T3 C3 expl 0.318 0.005 -16.442 0.006 56.858 0.024 -0.537 0.170 12.270 0.596
37 °C 5 pM T3 C3 exp2 0.286 0.012 -18.377 0.005 39.009 0.029 —0.964 0.161 12.692 0.656
37 °C 5 uM T4 C4 expl 0.227 0.004 —13.548 0.007 87.230 0.032 -0.702 0.242 18.526 0.711
No-Cu 37 °C O pM T2 C2 0.574 0.026 —28.586 0.007 —18.548 0.019 —-0.356 0.141 —2.989 0.510
37 °COpM T3 C3 0.416 0.019 —24.897 0.004 46.795 0.027 -1.185 0.152 0.883 0.584
37°COpuM T3 C1 0.412 0.019 —25.688 0.006 39.623 0.017 —0.065 0.157 0.567 0.441
37°COpuM T4 C1 0.186 0.009 —18.744 0.009 190.055 0.053 -2.315 0.241 6.550 0.856
High-Cu 37 °C 50 uM T2 C2 0.840 0.016 -33.747 0.007 -110.412 0.026 1.394 0.144 —0.905 0.654
37 °C 50 uM T3 C2 0.743 0.014 —29.542 0.008 —-74.580 0.021 0.053 0.146 —-5.194 0.588
37 °C 50 uM T4 C1 0.328 0.006 -12.784 0.008 95.454 0.026 —3.440 0.158 —8.596 0.531
37 °C 50 uM T4 C2 0.256 0.005 —8.596 0.005 130.494 0.028 -0.281 0.149 1.413 0.524
27 °C 27 °C 5 pM T2 C2 0.726 0.075 —-30.591 0.003 —-87.010 0.020 1.080 0.120 -3.990 0.500
27 °C 5 uM T3 C3 0.488 0.051 —19.955 0.005 6.987 0.020 —2.865 0.148 -19.150 0.502
27 °C5uM T4 C1 0.374 0.039 —10.695 0.005 96.042 0.027 -5.473 0.138 —30.568 0.582
27 °C 5 pM T3 C4 0.262 0.027 3.203 0.003 249.234 0.044 -6.943 0.107 —31.479 0.619
27 °C 5 uM T4 C2 0.134 0.014 25.836 0.017 543.317 0.085 -11.993 0.232 —-33.258 0.764
21 °C 21 °C 5 pM T2 C2 0.751 0.014 -31.719 0.009 —95.285 0.019 0.529 0.129 —2.144 0.570
21 °C5pM T3 C2 0.593 0.011 —27.833 0.003 —63.890 0.015 -0.329 0.158 —8.289 0.444
21 °C5pM T3 C4 0.529 0.010 —24.208 0.005 —-32.559 0.023 -1.610 0.167 -14.776 0.630
21 °C 5 puM T4 C4 0.346 0.006 —11.449 0.008 82.803 0.022 —4.918 0.429 —30.120 0.588
21 °C5pM T4 C3 0.290 0.005 -7.227 0.004 128.196 0.032 -8.194 0.132 —37.740 0.587
D-spiked® 1433 T1 C1 0.726 0.030 —-31.253 0.052 —-74.028 0.019 -1.148 0.361 —-2.419 0.653
1433 T2 C3 0.273 0.011 —19.097 0.042 31.170 0.031 -0.616 0.383 16.983 0.645
3008 T1 C2 0.697 0.029 —26.547 0.283 —63.940 0.030 1.127 0.740 -5.887 0.837
3008 T2 C2 0.176 0.007 —-15.083 0.017 74.137 0.026 —-0.960 0.273 20.224 0.752

2 The sample names consist the growth temperatures (37, 27, 21 °C), copper concentrations (0, 5, 50 pM), time of sacrifice (T1-T4) and the number of replicate (C1-C4).
b The control group includes two headspace methane samples from the control bottles (27 °C 5 uM Ctrl and 37 °C 5 puM Ctrl), and one methane sample from the tank gas (CH,

tank gas). These samples represent the initial headspace methane.

¢ N/A, not applicable. The fraction of residual methane is set as 1.000 without 1¢ error, since no methane was consumed at the start.
d 37 °C is a compilation of two sets of experiments of the same growth condition, without significant difference in microbial growth between them. They are denoted as expl

and exp2 in Sample names.

¢ D-enriched (‘spiked’) experiments contain water with two highly enriched sDvalues of +1433 and +3008 %o, in replicate. The 5D values of water are shown in the sample

names.

of the experiments. However, the 37 °C and high-Cu experiments
present insignificant and increasing trends after half of the initial
methane is consumed (f < 0.5), respectively (Fig. 2C). More prominent
decrease of A'3CH;D values are observed at lower growth temperatures.
Similarly, 4'?CH,D, values decrease with methane consumption at
lower growth temperatures (21 and 27 °C). In contrast, in the exper-
iments at 37 °C, A'>CH,D, values decrease slightly at high methane
concentrations (f > 0.5) and then increase at low methane concentra-
tions (f < 0.5), as shown in Fig. 2D. The measured 6D for the media of
the D-spiked experiments ranges from 1419 + 3 to 1440 + 3 %o, and
from 3003 + 6 to 3017 + 7 %o in two sets of D-spiked experiments,
respectively (Table S2). The average values across biological replicates
are 1433 + 10 %o (1 standard deviation) and 3008 + 6 %o. The isotope
signatures of the two D-spiked experiments follow the same pattern as
the non-spiked experiment at 37 °C, so they are discussed together as
one set of experiment in the following sections.

Net fractionation factors across all experiments range from
0.9649 + 0.0049 to 0.9911 + 0.0005 for B« (Fig. 3A, 3C), from
0.6683 + 0.0466 to 0.8892 + 0.0028 for D“(Fig. 3B, 3D), from
0.6396 + 0.0507 to 0.8775 + 0.0031 for 13CD* (Fig. 3E, 3G), and from
0.3392 + 0.0929 to 0.7542 + 0.0064 for DD* (Fig. 3F, 3H). Two-tailed
t-tests show that D%, 13CD* and DD* (i.e. the slopes of the regression
lines) for f > 0.668 and f < 0.556 in the 37 °C experiments are
significantly different (p < 0.005). Similarly, the three fractionation
factors of low-Cu (f < 0.574) are significantly different from those of
the 37 °C (f > 0.668) experiment (p<0.01 for 13CD* and p<0.02 for

D* and DD“). These three fractionation factors are not significantly
different between the high-Cu (f > 0.743) and the 37 °C (f <
0.556) experiments if the confidence interval is 95% but is significantly
different if the confidence interval is 90% for two-tailed test (p<0.1). In
contrast, 3a is only significantly different between high-Cu (f > 0.743)
and the 37 °C (f < 0.556) experiment (p < 0.1). This indicates less
variability of carbon isotope fractionation with progressive methane
consumption in the experiments. On the contrary, none of the four
fractionation factors is significantly different between f > 0.374 and
f <0.374 in the 27 °C experiments.

4. Discussion
4.1. Net isotope fractionation factors

We performed separate linear regressions for the data with high and
low f in the 37 °C for two major reasons: first, the t-test indicates that
the two fractionation factors are significantly different. Second, the fit
of experimental data is very poor using a single set of fractionation
factors (Figure S2). For the 27 °C experiment, although t-test shows no
significant difference between the fractionation factors at high and low
f, the fit for the experimental clumped isotope data is compromised
by adding the last two points into the regression (Figure S2). There-
fore, separating the data into two groups and calculating two sets of
fractionation factors are better for describing and modeling the system.
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Fig. 3. Linear regressions for calculating net fractionation factors for different temper-
atures, water spikes and copper concentrations. The slopes of the regression lines are
1-a, where « is the net fractionation factor of the isotope or isotopologue assuming a
Rayleigh fractionation process (values are shown in Table 2). Panels A to D show the
Bgand D”across temperatures and copper concentrations; panels E and H show the
13CD” and DD for different temperatures and copper concentrations. The right side of
each panel represents lower f values. Within the 37 °C experiment (orange and black
circles in panels A, B, E, F), the net fractionation of f < 0.556 (orange circles) is
significantly different from f > 0.668 (black circles). In the 27 °C experiment (gray
and cyan squares in panels A, B, E, F), the net fractionation is also different between
f < 0.374 (gray squares) and f > 0.374 (cyan squares). The isotope signatures of
deuterium-spiked experiments (purple triangles in panels A, B, E, F) are not significantly
different from non-spiked experiments at the same temperature, regardless of the spike.
Two data points (gray rectangles in panels C, D, G, H) in the high-Cu experiment are
not included in the regression, as they deviate from the Rayleigh curve determined
by the first three points, and they are not enough to do a separate linear regression.
Regardless of copper concentrations, deviation from Rayleigh fractionation still occurs
at low f (panels C, D, G, H).

The net fractionation during the early stages of all experiments are
comparable ( Table 2), as reflected by the similarities in the trends
of isotope signatures in the 37 °C (f > 0.668), 27 °C (f > 0.374),
21 °C and high-Cu (f > 0.743) experiments (Fig. 1B; Fig. 2). During
the early stages of all experiments, the net fractionation factors also
scale inversely with temperatures ( Table 2). The net fractionation
factors shift towards unity at low methane concentration for the 37 °C
experiments ( Table 2; Fig. 3) regardless of copper concentrations, indi-
cating less discrimination between heavy to light isotopologues at low
f values, as methane was depleted. In contrast, the 27 °C experiment
exhibits more net fractionation at low methane concentration ( Table 2;
Fig. 3A, 3B, 3E, 3F), such that the reaction shows preference for the
light isotopes or isotopologues late into the reaction coordinate. The
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21 °C experiment shows a consistent net fractionation over the whole
experiment ( Table 2; Fig. 3A, 3B, 3E, 3F).

The bulk isotope fractionation factors '@ and D* broadly agree with
the direction and magnitude of those previously reported (Feisthauer
et al., 2011; Rasigraf et al., 2012). This said, we observe more D/H frac-
tionation, with the 37 °C (f > 0.668) and 27 °C (f < 0.374) experiments
yielding D* = 0.6967 + 0.0101 and 0.6683 + 0.0466, respectively,
whereas the previously estimated D/H fractionation values for MMO
range from 0.7685 + 0.0303 to 0.8900 + 0.0115 (Feisthauer et al.,
2011; Rasigraf et al., 2012). The range of isotope fractionation factors
in the 37 °C experiment encompass the factors from Wang et al. (2016)
at the same temperature ( Table 2). The fractionation factors in our
21 °C experiment with M. capsulatus agree with the values obtained
at room temperature (~20 °C) using a different strain, Methylosinus
trichosporium OB3b (Krause et al., 2022). This is reasonable since both
strains possess pMMO and sMMO for methane oxidation. Despite the
deviation from purely Rayleigh fractionation, '3“Py in all our exper-
iments are close to unity within 1o error ( Table 2), consistent with
previous reports (Wang et al., 2016; Krause et al., 2022). On the other
hand, PPy shows large differences across the experimental conditions
tested, ranging from 0.7595 + 0.2334 to 0.9745 + 0.0091. The highest
DDy value (0.9745 + 0.0091), occurring in the 21 °C experiment, is
higher than the value from Krause et al. (2022) (0.9013 + 0.0045) at
a similar growth temperature, indicating less deviation from the rule
of geometric mean. In contrast, in the 37 °C (f > 0.668) experiment,
the PPy is 0.8877 + 0.0474, which is closer to the value from Krause
et al. (2022), albeit at different temperatures. The 27 °C (f < 0.374)
experiment has the lowest PPy value (0.7595 + 0.2334), showing the
most deviation from the rule of geometric mean.

One prominent feature in our experiments is the change of net iso-
tope fractionation during the progressive oxidation of methane (Fig. 3,
Table 2). Similar changes in bulk carbon isotope fractionation are
reported by Templeton et al. (2006), and attributed to an increase
in the total methane oxidation rate relative to the rate of methane
conversion from the gaseous to the dissolved state and diffusion into
the cells. In another study, the variation of net carbon isotope fraction-
ation with temperature was attributed to the ratio of adsorption and
desorption of methane onto the cell wall and the rate of conversion
from methane to methanol (Nihous, 2010). To explore this possibility in
our experiments, we investigate three scenarios that could generate the
observed changes in apparent fractionation factors within the three dif-
ferential temperature experiments. These scenarios are (i) differential
enzyme isotope effects as a function of dissolved copper, (ii) isotopic
re-equilibration between methane and water, and (iii) reservoir effects
related to the ratio between the rate of methane transport across the
cell membrane and the total methane oxidation rate.

4.1.1. Enzymatic effect on net fractionation

It is possible that the changes in the net fractionation factor origi-
nate from the switch of methane oxidation pathways. The first step in
AeOM (from methane to methanol) is catalyzed by two isoforms of the
methane monooxygenase enzyme, the particulate methane monooxyge-
nase (pMMO) and the soluble methane monooxygenase (sMMO) (Sira-
juddin and Rosenzweig, 2015; Ross and Rosenzweig, 2017). Key differ-
ences between the two enzymes include either a monocopper, dicopper,
or zinc/copper active site in pMMO, whereas sMMO possesses only
a diiron active site (Sirajuddin and Rosenzweig, 2015). The oxygen
activation mechanism by the diiron center of sMMO is well stud-
ied (Gassner and Lippard, 1999), while the catalytic mechanism behind
pPMMO is less well characterized (Koo and Rosenzweig, 2021). The
M. capsulatus genome encodes both pMMO and sMMO (Ribbons and
Michalover, 1970; Colby et al., 1977), and the expression of pMMO
versus sSMMO proteins is controlled by environmental concentrations
of copper. High copper concentrations induce the organism to express
PMMO and therefore lead to high pMMO activity, whereas limited or no
copper induces cells to express SMMO - this is known as the “copper
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Experimentally-derived net fractionation factors in this study and published data in Wang et al. (2016) and Krause et al. (2022). The numbers in parentheses represent the range

of f for the data used in the calculation.

Experiment Ba 1o Do 1o 13CD 1o 13CDy, 1o DDy 1o DDy, lo

37 °C (f > 0.668) 0.9671 0.0011 0.6967 0.0101 0.6716 0.0110 0.9968 0.0218 0.4309 0.0193 0.8877 0.0474
37 °C (f < 0.556) 0.9887 0.0003 0.8892 0.0028 0.8775 0.0031 0.9981 0.0047 0.7542 0.0064 0.9539 0.0101
27 °C (f > 0.374) 0.9713 0.0024 0.7452 0.0209 0.7249 0.0227 1.0015 0.0422 0.5291 0.0387 0.9528 0.0878
27 °C (f < 0.374) 0.9649 0.0049 0.6683 0.0466 0.6396 0.0507 0.9919 0.1048 0.3392 0.0929 0.7595 0.2334
21 °C 0.9757 0.0002 0.7742 0.0022 0.7580 0.0024 1.0035 0.0043 0.5841 0.0043 0.9745 0.0091
No-Cu (f < 0.574) 0.9911 0.0005 0.8304 0.0093 0.8234 0.0097 1.0005 0.0163 0.6526 0.0191 0.9464 0.0349
High-Cu (f > 0.743) 0.9670 0.0018 0.7012 0.0161 0.6772 0.0175 0.9987 0.0346 0.4459 0.0303 0.9069 0.0744
Krause et al. (20 °C) 0.9848 0.0001 0.7265 0.0010 0.7141 0.0011 0.9981 0.0017 0.4757 0.0023 0.9013 0.0045
Wang et al. (30 °C) 0.9880 0.0003 0.8950 0.0030 0.8847 0.0030 1.0005 0.0003 N/A N/A N/A N/A
Wang et al. (37 °C) 0.9780 0.0010 0.7980 0.0100 0.7804 0.0098 1.0000 0.0007 N/A N/A N/A N/A

switch" (Stanley et al., 1983; Prior and Dalton, 1985; Nielsen et al.,
1997; Koo and Rosenzweig, 2021).

In this study, progressive and substantial cellular uptake of dis-
solved copper occurs during population growth, which is indicated
by the significant drop of [Cu2+]aq in the 37 °C experiments with 5
pM initial dissolved copper (Figure S3). It is worth noting that the
maximum [Cu2+]aq in both Cu-supplemented experiments are lower
than the total Cu added by five to six fold due to the precipitation
of copper salts. However, the loss of [Cu2+]aq due to microbial uptake
is replenished by the re-dissolution of Cu-bearing precipitates, which
is supported by the observation that the [Cu2+]aq remains above 7 pM
over the entirety of the high-Cu experiment (Figure S3). The [Cu“]aq in
the media changes from abundant at the beginning to depleted at the
end of the 37 °C experiments with 5 pM Cu due to microbial uptake,
which could trigger the “copper switch”. In contrast, cells in the no-Cu
experiment are always Cu-limited and therefore expressing sMMO, and
that the high-Cu experiment is never Cu-limited and so cells express
primarily pMMO.

In principle, it is possible that the change in net fractionation
factors is a result of the change in the activity of pMMO versus sSMMO.
However, the change in net fractionation occurs in both the no-Cu and
high-Cu experiments (Fig. 3C, 3D, 3G, 3H), indicating that the shift in
net fractionation is unlikely to result from enzyme-specific effects. In
the high-Cu experiment, the calculated net fractionation factors using
data points with f > 0.743 are similar to the result of the 37°C (f
> 0.668) experiment (Table 2). The two data points with f < 0.328
show the same isotopic depletion relative to the regression line derived
from the points with higher f values, which is the same as the trend
in the 37 °C experiment (Fig. 3C, 3D, 3G, 3H), so are not included
in the regression. In the no-Cu experiment, even though the highest
f value for the data points is 0.574 (Table 1, Fig. 2), which is the
lower boundary of f values where fractionation factors change, the
corresponding net fractionation factors calculated without time zero are
very similar to 37 °C (f < 0.556) (Table 2, Fig. 3C, 3D, 3G, 3H).

The change in net fractionation factors correlates with the quantity
of residual methane, not the change in copper availability. We show
that the clumped isotope fractionation values are similar for pMMO-
dominant (high-Cu) and sMMO-dominant (no-Cu) conditions, and that
pPMMO and sMMO do not have unique bulk carbon and hydrogen
isotope fractionation factors, consistent with prior work (Feisthauer
et al., 2011). It is therefore unlikely that enzyme-specific effects are sig-
nificant contributors to the isotopic trajectories we observe for AeOM.

4.1.2. Hydrogen isotope exchange with water

Another putative mechanism for the observed divergence from
Rayleigh fractionation (Fig. 3) is hydrogen isotope exchange between
methane and water. In contrast to AOM, the first step of AeOM
is generally considered irreversible and dominated by large kinetic
isotope fractionations (Lee et al., 1993; Nesheim and Lipscomb, 1996).
If isotope exchange between water and methane were to occur, the
5D of methane should move towards the equilibrium values with water
during the experiment. At 37 °C, the equilibrium fractionation factor
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between water and methane (ay,00)-cp,) is 1.260 (Horibe and Craig,
1995), which translates to 931 and 2181 %o for methane equilibrated
with water having éDof 1433 and 3008 %o, respectively. The ob-
served 6D of methane in the D-spiked experiments are well below the
equilibrium values (Table 2). The other isotope signatures (5'°C ,
ABCH;Dand A”CH,D, ) of the D-spiked experiments are all similar
to the results from the non-spiked 37 °C experiments (Fig. 2A, 2C, 2D).
Therefore, we rule out the possibility of hydrogen isotope exchange
with water.

4.1.3. Reservoir effect linked to methane transport and consumption

With the enzymatic effect and methane-water isotopic exchange
ruled out, we consider a third potential mechanism — the reservoir
effect in a closed-system. In other words, we consider that headspace
methane and intracellular methane are distinct reservoirs. The mea-
sured isotopic signals are those for the headspace methane, the first
reservoir, while the observed fractionation factors result from the com-
bination of cross-membrane methane transport and methane oxidation,
involving transport between the reservoirs and loss of methane to the
second reservoir, respectively.

In order to examine this possibility, we construct and solve a two-
box model to simulate the cross-membrane transport between methane
inside and outside of the cells (Fig. 4). Following Nihous (2010),
we assume that the cross-membrane transport (J;, and J ;) does not
fractionate isotopes, but we do consider the possibility that rates change
over the duration of the experiment. Methane is oxidized inside the
cell, with an oxidation rate of J,.- We assume that the intracellular
oxidation has associated net isotope fractionation factors corresponding
to those calculated at high f values, where reservoir effects are likely
minimal. For simplicity, we assume methane concentrations inside the
cells are at steady state, such that:

J:

n

- J,

out

= 14

oxidize

The ratio between the methane oxidation rate J ;4. and the cross-
membrane methane transport rate J;, can be described as a Damkohler
number (Da) (Bailey et al., 2018):

J oxidize
J;
where Da is a dimensionless number between 0 and 1, and higher Da
values represent more methane oxidation relative to cross-membrane
transport of methane.

For AeOM, only the first step of oxidation is considered since the
reversibility of this step is low, suggesting that it is responsible for
the rate of oxidation and associated kinetic isotope effects (Nesheim
and Lipscomb, 1996). We adopt a reaction network similar to that
utilized for AOM in Liu et al. (2023) (Table 3), with the modification
that reactions are all assumed to be irreversible. This assumption is
supported by the D-spiked experiments, as well as previous studies of
AeOM (Lee et al., 1993). Therefore, only the reactions that break C-H or
C-D bonds are accounted for in Table 3. The experimentally-derived net
fractionation factors represent the ratios of rate constants between the

oxidation rate
diffusive mass transfer rate

Da = = (15)
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Fig. 4. An illustration of the two-box model developed in this study. The closed-system model only includes the solid arrows while the open-system model includes both the
solid and hollow arrows. Methane is distinguished as extracellular methane (blue box) and intracellular methane (yellow box). The measured isotope signatures are the isotope

compositions of extracellular methane. Cross-membrane transport rates are marked as J;,
and have the isotope fractionation derived from the experiments. The open-system model has additional advection input and output rates (7}, and T,

represented by J iz
as the hollow arrows) without isotope fractionation.

Table 3

and J,, and assumed to have no isotope fractionation. Methane oxidation rate is

> Shown

Reactions, rate constants and fractionation factors used to calculate isotope fractionations during AeOM.

The set of fractionation factors used for the 37 °C experiment is given as an example in the table. K

oxidize

is a tunable coefficient for controlling the oxidation rate J4,.. The relation between K ,. and J . is
in the Supplementary Material.

Reaction Rate constant Fractionation factor

2CH, — '?CH; + H ky = Keyigine @ a, = 1.0000 m
2CH,D — 2CH, + D ky = 1/4K, g o Dy = 0.6967 @)
2CH,D — 2CH,D + H ky = 3/4K, g4 Py = 0.6967 3)
2CH,D, — "“CH,D + D ky = 1/2Koygie PP Dby = 0.4309 “@
12CH,D, — '2CHD, + H ks = 1/2 K, gq. "Pa DDy = 0.4309 5)
3CH, — BCH; + H ke = Kouae P By = 09671 (6)
BCH;D — "“CH; + D ky = 1/4 K ggie P Pa B3y = 0.6716 (%)
BCH;D — BCH,D + H ks = 3/4 Ky " Pa 13y = 06716 ®

heavy isotopologues and'?CH, . The measured net D/H fractionations
are weighted convolutions of both primary and secondary fractionation
effects (Ono et al., 2021; Liu et al., 2023). Due to the lack of data
distinguishing primary and secondary isotope effects, we are unable
to quantify the values of primary and secondary fractionation factors
separately in this study. We note, however, that the overall isotope
effects we calculate depend on the combination of primary and sec-
ondary fractionation factors that are embedded in our measured values.
Therefore, our results are not affected by using a single fractionation
factor rather than separate primary and secondary factors explicitly.

We further verified this by deconvolving these effects using exper-
imentally derived primary and secondary fractionation factor ratios
from Wilkins et al. (1994) and Nesheim and Lipscomb (1996), as shown
in Table S3. The details in the calculations are described in the Supple-
mentary Material. As expected, the results show that accounting for the
primary and secondary fractionation factors has no effect on our results
beyond rounding errors (Figure S4). Our simplification of using a single
fractionation factor is therefore justified (e.g. Table 3, reactions 2 and
3), while recognizing that the single fractionation factor represents the
combination of primary and secondary effects. The net fractionation
factors from 37 °C (f > 0.668), 27 °C (f > 0.374) and 21 °C are taken
as representative of the fractionation factors that are absent of reservoir
effects, and they are assumed to be constant throughout each exper-
iment. A set of ordinary differential equations (ODEs) is constructed
to describe the time variation of methane isotopologues inside and
outside the cells, and the numerical solutions are obtained at each time
step (detailed in the Supplementary Material). The temporal change of
abundances are then translated into the changes in isotopologue ratios
with f.

We conducted a sensitivity test to examine how the ratio of the
oxidation rate J_g,. relative to the transport rate J;, (i.e. Da) can
influence the trajectory of isotope signatures. We change the value of
either J;, or J, while keeping the other constant (Fig. 5). To match

oxidize
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the scale of experimental data, we use units of pmol/h for our rates. In
the first test, we use J;, values of 500, 50, 30, 20, 10 and 5 pmol/h at
a fixed Jqi,e Of 3.25 pmol/h (corresponding to K.,4i,e = 1 in Table 3).
In the second test, J;, is fixed at 20 pmol/h, while J_4,. varies, with
values of 0.13, 1.30, 2.16, 3.25, 6.50 and 13.0 pmol/h. Therefore, the
same set of Da (0.0065, 0.065, 0.108, 0.1625, 0.325 and 0.65) are used
in the two tests, and the oxidation trajectories are shown in Fig. 5. For
comparison, we use the Egs. (10) and (11) to calculate the oxidation
trajectory of a simple closed-system Rayleigh process.

The oxidation trajectories that share the same Da have the same
pattern in both bulk and clumped isotope phase space (Fig. 5), illus-
trating that the relative magnitude of methane oxidation rate versus
transport rate is the determining factor of the oxidation trajectories
in this model. However, it is worth noticing that at a low methane
oxidation rate, the total time to reach the same f is longer, which makes
the reaction time an important factor to account for when fitting the
experimental data. When the transport dominates the system (low Da),
the oxidation trajectory is closer to a pure Rayleigh process (Fig. 5).
This means the isotopically fractionated methane inside the cell is
immediately expelled from the cell so that the isotopic composition of
methane outside reflects only the isotope fractionation of the oxidation
process. Conversely, in a transport-limited system (high Da), strongly
fractionated methane gas is not immediately transported out of the
cell, resulting in deviations from Rayleigh fractionation trajectories
(i.e., there is a reservoir effect). As the transport rates decrease to values
of the same order of magnitude as the oxidation rate (e.g. J;, decreases
from 500 to 5 pmol/h, and Da number closer to 1), the trajectory
deviates further from Rayleigh fractionation, eventually leading to a
completely different direction in clumped isotope phase space (Fig. 5A
and 5C). Departures from Rayleigh distillation are more significant
in clumped isotope phase space (Fig. 5A and 5C) than in the bulk
isotope phase space (Fig. 5B and 5D). Similar changes in net isotope
fractionation factors that originate from changes in relative rates of
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Fig. 5. Oxidation trajectories with different J;, and J;4,. values. Panels A and B are oxidation trajectories with varying J;, and constant
and constant J;, in clumped and bulk isotope phase spaces. Oxidation trajectories of pure Rayleigh

phase spaces. Panels C and D are oxidation trajectories with varying J, i
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Josigize 10 clumped and bulk isotope

processes are shown as cyan dashed lines. The numbers by the trajectories mark the values of varying rates. The arrows in panel A and C point to the direction of increasing Da.
Variations between Da are less significant in bulk isotope phase space, thus only four curves with Da = 0.0065, 0.108, 0.325 and 0.65 are shown in panel B and D.

transport and consumption have been reported for bulk carbon isotope
fractionation during microbial aerobic methane oxidation (Templeton
et al.,, 2006) and for S isotopes during sulfate reduction (Wing and
Halevy, 2014; Sim et al., 2017).

4.2. Constraints on the Damkdohler number

Results from the box model indicate that varying Da over the course
of the experiments allow us to best fit the isotopologue trajectories
during methane oxidation in the 37 °C and 27 °C experiments. To
illustrate, the J 4, in Eq. (15) is set as the total methane oxidation
rate calculated from the experimental data (Figure S1). We then assume
that the cross-membrane transport is diffusion dominated, where the
transport rate follows Fick’s law. Given that the total methane transport
J,, is under-constrained here, we parameterize Da using the following
equation adopted from Clark et al. (2014):

d[CH,4]
dt

D
Neen ra [CH4]outside

where d[CH,]/dt is the experimentally-derived total methane oxidation
rate in pmol/h, and [CH4lyyige IS the measured headspace methane
concentration. The cell-specific cross-membrane diffusion rate is pa-
rameterized by the ratio of methane diffusivity (D) to the square of
the radius of the cells (R), as well as by the headspace methane
concentration. The total cross-membrane methane transport is obtained
by multiplying the cell-specific rate with the total number of cells
(Nep)- Assuming the diffusivity D is constant at a specific temperature,
the temporal change in the total transport rate is attributable to changes

J

oxidize

i

Da =

(16)
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in the number of cells (N,,), the radius of the cells (R), as well as in
the headspace methane concentration ([CH,4]si4e)> Which is monitored
throughout the experiments. N can be constrained by the ODgq
of the culture (Mira et al.,, 2022). Since we lack the N to ODgg,
calibration, we assume that N, is proportional to ODg,, based on
previous data (Zaarur et al., 2017; Mira et al., 2022):

ODgoy = keelt * Neenr a7

where k), is the linear conversion factor between ODgo and N;. The
cell radii R is affected by several factors including the availability of
nutrients and the growth stage of the cell (Chien et al., 2012), and thus
more difficult to parameterize. In order to fit our experimental isotope
data, and for simplicity, we assume that ODg is proportional to R,

which reflects the increase of cell size with microbial growth:
ODgyy = kg * R. (18)

Similarly, kg is the conversion factor between ODgqo and R. With eqn.
(17) and (18), Eq. (16) can be rewritten as:

dICH,) d[CH,]
T S === : 19)
' CHy Jous
kcel? ODg [CHylouside ODggo [CHylouside

The ODgy, as a function of time in Eq. (19) is derived from the
experimental data, as shown in Figure S5 A. k is a combination of
constants kg, k. and D. The value of k at each temperature is obtained
from the best fit for the isotope data.

The model curves in bulk and clumped isotope phase space are
shown in Fig. 6. The best-fit values for k are 0.14, 0.058 and 0.03
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Fig. 6. Modeled oxidation trajectories in clumped (panel A) and bulk (panel B) isotope phase space. Data from the 37 °C, 27 °C and 21 °C experiments are fitted by the model.

The parameterized J,

oxidize

for the 37 °C, 27 °C and 21 °C experiments, respectively. Assuming
ke and kp are constant across all temperatures, the decrease of k
with temperature indicates that D also decreases with temperature,
consistent with the normal temperature dependence of diffusivity in
general (Cussler, 2009). The model values for Da increase from 0.001
to 0.855, 0.00007 to 0.803, and 0.0015 to 0.061 in 37 °C, 27 °C and
21 °C experiments, respectively (Figure S5). This is due to a decrease
in J;,, as well as an increase in J 4, With microbial growth. J_4i,e in
the model increases linearly from 0.077 to a maximum of 3.79 pmol/h
at 27 °C, while it increases as a fourth-order polynomial with time
from 3.75 to a maximum of 30 pmol/h at 37 °C (see the Supplementary
Material). These changes in rate are used to make the model integrated
average methane oxidation rate match the observed total methane
oxidation rate. In the 21 °C model, J 4, is kept at a constant value of
0.96 umol/h since the observed total methane oxidation rate is constant.
Values for J;, decrease with time in all three models as a combined
result of the increase in ODg, and the decrease in headspace methane
amount (see Eq. (19) and Figure S1). It is worth highlighting that we are
only providing one physically reasonable way to parameterize N and
R with ODg(, and uncertainties remain in the assumptions we made
on the relationships between these three variables. Further tests show

2 . 1 1
that the N_,;/R* proportional to values between b and —; can

fit the isotope data by scaling the constant k (see the Supplemﬁghtary
Materials). Assuming N, is proportional to ODgy, this corresponds
to a 12 to 28 fold increase and a 7 to 13 fold increase in R for the
37 °C and 27 °C experiments, respectively. Despite these uncertainties
in the parameterization of Da, the general conclusion that the increase
of Da with the progression of the experiments results in the deviation
from Rayleigh fractionation curves holds true.

In summary, the model indicates that in the 37 and 27 °C experi-
ments, the magnitudes of oxidation rates are much smaller than trans-
port rates at the beginning, but they become comparable to transport
rates by the end of the experiments. In contrast, in the 21 °C experi-
ment, the system remains dominated by transport rate throughout due
to a low oxidation rate at the lower temperature.

4.3. Open system model with different cross-membrane transport

In many natural environments, aerobic microbial methane oxidation
can occur in an open system as well. An example of such a system
is methane diffusing up a stratified lake water column as described
in Giunta et al. (2022). The 4'3*CH;Dand 4'?CH,D, signatures of
AeOM in an open-system with advection show different trends than
those during closed-system AeOM. The influences of y and the ratio be-
tween oxidation and advection (¢) were initially investigated by Wang
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J,, and Da used for each curve are shown in Figure S5. The increases in 4'"?’CH,D, values with f are due to increases in Da.

et al. (2016) and Krause et al. (2022). Following the example of these
previous works, we define ¢ as the ratio of methane oxidation rate and

total advective input rate (Fig. 4):
¢ — J, oxidize
T;

1

(20)

In this formulation, ¢ = 1 represents a fully oxidative system in which
all methane gas advected into the system is oxidized, while ¢ = 0
represents a fully advective system in which all methane gas flows
through the system without oxidation. The basic assumptions in the
open-system model are: (1) the advection input (T}, in Fig. 4) has the
same isotopic composition as the initial headspace methane; and (2)
there is no isotope fractionation during advection. Based on the ODE
set described in section 4.4, we construct a new ODE set by adding
two terms for advection in and out of the system, and the numerical
solutions are obtained as before. Since input and output rates are fixed,
steady states between the reaction and the flow are attained. For the
methane oxidation, we use the fractionation factors derived from the
37 °C experiment. The difference in whether distinguishing the primary
and secondary isotope effect or not can be neglected (Figure S4), thus
we are using the net fractionation factors here as well. We test the effect
of the Damkohler number discussed in section 4.4 on the steady-state
clumped isotope signatures at different ¢ values (Fig. 7). The curves in
Fig. 7 are not individual time series, but rather each point on the curve
represents a steady-state clumped isotope signature in an open-system
scenario with specific values for Da and ¢. At the same Da, the effect
of ¢ on clumped isotope ratios closely resembles the effect described
in Krause et al. (2022), with higher ¢ values resulting in more positive
A2CH,D, values at steady state. Conversely, the effect of higher Da
values at a fixed ¢ value is a more positive A'3CH;D value. On the other
hand, the effect of Da on A!2CH,D, is not unidirectional, marked by a
less range of variation in 4'>2CH,D, value at high Da. However, the
effect of Da is minor compared with ¢ and the general trend of higher
¢ having more positive 4'2CH,D, values is not affected by different
Da.

4.4. Implications

The results of this study reflect the sensitivity of the oxidation
trajectory in clumped isotope phase space to net fractionation fac-
tors. Analogous results were obtained in some previous studies (Wang
et al., 2016; Whitehill et al.,, 2017; Ono et al., 2021; Krause et al.,
2022; Liu et al., 2023). Experimental data indicate that the varia-
tion of net fractionation factors in this study is unlikely to be the
result of the change in relative activity of pMMO and sMMO nor
the isotope re-equilibration between water and methane. We propose
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Fig. 7. Steady-state clumped isotope signatures in the open-system model. Each curve represents one value of Da, and each point on a curve represents a specific ¢ (marked by
the number by the point). The directions of increasing ¢ and Da are shown by the two arrows in the figure.

that variations in fractionation factors can arise in closed systems
by changes in the relative magnitudes of cross-membrane methane
transport and methane oxidation rate (i.e., Damkohler number, Da).
When transport rate is high relative to oxidation rate, the oxidation
trajectory resembles Rayleigh fractionation, and the net fractionation
factors are close to the fractionation factors of methane oxidation.
However, the net fractionation factors shift towards unity when the
transport rate is about the same order of magnitude as the oxidation
rate, causing the oxidation trajectory to deviate significantly from a
Rayleigh fractionation trend (Fig. 5). This effect is more prominent
for A2CH,D, as it reverses the sign of the trend (Fig. 5, Fig. 6).
Therefore, the growth temperature (growth rate) does not alone control
the clumped isotope ratios. Rather, temperature controls relative rates
of oxidation and diffusion, which in turn determines the value for
Da (Eq. (15)) and thus isotope fractionation. The combined result of
cross-membrane transport and methane oxidation determines the iso-
topologue effects on residual methane, requiring a distinction be made
between experimentally-derived fractionation factors and the actual
fractionation factors of aerobic oxidation. Systems with low methane
(or oxygen) concentration and fast methane consumption will exhibit
large offsets between the fractionation factors intrinsic to the oxidation
reaction and those observed.

Oxidation trajectories in methane clumped isotope space in closed
systems at high Da values resemble those in an open-system oxidation
trending towards steady state (Haghnegahdar et al., 2017; Whitehill
et al., 2017; Krause et al., 2022; Haghnegahdar et al., 2023), both being
characterized by very positive and increasing A'>CH,D, values. In our
two-box model for closed systems (Fig. 4), the cells behave like the
representative elementary volumes in open-system models in previous
studies (Wang et al., 2016; Krause et al., 2022), but with an important
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difference: open-system models typically assume methane is advected
into the system with constant isotopologue ratios, while in the closed
system, the isotopologue concentrations of methane transported into
the cells are changing. The isotopic signature of atmospheric methane
oxidation can be better described by our two-box model for open
systems (Fig. 7, Eq. (20)). T;, is the total methane emission rate into
the troposphere and J;, is the methane transport rate from troposphere
to stratosphere, and J4,. is the methane oxidation rate by Cl and
OH radicals in stratosphere. In this case, the open-system model results
reflect the clumped isotope signatures of troposphere methane.

The recently reported clumped isotope compositions of atmospheric
methane, which are strongly influenced by AeOM, show less posi-
tive A12CH,D, values than expected from the models in which the
source was assumed to be near isotopologue equilibrium (Haghnegah-
dar et al., 2023). This highlights the strong dependence of end-point
isotopologue compositions on the initial composition. In our experi-
ment, the initial methane tank gas is at thermodynamic equilibrium
at a temperature of about 165 °C. If the initial methane isotopo-
logue compositions begin with much lower A!2CH,D, values, in the
microbial field, but follow the same oxidation trajectory as observed
in this study, the resulting residual isotopologue compositions are
expected to be near the equilibrium curve in mass-18 isotopologue
space, with slightly positive A'2CH,D, values (Fig. 8). The same ar-
gument applies to the open-system model. Under these circumstances,
methane gas from a microbial origin affected by AeOM will no longer
show the indicative negative A'?CH,D, values typical for microbial
methanogenesis (e.g., Young et al.,, 2017), but may instead exhibit
positive A'>2CH,D, values resembling either thermodynamic equilib-
rium, or even "hyper-clumped’ 4'>CH,D, values, similar to atmospheric
methane (Haghnegahdar et al., 2023). Our findings can be applied
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Fig. 8. A summary of the potential effects of AeOM on the original clumped isotope signatures. The fields of clumped isotope values are adopted from Young et al. (2019), Etiope
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in the future to tracking methane in natural and engineered systems
where both microbiological production and oxidation occur, such as in
deep and near subsurface fracture and hydrocarbon reservoirs, marine
and lacustrine systems, and more recently, during carbon storage and
methane removal (Young et al., 2017; Wang et al., 2018; Ash et al.,
2019; Giunta et al., 2019; Thiagarajan et al., 2020; Nothaft et al., 2021;
Warr et al., 2021; Tyne et al., 2021; Giunta et al., 2022; Bojanova et al.,
2023; He et al., 2023).

Although the two-box model presented here fits the data very well,
we are unable to quantify the variation of total methane transport
with time in the experiments. Future studies with cell count, cell
size and OD data, or direct quantification of methane uptake and
oxidation (e.g. using isotopically-labeled methane) are necessary to test
the model. Additionally, our model only accounts for total methane ox-
idation and transport, but cell-specific methane transport and methane
oxidation rates may also influence the clumped isotope signatures,
leaving considerable room for further study.

5. Conclusions

This study contributes to the development of methane clumped
isotope as a tracer of methane cycling. Here we determined the role
of growth rate on the isotope signatures (§'3C , 6D, 4*CH;Dand
A2CH,D, ) of residual methane in closed-system aerobic biooxidation
experiments. The results show variations of oxidation trajectory with
growth rates. Further investigations indicate that the variation is in-
dependent of the primary oxidase enzyme (controlled by the copper
concentration), nor due to the hydrogen exchange between methane
and water. Rather, our model suggests that the variation is a result
of the Damkdhler number exerting a strong influence on the clumped
isotope signatures in closed systems. While our model indicates that the
general clumped isotopologue trend of open-system methane oxidation
is not significantly affected by the Damkdohler number, methane oxida-
tion in many natural environments occurs in partly or mostly closed
systems. Therefore, our findings will have broad application in future
studies.

The results of this study underscore the role microbial activity plays
in setting the bulk and clumped isotope compositions of methane in
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Earths atmosphere. With these estimates of aerobic methane fractiona-
tion, we add a tool with which to diagnose the provenance of methane
in environments where methane and oxygen are available for microbial
respiration. Future studies on the relationship between rates of methane
transport versus oxidation are required to validate the model developed
above.
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