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The stable carbon isotope signature (§**C) of methane (CH,) is used to discriminate
o0 between biological, thermogenic, and abiotic sources. Methanogens, or methane
- producing archaea, inhabit a broad range of chemical conditions. Many of these envi-
ronments are replete in dissolved inorganic carbon (DIC), causing isotopically
during  depleted 8§'°C biogenic CH,. However, some extreme environments inhabited by
methanogens, such as serpentinising systems, exhibit low carbon dioxide (CO,)
availability, replete H, and isotopically enriched §'*C CH, that is outside the known
biogenic range. We measured the §°C of CO,, biomass, lipids, and CH, during
hydrogenotrophic methanogenesis under hydrogen replete conditions with a limited

carbon pool to investigate carbon isotope dynamics at complete DIC consumption. As theory predicts, we found that the final,
accumulated methane §'3C values closely reflect the §'3C of the initial DIC supply, and that methane is more *C enriched than
biomass and lipids. This provides the first experimental evidence that methanogens can achieve complete carbon consumption
and thus can produce accumulated CH, products that isotopically reflect the initial CO,. These data show that the range of
possible §'°C values from biogenic methane needs to be expanded for natural environments impacted by extreme carbon

limitation.
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¥ Introduction

Methane is an important energy source, greenhouse gas, and
potential biosignature on Earth and other planetary bodies
including Mars and Enceladus (Schulte et al., 2006; Waite et al.,
2017). The stable isotope composition of methane is often used
to distinguish between abiotic, thermogenic, and microbial
sources on Earth (Schoell, 1980). However, there is ongoing
debate about the isotopic range that is possible in biogenic meth-
ane (Etiope and Sherwood-Lollar, 2013), complicating interpre-
tation of methane sources in disciplines such as natural gas
exploration, origin of life studies, and extraterrestrial life
detection.

Hydrogenotrophic methanogenesis, or the oxidation of Hp
to reduce CO, to CH,, is the autotrophic mode of growth and
most relevant methanogenesis pathway regarding the study of
early Earth and the search for extraterrestrial life (Schulte et al.,
2006). Hydrogenotrophic methanogenesis usually results in
methane with a §°C range of —110 %o to —60 %o (Elvert et al,,
1999; Conrad et al., 2011). Factors including environmental stress,
substrate availability, and metabolic reversibility control where
biogenic methane plots within this range (Fuchs et al, 1979;
Valentine et al., 2004) with metabolic net fractionation (¢'C) esti-
mated to range between 20 %o to =106 %o (Gropp et al., 2021).
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In contrast, abiotic environmental methane is more 3C enriched,
with values as depleted as —47 %o to enriched positive values
(Etiope and Sherwood-Lollar, 2013).

One example of environments where the source of meth-
ane remains ambiguous includes serpentinising systems, where
water-rock reactions produce H, and CH,4 and cause extreme
carbon limitation due to high alkalinity (Nothaft et al., 2021).
The §"3C of CO,/DIC found in natural serpentinites with high
H, concentrations is —1.08 %o to —25.3 %o and methane detected
in these systems can be relatively enriched in ¥C when com-
pared to most natural environments, with §'*C values as positive
as +5 %o (Etiope and Sherwood-Lollar, 2013; Etiope et al., 2016;
Miller et al., 2016; Nothaft et al., 2021). The seemingly abiotic sig-
nal of methane in these serpentinites has sparked debate regard-
ing the potential contribution of microbial methanogenesis since
autotrophic methanogens have also been found in these systems
(Miller et al., 2016, 2018; Nothaft et al., 2021). In theory, metha-
nogens will produce methane with the same isotopic composi-
tion as the starting CO, at complete DIC consumption (Meister
et al., 2019). However, the lack of net carbon isotope fractiona-
tion at complete DIC consumption has not been experimentally
shown. Here, we aim to address the question whether hydroge-
notrophic methanogens will actually produce isotopically heavy
methane in a carbon limited system.
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Lipids, which are utilised by all terrestrial life for energy
storage and the construction of cellular membranes, are the most
chemically stable polymer and can be preserved for over hun-
dreds of millions of years within sediment (Sessions et al.,
2004). Like methane, lipids have carbon isotope signatures that
store metabolic and/or environmental information. Carbon limi-
tation has been seen to cause a smaller depletion in §'°C of
methanogen lipids when compared to carbon replete conditions,
regardless of substrate (Londry ef al., 2008). §°C of lipids ana-
lysed from carbon limited serpentinising systems have shown
13C isotopic enrichment, with an average 8'3C of +2 %o and a
high of +14 %o compared to typically depleted values of ~—50 %o
or less (Bradley ef al., 2009; Zwicker et al., 2018). It is unknown
whether lipids follow the same trend as methane with respect to
carbon isotope fractionation under carbon limitation.

This study thus investigates the carbon isotope composi-
tion of methane, biomass, and lipids of hydrogenotrophic
methanogen Methanococcus maripaludis S2 in a closed system
under DIC limitation with excess H,. We hypothesise that 3C
enriched methane should form from biological activity under
extreme carbon limitation, giving rise to methane with §'3C val-
ues indistinguishable from abiotic methane.

! Methods

Experimental setup. Anaerobic batch cultures of Methanococcus
maripaludis S2 were grown hydrogenotrophically in 160 mL
serum vials in a modified DSMZ141 media devoid of yeast
extract, cysteine, and other organic carbon sources. Cultures
were given excess Hy at 20 psi (7.4 mmol) as the electron donor
and 1.08 mmol inorganic carbon (NaHCO;) as the electron
acceptor and sole carbon source. Cultures were continuously
stirred at 625 rpm to increase the gas transfer rate between head-
space and liquid. Cultures were grown at an initial pH of 6.7 and
temperature of 37 °C. Optical density was measured continu-
ously throughout growth at 630 nm. One vial was not inoculated,
and the incubation was terminated immediately to capture initial
DIC. Four incubations were terminated along various points of
exponential growth phase. At termination, exponential cultures
were injected with phosphoric acid to stop growth and release all
remaining DIC into headspace. Three cultures were allowed to
consume the entire DIC pool and sampled in early stationary
phase. A small portion of stationary culture medium was acidi-
fied to determine if any DIC remained.

Headspace gas (CO,, CH,, and Hy) from acidified samples
was transferred via gas-tight syringe to sealed serum vials filled
with a 30 % NaCl solution for preservation until analysis (Gan
et al., 1998). After headspace sampling, biomass from stationary
phase cultures was pelleted and freeze dried. Biomass pellets
were divided in half for bulk biomass analysis and lipid extrac-
tions. Bulk biomass was oven dried to prepare for analysis.

Lipids were extracted from biomass by acidic hydrolysis metha-
nolysis (Zhou et al., 2020). Phytane was extracted from the total
lipid extract by ether cleavage and hydrogenation (Kaneko
et al., 2011).

Sample analyses. Headspace gases (CO,, CHy, and Hy)
were quantified on a gas chromatograph with flame ionisation
and thermal conductivity detectors (SRI GC-FID/TCD Multi-
Gas #5 Configuration). 8*C of CO, and CH, were measured
on a Picarro Ring-Down Spectrometer G2201-I and §*H of
CH, on a gas chromatograph isotope ratio mass spectrometry
system (Thermo Scientific GC TraceGas Ultra system connected
to a Thermo Scientific Delta V Plus).

Bulk biomass §'*C was analysed on a Thermo Delta V con-
tinuous flow stable isotope ratio mass spectrometer attached to a
Thermo Flash2000 Elemental Analyzer. Phytane was quantified
on a GC flame ionisation detector (GC-FID Thermo TRACE
1310) and identified on a single quadrupole gas chromatography
mass spectrometer (GC-MS Thermo ISQ LT with TRACE 1310).
The §3C of phytane was measured on a GC pyrolysis isotope
ratio MS (GC IsoLink II+MAT253 Plus IRMS, Thermo
Scientific).

All carbon and hydrogen isotope measurements were
corrected using standards of known isotopic composition
and are reported in the conventional delta notation vs. the
Vienna Pee Dee Belemnite (VPDB)/Vienna Standard Mean
Ocean Water (VSMOW) international scales respectively:
dC= []3C/]QC]samp[e/[BC/lZC]VPDB -1 H= [ZH/]H]sample/
[H/'H]ysmow — 1. Observed isotope fractionation between
two reservoirs is reported in alpha and epsilon notation: 3¢,;, =
Boa —1=["C/"C]/[PC/"Cl, — 1. § and e values reported in
per mille (%o) are implicitly multiplied by a factor of 1000
(Coplen, 2011).

I Results and Discussion

During methanogenesis, CO, was fully consumed while H,
remained in excess throughout the experiment. As CO, was con-
sumed, the distillation process increased §'*C CO, from —2.8 %o
initially to +78.5 %o in late exponential phase (see Table 1).
Conversely, methane started relatively depleted with &%C
CH, —23.6 %o at the first measurement point (when ~42 % of
the CO, was consumed) and increased to —2.5 %o (i.e. slightly
above the starting value of CO,) at the end of the distillation
when the methanogens reached stationary phase and had con-
sumed >99 % of the COs,.

The 8'C values for biomass and phytane measured in
stationary phase were significantly more depleted than the
methane that had accumulated at this point (Table 1), with
138biomass/methane =-5.3 %o and 138phytane/methane =-16 %o. The
biomass yield estimate from isotopic mass balance of the final

Table 1 §'3C and 8§%H of methanogenesis products during complete carbon consumption. Stationary measurements represent 3 replicate
cultures. All other measurements represent 1 culture. Errors represent the propagated standard error of the mean.

Samples % E105 813CO, (%o) S18CH, (%o) 813C (%o) phytane 873C (%) 8%H (%0) CH
remaining 2 4 biomass 4

starting 100.0+2.8 —-2.8+0.5

early-exponential 579+23 +15.7£0.6 —23.6+0.5

early/mid-exponential 38.4+23 +28.8+0.9 -21.5+0.7

mid/late-exponential 23.6+2.3 +512+1.4 -16.1+0.7

late-exponential 132+18 +785+2.3 -12.0+0.7

stationary 0.6+14 -25+04 -18.5+0.4 -7.8+0.4 —437 +14
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methane and biomass is 6.4 %, assuming no other significant
sinks of carbon. This yield is lower than other estimates with
abundant substrate but comparable to those with limited
substrate (Londry et al., 2008).

Carbon isotope fractionation between methanogenesis
products. The net carbon isotope fractionation between biomass
and methane measured in stationary phase is shown in Figure 1
together with literature data.

Overall, the data follows the trend that carbon limitation
decreases the isotopic offset between biomass and methane.
However, data from this study inverts the fractionation typically
observed in laboratory experiments (Fuchs et al., 1979; Summons
et al., 1998; Londry et al., 2008; Nguyen et al., 2020): methane in
our cultures is more isotopically enriched than biomass (see
Fig. 1; € < 0 %o/a < 1). Fractionation between lipids and methane
exhibits the same pattern (Fig. S-1).

We thus observe that extreme carbon limitation in a closed
system causes the isotopic signature of accumulated biomass to
be more 3C depleted than methane. We hypothesise this could
occur if biomass is primarily synthesised early on when there is
abundant CO, available for both catabolism and anabolism. If
methanogens prioritise the energy producing catabolic pathway
of methanogenesis and reduce CO, fixation as CO, becomes
limiting, the isotopic composition of biomass remains at rela-
tively light values compared to the still accumulating methane
that is produced from the increasingly enriched residual CO,
(illustrated in Fig. 2 in the “anabolism stops” model).
Although the impact of carbon limitation on biosynthesis inhib-
ition has not been experimentally investigated in methanogens,
inorganic carbon limitation has been found to increase energy
producing metabolisms and decrease cell yield in ammonia oxi-
dising bacteria to account for increased cellular maintenance
energy requirements (Jiang ef al., 2015; Mellbye et al., 2016).
Additionally, hydrogenotrophic methanogens have been found
to uncouple biosynthesis from methanogenesis during stressful
situations, including phosphate limitation (Leigh et al., 2008). As
shown in Figure 2, such a decrease in biomass yield over time
could cause the accumulated biomass in our experiments to
be more isotopically depleted than final accumulated methane
because it was predominantly produced from CO; early during
the distillation when CO, was not yet as heavily *C enriched.
The accumulated methane is isotopically heavier than the bio-
mass because methane generation continued when CO, was
sparse and 3C enriched from the distillation process. This inter-
pretation implies that the §'°C of lipids and biomass may not
reflect the final environmental state but rather reflect a time of
high CO, availability.
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Figure1 Carbon isotope fractionation between bulk biomass and
methane from lab grown methanogens. TMA: trimethylamine.
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Figure 2 NLS model of CO, distillation during methanogenesis
with 8§'3C of substrate and accumulated products plotted against
% CO, remaining over the course of culture growth. Lines re-
present modelled trends and points represent data from this study.
The grey vertical line represents the step increase in metabolic frac-
tionation that best fits the data (see text). The dark grey area rep-
resents stationary phase. The light grey area represents the stop of
anabolism in the adapted model. Horizontal error bars represent
standard errors. Vertical error bars are smaller than symbol sizes
(Table 1).

Rayleigh distillation and CO, consumption. The observed
isotopic compositions of methane and CO, fit a Rayleigh distil-
lation model with increasing metabolic fractionation well. In its
simplest form, this takes the shape of a two-step distillation
process as illustrated in Figure 2 with an initial CO,-CHy frac-
tionation of —29.6 + 2.3 %o that becomes more heavily fraction-
ating (—44.0 £2.5 %o) after ~55 % of CO, is consumed (all 3
parameters estimated simultaneously by non-linear least
squares NLS data fitting in R; RMSE 2.2 %o). This model reflects
a closed system that starts with all the carbon as 100 % reactant
(COy) and ends with 100 % products (CH, and biomass) and
both methanogenesis and biomass production stop once all
COy, is consumed. The total biomass yield is assumed to be
the 6.4 % inferred from overall isotope mass balance. As
expected from a Rayleigh distillation process, residual CO,
and accumulated CH,4 and biomass systematically get isotopi-
cally heavier as CO; is consumed. The offset between the bio-
mass and methane curves (=5.3 %o) results from the
constraint posed by the isotopic composition of the final prod-
ucts. At full DIC consumption, the accumulated methane is
slightly enriched compared to the initial 8'3C of CO, (initial
8BCcop = —2.8 %o, final §13Ccryy = —2.5 %o). This is the expected
outcome from near complete consumption of CO, in a closed
system for the majority product. By isotope mass balance, CH,4
will be necessarily enriched compared to CO; if biomass is more
depleted than CO..

A modification of this model where anabolism stops as
CO, becomes increasingly limiting can explain the observed iso-
topic composition of the accumulated biomass with a positive
biomass CHj fractionation factor (e > 0) that is consistent with
literature data under non-carbon limiting conditions (Fig. 1).
For example, if the methanogens stopped fixing carbon at a
threshold of 15 % CO, remaining (example “anabolism stops”
in Fig. 2), the metabolic fractionation factor between biomass
CH,4 would be estimated at +8.9 %o. The exact value of the frac-
tionation factor depends on the threshold at which anabolism
stops, which is not fully constrained by the available data (see
Fig. S-2). However, based on the available literature data
(Fig. 1), we hypothesise that this threshold model (“anabolism
stops” in Fig. 2) is a more accurate representation of biomass

Geochem. Persp. Let. (2025) 37, 35-39 | https://doi.org/10.7185/geochemlet.2543 37


https://www.geochemicalperspectivesletters.org/article2543/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2543/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2543

Geochemical Perspectives Letters

fractionation, with biomass more enriched than the accumulated
methane during initial metabolism until anabolism stops and the
accumulated methane continuing to get more enriched from the
distillation process. The resulting estimates of the methanogen-
esis fractionation fall into a narrow range regardless of when
anabolism stops and closely match the estimates from the sim-
pler model (“anabolism continues” in Fig. 2): the initial frac-
tionation is —30.0 to 29.6 %o and increases to —45.5 to —43.7 %o
after ~55 % of CO, is consumed. These CO,-CH, fractionation
factors fall well within the possible range of methanogenic frac-
tionation (=106 %o to —20 %o, Gropp et al., 2021). See SI for all
equations and github.com/KopfLab/2025_batther_et_al._C_
limitation for implementation.

Environmental implications. These experimental findings
and comparison to model predictions show that biological CH,4
can span the full range of 8'*C CH, space depending on carbon
availability and environmental conditions, such as hydrogen
availability, rather than being constrained by the previously
inferred microbial range (Fig. 3). The potential biogenicity of
methane cannot be ruled out even if there is little isotopic frac-
tionation between methane and the bulk carbon pool of any sys-
tem. Rather, the lack of isotopic fractionation may be more
indicative of extreme carbon limitation controlling the methane
producing reaction pathway. Although such carbon limitation
may be rare, environments such as serpentinising systems are
an excellent example on Earth that may also be relevant to hab-
itable rocky bodies in our solar system, and where the potential
for microbial methanogenesis to produce *C enriched methane
has proven to be controversial. Therefore, the 813C of CH,
detected in the environment cannot be the sole measurement
used to determine the source of CH,, especially to rule out
microbial activity. Given possible overlap with the large range
of 8C CH, formed from Fischer-Tropsch type reactions
(Etiope and Sherwood-Lollar, 2013), multiple measurements will
be required to determine the biogenicity of CH, including
analysis of the Schultz-Flory distribution of higher hydrocarbons,
gene sequencing, lipidomics, or clumped CH,; measurements
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(Nothaftetal., 2021). However, if active biological CH, production
can be confirmed, then the 8'3C of CH, can be used to infer if an
environment is carbon limited or carbon replete.

! Conclusion

This study experimentally demonstrates the impact of full carbon
consumption on the carbon isotope signatures of CH,, biomass,
and lipids accumulated during purely autotrophic methanogen-
esis. The data show that carbon limitation causes accumulated
CH,4 to isotopically reflect initial CO,, which is supported by
our Rayleigh Distillation model and has only been previously
theorised. This can result in the production of biogenic methane
tens of per mille more positive than traditionally assumed. Such
13C enriched biogenic methane contains valuable information
about the extent of C limitation, which is rarely utilised in envi-
ronmental assessments. Instead, the detection of *C enriched
methane has typically been attributed to abiotic sources, which
may sometimes be erroneous. Additionally, we see a greater
depletion of §'3C biomass/lipids relative to CH, than expected,
which could be caused by the inhibition of anabolism by carbon
limitation and is an important physiological response worthy of
further investigation. In summary, the data support the concept
that biogenic methane, biomass, and lipid §**C values predicted
for natural environments need to be significantly expanded to
include the impact of extreme carbon limitation on isotope
fractionation.
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Methods
Media and Culture Conditions

Methanococcus maripaludis S2 cultures were grown anaerobically and hydrogenotrophically in a modified
DSMZ141 media (Deutsche Sammlung von Mikroorganismen und Zellkulturen; Braunschweig, Germany)
with the following concentrations in mM: MOPS buffer, 50; NaHCOs3, 27; NaCl, 308; MgCl x 6H,0, 19.7;
KH>PO4, 1.0287; KCl, 4.561; NH4Cl, 4.674; CaCl, X 2H>0, 0.952; Fe(NHa4)2(SO4)2, 0.005; Resazurin, 0.005;
NaxS x 9H;0, 2. In addition, 10 mL of DSMZ141 trace elements solution and 10 mL of DSMZ141 vitamins
solution were added per litre of media. All chemicals except NaHCO3, Na>S x 9H>O, and DSMZ141 vitamins
solution were added to the media before autoclaving. Pre-autoclave, media was stirred and boiled for 5 minutes,
followed with N2 sparging until cool to promote degassing. Then, 40 mL of media was aliquoted to N2 sparged
160 mL serum vials containing stir bars, which were then sealed with butyl rubber stoppers and crimped shut.
Post-autoclave, serum vials were sparged with H» for three minutes and then sterile, anoxic solutions of
NaHCO3, Na,S x 9H>0O, DSMZ141 vitamins solution were added via syringe and needle. At inoculation, 1 %
culture was transferred in from a living culture with the same conditions as the experiment, and serum vial
headspace was pressurized to 20 psi with H». In total, seven cultures were grown for this experiment, not
including two negative controls.

The initial pH of the media was ~ 6.7 and cultures were kept at a temperature of 37 °C in an incubator. Serum
vials were placed in Modular Internet Controllable Real-time Optical-density Loggers (microLogger) which
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stirred and measured the optical density (OD) of cultures as described in Kopf and Younkin (2025). Cultures
were stirred continuously at a speed of 625 rpm. OD measurements were recorded automatically every 10 min
using a custom 3D-printed bottle adapter fitted with a narrow beam angle 630 nm LED (Marktech
Optoelectronics, MTE7063NK2-UR) as light source and adjustable gain optical sensor (Texas Instruments,
OPT101) as detector controlled by an ARM Cortex M3 powered microcontroller (Particle Industries,
PHOTONH).

Ofthe seven cultures grown, four were terminated at various points of the growth curve and three were allowed
to reach early stationary phase. Of the terminated cultures, one culture was stopped at early exponential phase,
one at early-mid exponential phase, one at mid-late exponential phase, and one at late exponential phase. At
termination, cultures were acidified with 0.5 mL 4 M phosphoric acid to stop growth and release all remaining
DIC into the headspace. 6 mL of media from the three stationary samples was transferred to sealed, N> sparged
60 mL serum vials and acidified with 0.1 mL 4 M phosphoric acid to release any remaining DIC in the media
into the headspace. The remaining early stationary cultures were opened and sampled immediately.

Headspace Measurements

Headspace gas from exponential cultures was sampled directly from acidified cultures and analysed
immediately. Headspace gas from early stationary samples was extracted from culture vials and then
transferred and stored in butyl stoppered and crimped 30 mL serum vials filled with 30 % NaCl saline solution
until analysis. One negative control was acidified with 0.5 mL 4 M phosphoric to release all DIC into the
headspace and analysed for initial DIC concentration measurements.

Headspace gas was run on a gas chromatograph with flame ionization and thermal conductivity detectors (SRI
GC-FID/TCD 8610C Multi-Gas #5 Configuration) with argon as a carrier gas (12 psi) for quantification of
CO», CH4, and H». Pure methane gas (Airgas) and a 1 % standard gas mix of CO, CO,, CH4, and H> (Scott)
were used as quantification standards. Standards were injected in multiple volumes to create calibration curves
for CO», CH4, and Hy. Either 25 pL or 100 uL. of sample headspace was injected into the GC-FID/TCD using
a N> sparged gas-tight syringe and needle. Samples were equilibrated with atmospheric pressure before
injection. Standards and samples were run for 4 minutes at 15 °C. Each standard and sample was measured at
least 3x and the final quantification value was an average of the replicate measurements.

Headspace gas was run on a Picarro Ring-Down Spectrometer G2201-1 for §'*C of CH4 and CO». Samples
were diluted with N> to be within the CO2 range of 380-2000 ppm and the CH4 range of 10-1000 ppm. Samples
were diluted within a 500 mL gas-tight syringe, which was attached to the sample port so that sample could
be gradually pulled into the Picarro. ITAEA-C2 (- 8.24 %o), USGS44 (- 42.21 %0), and IAEA-603 (2.46 %o)
were used as §!°C CO; calibration standards and three pure CHy gasses (- 23.6 %o, - 38.3 %o, and - 68.6 %o)
were used as 8'°C CHy calibration standards. Isotopic measurements of CO, and CHa4 on the Picarro Cavity
Ringdown Spectrometer G2201-1 have been factory calibrated in the presence of ambient air or ultra zero
grade air, both of which have approximately 80 % N> and 20 % O». Changes in the proportion or composition
of the gas matrix can rapidly change the absorbance across the spectrum. At the high sample dilution used in
these measurements, the impact of H> and the lack of O2 were not found to significantly impact the isotopic
measurements. Each §'°C value represents one measurement on the Picarro.

The hydrogen isotopic compositions (§°H, expressed in the VSMOW framework) of CHa was analysed at the
Centre for Isotope Geochemistry at the Lawrence Berkeley National Laboratory using a gas-chromatograph
isotope ratio mass spectrometer (GC-IRMS) system (Thermo Scientific GC TraceGas Ultra system connected
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to a Thermo Scientific Delta V Plus). The methodology employed here follows that described in Turner et al.
(2021). Briefly, headspace gas was sampled using a gas-tight syringe and injected into a 25 pL stainless-steel
loop attached to a 6-port valve (VICI-Valco). The CHs was separated chromatographically on an HP-mole
sieve fused silica capillary column (30 m + 0.32 mm) using helium as carrier gas. Following chromatographic
separation, CH4 was passed through a ceramic tube at 1420 °C, pyrolyzed, and converted to H> for hydrogen
isotopic measurements. Ceramic tubes were pre-conditioned by injecting 250 puL of pure CHy three times the
day before the measurement session. Measured 8°H values were corrected relative to external natural gas
standards acquired from the United States Geological Service HCG-1 (§°H-CH4 of — 64.0 %o), HCG-2 (§*H-
CH4 of — 183.2 %o), and HCG-3 (8°H-CHg of — 224.3 %o) (Dias et al., 2022).

Biomass Harvesting and Lipid Extraction

Biomass was harvested from early stationary samples through centrifugation. ~ 40 mL media was transferred
to a 50 mL falcon tube and spun down at 5000 RPM for 10 minutes at 20 C, 9 ACC, and 8 DEC. After the
first round of centrifugation, most of the media was discarded except 1000 pL which was used to resuspend
cells. Resuspended cells were then transferred to 2 mL microcentrifuge tubes, and subsequently spun down
13,300 RPM for 10 minutes at room temperature. After the second round of centrifugation, the supernatant
was discarded, and biomass pellets were frozen overnight at — 71 °C. The next day, pellets were freeze-dried
for ~ 24 hours. Biomass pellets were stored at — 71 °C after being freeze-dried.

Lipids were extracted from freeze-dried biomass pellets through acidic hydrolysis-methanolysis. 1 pg of
squalane was added as an internal quantification standard to biomass pellets. Pellets were physically destroyed
with furnaced glass disruptor beads in a 1:1 V:V ratio with methanol for 10 minutes at 3000 RPM using a
Disruptor Genie (Scientific 126 Industries, SI-DD38). Excess methanol was evaporated off before beginning
acid hydrolysis. 3 M HCl1 with 33 % H>O content was added to samples, which were then heated for 90 minutes
at 65 °C. Methyl tert-butyl ether (MTBE) and hexane was then added to samples, followed by 5 minutes of
sonification (Qsonica Q500, Newton, CT, USA). Samples were then centrifuged for 5 minutes at 15000 g at
room temperature. The organic phase (hexane/MTBE) was pipetted into combusted 2 mL glass vials using a
glass pipette and bulb. Hexane was added to samples two more times with centrifugation and pipetting of the
organic phase. The organic phase contained total lipid extracts (TLE), which were then dried down under N>
for ether cleavage.

For ether cleavage, hydroiodic acid was added to the dried TLE extract and heated at 120 °C for 4 hours. After
heating, nanopure water and hexane were added to samples. Samples were vortexed for 1 minute and then the
organic phase (hexane) was pipetted into a new set of 2 mL glass vials. The hexane addition, vortexing, and
pipetting were done an additional two times. The samples were then dried down under N». A magnetic stir bar,
PtO2, and hexane were added to each vial. Vials were bubbled with H> for 90 minutes. Samples were then
filtered through ashed glass Pasteur pipette filter columns with glass wool and collected in 2 mL glass vials.
5 ug of quantification standard palmitic acid isobutyl ester (PAIBE) was then added to samples. Samples,
which now contained the target analyte phytane, were dried under N> and stored at — 20 °C until isotope
analysis.

Biomass and Lipid Analyses
The 8'3C of bulk biomass was measured on a Thermo Delta V continuous-flow stable isotope ratio mass

spectrometer attached to a Thermo Flash2000 Elemental Analyzer. Oven-dried samples (~ 50 pg) and a suite
of isotope standards, pugel (- 13.74 %o), L _glut (- 26.51 %), EDTA2 (- 39.59 %0), and actl (- 29.49 %o), were
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weighed into tin capsules before being put onto the instrument. Stable isotope ratios are reported in delta (J)
notation relative to the Vienna Pee Dee Belemnite (VPDB) standard for carbon, where 6 = ([(R sample/R standard)
— 1]), R is the ratio of the heavier mass isotope to the lighter mass isotope, as per mil (%o). In-house R scripts
using R Statistical Software (v4.2.0; R Core Team 2022) and the RStudio 2022.07.0 interface (RStudio Team,
2022) with Tidyverse and IsoVerse packages (Kopf et al., 2021; Wickham et al., 2023) were used for data
correction. Sample 8'°C values were corrected for either blank, offset, drift, linearity, and/or linearity+drift
with a final scale correction.

Lipids were quantified on a GC-flame ionization detector (GC-FID; Thermo TRACE 1310 and identified on
a GC-MS (Thermo ISQ LT with TRACE 1310). Compounds were identified on the GC-MS by comparing
samples to an n-alkane mixture containing pristine and phytane. Phytane was quantified with peak size
comparison between samples and quantification standards squalane and PAIBE.

The §'3C of phytane was measured on a GC-pyrolysis-isotope ratio MS on a GC IsoLink 184 I IRMS System
(Thermo Scientific). The GC-P-IRMS system contained a Trace 1310 GC fitted with a programmable
temperature vaporization (PTV) injector, a 30 m ZB5SHT column (i.d. = 0.25 mm, 0.25 pm, Phenomenex,
Torrance, CA, USA), ConFlo IV interface, and MAT 253 Plus mass spectrometer (Thermo Scientific). The
lipid 8'3C calibration was done in R, using the packages isoreader (Kopf et al., 2021) and isoprocessor
available at github.com/isoverse. The biomass §'°C data correction and calculations were performed using in-
house R scripts using R Statistical Software (v4.2.0; R Core Team 2022) and the RStudio 2022.07.0 interface
(RStudio Team, 2022) with Tidyverse and IsoVerse packages (Kopf et al., 2021, Wickham et al., 2023).
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Calculations

All calculations and data are available at https://github.com/KopfLab/2025 batther et al C limitation
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Distillation with change in fractionation factors
Same as the one previous model (with anabolism and catabolism) except for the fractionation factor change at some
amount of CO2 remaining fy;:

as before: k;

= 1+Y'(aB/CH4__1)
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Adding partial anabolism
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The overall B/CH4 fractionation factor and f;; are dependent on each other by the following equation whose solution
can be found numerically by root finding:

RBfinal —q ) RCH4Sl
Rooz, /™ Reog,
1= faReoa,/Reon,
B/cHs (1—fs1) - ks
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Figure S-1 Fractionation between methane and lipids from lab grown methanogen cultures from this
experiment and literature data. TMA: trimethylamine.
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Figure S-2 Fractionation factors between biomass and methane (o) at various points of anabolism inhibition
plotted against CO2 remaining (%).
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