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ANAEROBIC METHANE OXIDATION BY
ARCHAEA/SULFATE-REDUCING BACTERIA AGGREGATES:
2. ISOTOPIC CONSTRAINTS

MARC J. ALPERIN*" and TORI M. HOEHLER**

ABSTRACT. Recent studies employing novel analytical tools provide detailed,
microscopic portraits of archaea/sulfate-reducing bacteria aggregates in sediments
from methane seep and vent sites. One of the most striking features of these aggregates
is that lipid and cell carbon are highly depleted in >C (8'°C < —60%o). Biogenic
methane, with 8'3C values of —50 to —110 permil, is a logical candidate for carbon
source of these aggregates. Accordingly, it is widely assumed that the archaea oxidize
and assimilate methane, and that methane-derived carbon is transferred to the
sulfate-reducing bacteria (SRB) symbionts as CO, or as a partially oxidized intermedi-
ate. However, methane is not the only possible source of '>C-depleted carbon in
archaea/SRB aggregates. 2CO, in sediments at seep and vent sites tends to be
isotopically “light” due to decomposition of organic matter derived from chemoautotro-
phic organisms. In addition, CO, is depleted in '*C by ~10 permil compared to %CO,
owing to the equilibrium isotope effect. Assimilation of this “light” CO, by methano-
genic archaea and autotrophic SRB, combined with enzymatic isotope effects, could
also yield lipid and biomass that are highly depleted in '*C.

We derive general equations based on isotope mass-balance and calibrated with
laboratory and field data to predict the isotopic composition of archaeal cell carbon
and lipids derived from autotrophic methanogenesis and anaerobic methane oxida-
tion. The calculations show that observed 8'*>C values for archaeal biomass and lipids
at methane seep and vent sites are readily accounted for by isotope fractionation
during methane production from CO,, and that biomass produced during anaerobic
methane oxidation is only slightly depleted in '’>C relative to methane unless the
enzymatic isotope effect associated with the anabolic arm of the assimilation-
dissimilation branch point is considerably larger than the isotope effect associated with
the catabolic arm. We also apply an isotope diffusion-reaction model to demonstrate
that micro-gradients in 8'°C-CO, cannot be maintained within archaea/SRB aggre-
gates. However, '*C-depleted carbon in SRB members of the aggregate is readily
explained by autotrophic sulfate-reduction with bulk porewater CO, as carbon source.

These results illustrate that '*C-depleted biomass and lipids observed in sedi-
ments from methane seep and vent sites may be derived from CO,reducing archaea
and autotrophic sulfate-reducing bacteria. The inference of anaerobic methanotrophy
based on '*C depletion in archaeal and sulfate-reducing bacterial cell carbon and/or
lipids should be considered tentative unless corroborated by independent, concordant
evidence of net methane consumption.

INTRODUCTION

Anaerobic methane oxidation (AMO) is readily identified in many anoxic marine
sediments by the curvature it imparts on the methane-depth distribution. For steady
state, laterally homogenous sediments in which molecular diffusion is the dominant
transport process, Fick’s First Law and conservation of mass require upward concavity
in the methane profile throughout the zone of net methane consumption. In these
systems, temporal stability and relatively simple transport physics make it possible to
test for concordance between independent indicators of methane oxidation. For
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example, the methane-oxidation rate profile determined by radiotracers can be
depth-integrated and checked for mass-balance with the net flux into the methane-
oxidation zone predicted from the methane concentration profile. Furthermore, the
depth of the methane-oxidation zone indicated bgf rate and concentration profiles can
be compared to the region where 8'*C-CH, and §°H-CH, values shift due to the kinetic
isotope effect during methane oxidation. Consistency between multiple indicators has
been demonstrated in a number of studies (for example, Alperin and others, 1988;
Martens and others, 1999; Thomsen and others, 2001) and provides unequivocal
evidence of the existence, biogeochemical zonation, and magnitude of AMO at
specific sites.

For sediments that harbor methane seeps and hydrothermal vents, it is not
possible to identify net methane oxidation on the basis of methane concentration
profiles. Rapid fluid advection creates complex and variable transport physics that
cannot be readily parameterized. In addition, it is difficult to measure concentration
profiles accurately because near-surface methane concentrations in seep/vent sedi-
ments exceed 10 mM (table 1) and cores are consequently disturbed by out-gassing
during recovery. In these systems, AMO is often inferred on the basis of stable carbon
isotope ratios in components of organic matter that are associated with anaerobic
microorganisms (see table 1 for references).

Lipid biomarkers characteristic of methanogenic archaea, and highly depleted in
the heavy isotope of carbon (—58%0 = 8'?C = —133%o; table 1) have been discovered
in sediments at methane seep and vent sites. In addition, aggregates composed of
archaea and sulfate-reducing bacteria (SRB) have been observed that contain archaeal
cells with 3'*C values as low as —96 permil (Orphan and others, 2001b). Biogenic
methane, with 8'*C values of —50 to —110 permil (Whiticar, 1999), is the logical
candidate for carbon source of these archaea. Consequently, archaeal lipids and/or
biomass with §'°C values < —60 permil are often taken to indicate anaerobic
methanotrophy (see review by Hinrichs and Boetius, 2002). However, this interpreta-
tion could be complicated by autotrophic methanogens; these archaea are known to
discriminate against '*C during CO, reduction. Elvert and others (2000) recognize
autotrophic methanogenesis as a possible source of “ultra-light” lipids in methane-seep
sediments, but this mechanism has generally been discounted (Hinrichs and others,
1999; Pancost and others, 2000; Teske and others, 2002). However, a recent experimen-
tal study by Londry and others (2008) suggests that “there may be some overlap
between the 3'°C of lipids produced by methanogenic and methanotrophic archaea”
(p- 619).

Lipids and biomass isolated from methane seep and vent sites and attributed to
SRB are also depleted in 3¢ (for example, Hinrichs and others, 2000; Boetius and
others, 2000; Werne and others, 2002; Orphan and others, 2001b). The carbon in
these organic materials tends to be slightly enriched (by 10 to 30%o) in heavy isotope
relative to that derived from archaea, but 8'*C values of —50 to —100 permil are
common, and clearly implicate methane as a possible carbon source. One of the more
popular explanations for the '*C-depletion is that autotrophic SRB utilize inorganic
carbon that is isotopically “light” compared to bulk CO, due to the close physical
association between archaeal and bacterial cells in methane-oxidizing aggregates. This
explanation requires that the CO, pool, with its relatively long residence time,
maintain significant gradients in 8'*C over small spatial scales (several microns) where
molecular diffusion is a rapid and effective mixing process.

Recent studies employing novel analytical tools have produced a wealth of insights
regarding archaea/SRB aggregates at methane seep and vent sites (see review by
Hinrichs and Boetius, 2002). Lipid biomarkers, as well as 16S ribosomal-RNA (rRNA)
phylogeny, suggest that the archaea in these aggregates are related to methanogens.
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2. Isotopic constraints

archaea/sulfate-reducing bacteria aggregates
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The link to methane oxidation rests largely on the assumption that methanotrophy is
the most likely source of “ultra-light” carbon in '*C-depleted archaea. As suggested by
Londry and others (2008), this assumption should be examined carefully. Complex
physics and sampling problems that are inherent in dynamic, methane-rich seep/vent
environments make it difficult to corroborate the existence, zonation, and magnitude
of net methane oxidation by checking for mass-balance and concordance among
multiple indicators.

In this paper, we take a fresh look at possible sources of “ultra-light” carbon and
consider autotrophic methanogenesis as well as anaerobic methanotrophy. We derive
general equations based on isotope mass-balance and calibrated with field and
laboratory data to show that '*C values of archaeal biomass and lipids at methane seep
and vent sites are readily accounted for by isotope fractionation during methane
production from CO,. We also apply a spherical diffusion-reaction model to demon-
strate that significant gradients in 8'?C-CO, within archaea/SRB aggregates are not
possible.

AUTOTROPHIC METHANOGENESIS

Anabolic and catabolic pathways operating during COs-reduction by methano-
genic archaea can be viewed as a network of reactions in which carbon flows through
five reversible, non-branching reactions followed by a branch point where fixed carbon
is either assimilated into biomass or dissimilated to methane (fig. 1). Rees (1973) and
Hayes (1993, 2001) present excellent overviews of isotope mass-balance expressions for
reaction networks comprised of reversible and irreversible reactions. Important les-
sons from these works are that at steady-state, the overall isotope effect for reversible,
non-branching reactions depends on the degree of reversibility; for irreversible
reactions, isotope effects are expressed in the material transmitted by metabolic
reactions only when there is a branch point. As a result, the 8'*C of methane produced
by CO, reduction, 8(CH,), depends on the 313C of reactant, 6(COy), the isotope effect
(&,p) and degree of reversibility (X,) for the reduction of CO, to CHO—MFR
(NHormyl-methanofuran), isotopic fractionation arising from the difference between
isotope effects associated with forward and reverse flow (represented by &), and the
carbon budget and isotope effects at the assimilation-dissimilation branch point [see
Appendix, equation (All)]:

8(CHy) = 8(COy) — (&4, + X,&") + file, (1)

where f, is the branching ratio (the fraction of carbon flow to the branch point that is
assimilated), and Ae (=eq, — &) is the difference between isotope effects associated
with the first anabolic (eg,) and catabolic (eg) reactions after the assimilation-
dissimilation branch point. Rearranging equation (1) yields an expression for the
overall isotope effect associated with methane production from CO, (eco,/cn,) !

Ecoy/cHy = (& + X) — flde. (2)

Acetyl—CoA (CH3;—CO—S—CoA) is the basic anabolic building block in CO4-
reducing methanogens (Simpson and Whitman, 1993). The methyl-carbon in

! Following Hayes (2001), we use an approximate expression for the isotope effect associated with the
conversion of reactant (/) to product (/):
g;~8() — &,

where 8(I) is the d'*Cvalue of reactant I and 0; denotes the isotopic composition of carbon being
transmitted by the reaction /—/. Errors introduced by this approximation are small (Zeebe and Wolf-
Gradrow, 2001) and should not affect the overall conclusions.
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Cco,
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Fig. 1. Catabolic and anabolic pathways for autotrophic methanogenesis (after Simpson and Whitman,
1993). Two-way arrows represent reversible reactions, dashed arrows indicate multiple reaction steps, and the
boldface C represents the carbon fixed into CHO-MFR. Abbreviations: CHO—MFR (Nformyl-methanofuran),
CHO—H,MPT (N-formyl-tetrahydromethanopterin), CH"=H,MPT (N’,N'’-methenyl-tetrahydromethanop-
terin), CH,=H,MPT (N, N'°-methylene-tetrahydromethopterin), CH;—H,MPT (AN’-methyl-tetrahydromethop-
terin), CHs—S—CoM (methyl-coenzyme M), CH;—CO—S—CoA (acetyl-coenzyme A).

acetyl—CoA comes from the methyl-group in CH;—H,MPT (AN-methyl-tetrahydro-
methopterin) (fig. 1), and the 8'°C of biomass derived from this methyl-carbon (8,) is
fixed by mass balance in accord with equation (A12) (see Appendix):

&, = 8(COy) — (&4, + X4e') — (1 — f)Ae. (3)

In contrast, the carbonyl moiety in acetyl—CoA is obtained by reduction of intracellu-
lar CO,, (Simpson and Whitman, 1993; fig. 1). Combining equations (2) and (3) yields:

8, = 8(CO,) — ecoycn, — Ae. (4)
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Although acetyl—CoA is the main source of carbon for lipid biosynthesis in autotro-
phic methanogens, other cellular components such as proteins require additional
COq-fixing steps (Hayes, 2001). Lacking detailed information regarding isotope effects
and branching ratios associated with the portion of biomass not derived from the
methyl-carbon in acetyl—CoA, we aggregate these unknown elements into a single
term in the isotope mass-balance equation for cell carbon:

8(B) = fudy + (1 = A)(8(COy) — 2), (5)

where 8(B) is the '°C of methanogen biomass, f is the fraction of cell carbon derived
from the methyl-group of acetyl—CoA, and & is the weighted average isotope effect for
all other carbon fixing reactions. Combining equations (4) and (5):

8(B) %ﬁvr(S(COQ) — €coy/CHy T Ag) + (1 _ﬁ\4)(8(002) —&). (6)
Rearranging and setting &cq,,p =~ 6(CO,) — 6(B) yields:
€00y/B zﬁw‘kxoycm +fMA8 +(1 _fM)é‘ (7)

Equation (7) predicts that ecq,,p scales with eco,cn,, and that the relationship
between &cq, 5 and eco, cn, is independent of the degree of reversibility of the first
five reactions in the CO, reduction pathway. The undetermined coefficients (fy;, Ae,
and &) can be constrained using paired &¢o,/cn, and &co,/p data from laboratory
studies, provided that intra- and extracellular CO, and methane have similar isotope
ratios. This is likely to be the case. Isotopic fractionation during diffusive transport of
dissolved CO, and methane across the cell membrane is small (for example, O’Leary,
1984). Furthermore, intracellular gradients in §'*C-CO, and §'*C-CH, are minimal
owing to the relatively long residence times for intracellular CO, and methane
compared to the time scale for diffusive mixing over the distance of a microbial cell
(see 8'*C-COy, MICRO-GRADIENTS, below).

Eight studies using a variety of autotrophic methanogen cultures have measured
the isotopic discrimination between the substrate, CO,, and the resulting methane and
biomass (table 2). These studies were conducted at elevated temperatures (34 to
100 °C) compared to most methane seep and vent sites (table 1) and used widely
varying experimental conditions. We used the regression line for &q, p versus
€co,/cn, (fig. 2) to calibrate the coefficients in equation (7): fy; = 0.73 = 0.07 and
Jmle + (1 — fie = —1.6 = 2.5 (uncertainties in slope and intercept denote standard
errors). Substituting eco, g =~ 6(COy) — 6(B) and regression coefficients into equa-
tion (7), we arrive at an expression for predicting the 3'°C of biomass resulting from
autotrophic methanogenesis:

8(B) = 8(CO,) — (0.73&c0,/c11, — 1.6). (8)

Botz and others (1996) used a flow-through fermentation system to measure
£co,/cu, for pure cultures of COgreducing, methanogenic archaea grown at 35 to
85 °C. They found that carbon isotopic fractionation for cells that are in stationary
growth phase (which they argue “is the status of methanogens in most natural marine
sediments”, p. 262) is similar to that of autotrophic methanogens in natural sediments

at comparable temperatures.” Furthermore, they combined their results with a large

? Botz and others (1996) observed that £,/ cyr, values from cultures in log-phase growth tend to be
much lower than those from the same organisms during stationary growth. Valentine and others (2004)
provide a convincing explanation for this observation: £.o,,c1, values scale with overall reversibility of CO,
reduction (X,) [see eq (2)], and X, is inversely related to energy yield and growth rate. Subsequent work
(Penning and others, 2005) has confirmed this explanation.
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Fig. 2. £co,/ VErsus £co,,/ci, for autotrophic methanogenic archaea (table 2). The solid line is the
least-squares linear regression; the bestfit equation and coefficient of determination are printed in the upper
lefthand corner. The long-dashed lines are the 95% confidence interval of the regression line; the probability
is 95% that these two curved bands enclose the true best-fit linear regression line. The short-dashed lines
define the area in which we expect 99% of the data points to fall; the four points outside this region (open
circles) are taken to be outliers and were not included in the regression.

database of fractionation factors based on paired §'*C-CO, and 8'*C-CH, values from
marine sediments (—1 to 58 °C; Whiticar and others, 1986) and found that isotopic
fractionation during microbial methane-production closely approaches that predicted
by isotopic equilibrium:

3

10 In a = 29.2 <T> —99.6, (9)

where ais the equilibrium fractionation factor for COo-CH, isotopic exchange and T'is
absolute temperature.® Although there is no fundamental reason why kinetic and
equilibrium isotope effects should be the same, equation (9) provides a convenient
means of calculating the isotope effect for autotrophic methanogenesis (&co,,/cn, =

(a — 1)10%), and appears to be representative over a wide range of temperature (—1 to
85 °C).

¥ Equation (9) is from Whiticar and others (1986), and is based on equilibrium fraction factors
calculated by Richet and others (1977).
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If methanogenic archaea utilize the COoreduction pathway at methane seep and
hydrothermal vent sites, the isotopic composition of the resulting biomass is readily
predicted from equations (8) and (9). At Eel River Basin, §(CO,) (equal to 3!3C of
bulk porewater COy; see 8'*C-CO, MICRO-GRADIENTS, below) is —38 permil [calcu-
lated from the reported 8'°G-2CO, (—27%0; Orphan and others, 2002) and in situ
temperature (4 °C; Orphan and others, 2001b), and assumed pH (7.5; Zeebe and
Wolf-Gladrow, 2001; Zhang and others, 1995) and eco, /i, at 4 °C is 79%o0 (eq (9)].
The predicted 8(B) value (—94%o) compares well with the “lightest” value reported for
archaeal cells in the interior of archaea/SRB aggregates (—96%o; Orphan and others,
2001b).

A similar approach is used to calculate the 33C of lipid biomarkers, 6(L), derived
from autotrophic methanogens:

8(L) = 8(B) — &1, (10)

where positive values for g3, reflect the observation that “lipids are light” (Hayes,
1993). Combining equations (8) and (10),

8(L) = 8(COy) — (0.73c0,/cn, — 1.6) — ex1. (11)

Only two studies to date report the magnitude of '*C-depletion in lipids relative to
biomass in COy-reducing methanogens. Takigiku (ms, 1987)* found that lipids are 13
permil “lighter” than biomass in Methanobacterium thermoautotrophicum. Londry and
others (2008) found that pentamethylicosane, archaeol, and sn-2 hydroxyarchaeol are
not significantly “lighter” than biomass in Methanosarcina barkeri supplied with abun-
dant Hy, (average eg,; = 1.2 = 4.1%o0); however, these lipids are 29.7 * 1.95permil
“lighter” than biomass when the same organisms were cultured with limited H,.” Given
the sparse and disparate & | data, we adopt an average value of 14 permil.

If COyreducing methanogens are active at methane seep and hydrothermal vent
sites, the isotopic composition of their lipids can be calculated from n situ 6(CO,) and
temperature according to equations (9) and (11). However, 8'°C values of porewater
CO, are not available for some of these sites, and must be calculated from 8'°C-3CO,
(assuming CO,—HCO,; —CO,?" isotopic equilibrium) or from the 3'*C of authi-
genic carbonates (assuming that authigenic aragonite precipitates in isotopic equilib-
rium with porewater 2CO,). Furthermore, the available isotopic data for inorganic
carbon do not always correspond to the exact location and sediment depth interval as
the samples analyzed for archaeal lipids. The values summarized in table 1 represent
our best estimate of pertinent §(CO,) values; details for each estimate are provided in
footnotes to the table.

In figure 3, we compare predicted 3'°C values for lipids derived from CO,-
reducing methanogens with measured 8'°C values for archaeal lipids in methane seep
and hydrothermal vent sediments. Predicted values clearly fall within the realm of
“ultra-light” carbon and within the range of measured values. Since lipids produced by
acetoclastic methanogenesis are “heavier” than those produced by autotrophic metha-
nogenesis (Londry and others, 2008), variable amounts of acetate fermentation
concurrent with CO, reduction could explain the large range of observed 3'*C values
and why predicted values are generally at the low end of the observed ranges.

These results are not meant to provide evidence of autotrophic methanogenesis at
methane seep and vent sites [see our companion paper (Alperin and Hoehler, 2009)
for a discussion of thermodynamic and physical constraints on anaerobic methane

‘: Reported in Hayes (2001); the individual lipids are not specified but are indicated to be isoprenoidal.
° Londry and others (2008) point out that their reported isotopic discriminations may not be true
fractionation factors due to insufficient data to correct for closed-system effects.
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Fig. 3. Measured and predicted 3'*C values of archaeal lipids in sediments from methane seep and
hydrothermal vent sites. The vertical lines mark the range of measured values for archaeol, hydroxyarchaeol,
crocetane, and pentamethylicosane (table 1). The gray rectangles denote 8'*C values for lipids derived from
autotrophic methanogenesis predicted from equations (9) and (11) for environmental conditions in table 1
[for Guaymas Basin sediments, the average temperature in the 0 to 2.5 cm interval (17° C) was used]. The
height of the rectangles reflects variability in §'?C-CO,. Published interpretations of archaeal lipids with 8'*C
values < —60%o have tended to focus on methanotrophic rather than methanogenic sources. Abbreviations:
ERB (Eel River Basin), HR (Hydrate Ridge), MS (Mediterranean Seeps), GoM (Gulf of Mexico), ASZ
(Aleutian Subduction Zone), GB (Guaymus Basin), BS (Black Sea).

oxidation in archaea/SRB aggregates]. Rather, they illustrate that it is conceivable that
“ultra-light” biomass and lipids in seep/vent sediments are derived from COgy-reducing
methanogenic archaea.® The inference of anaerobic methanotrophy based on '*C
depletion in archaeal cell carbon and/or lipids should thus be considered tentative
unless corroborated by independent, concordant evidence of net methane consump-
tion; for example, upward concavity in the methane profile combined with depth
distributions of ' *C-CH, and methane-oxidation rates, or in vitro experiments that are
both well-controlled (to correct for any decrease in methane concentration that is not
due to microbial oxidation) and over-determined (to assure internal consistency).

ANAEROBIC METHANOTROPHY

A plausible outline of anabolic-catabolic pathways operating during anaerobic
methane oxidation is shown in figure 4. The outline is necessarily sparse, as the
mechanism and organisms(s) are still a matter of debate. Nevertheless, we can

¢ Autotrophic methanogenesis will not always result in “ultra-light” lipids since porewater 2CO, in
methanogenic sediments can be highly enriched in '*C. For example, 8'*C-2CO, approaches +20%o in
methanogenic sediments from Eckernforde Bay (Martens and others, 1999).
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Fig. 4. Outline of possible catabolic and anabolic reactions during anaerobic methane oxidation.
Two-way arrows represent reversible reactions, and dashed arrows indicate the possibility of multiple
reaction steps.

constrain the isotopic fractionation between methane and biomass by making several
assumptions:

a) Activated methane flows through one or more reversible reactions followed by a
branch point where the intermediate compound containing the fixed methane
is either assimilated into biomass or dissimilated to CO,.

b) Isotopic fractionation due to reverse carbon flow is minimal after the assimilatory-
dissimilatory branch point.

¢) Intracellular CO, may be fixed after the biosynthetic branch point to create the
carbon backbones necessary to synthesize cellular components.

With these assumptions, the reaction network for anaerobic methanotrophy
parallels that for autotrophic methanogenesis (compare figs. 1 and 4). Hence, the
isotope mass-balance equation for cell carbon in anaerobic methane-oxidizing organ-
isms is analogous to equation (6):

S(B) sz(S(CHz;) — EcHy/cOos T Ae) + (1 _fM)(S(COQ) - g), (12)

where §(B), 8(CH,), and 8(CO,) are the 3'°C values of methanotrophic biomass,
reactant methane, and intracellular CO,, respectively, f, is the fraction of cell carbon
derived from methane, ecy;, /co, is the kinetic isotope effect during AMO, Ae (= ey —
gcat) 1s the difference between isotope effects associated with the first anabolic (g,y)
and catabolic (gc,7) reactions after the assimilation-dissimilation branch point, and &
is the weighted average isotope effect for non-methane carbon fixation sites.
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TABLE 3

Kinetic isotope effects for anaerobic methane oxidation

Study site Temperature  £co,cn, Method
W9 (%0)
Sediment studies
Compilation'” — 4.0 Rayleigh model
Marsh environments'" — 8.5 C,+ model®
Brackish environments'” — 7.9 C,+ model®
Gulf of Mexico""” — 7.1 C, + model®
Mississippi River Delta” — 14.3 C, + model®
Antarctica” — 1.8t04.9 C,+ model®
Skan Bay, AK? 4 8.8+ 1.3  Diagenetic model
Eckernforde Bay, FRG® 8 12+1 Diagenetic model
Norman Landfill, OK — 14+1 Rayleigh model
White Oak River estuary, NC® 28 17 Diagenetic model
Water column studies
Black Sea'® 8.9 21+1 Open-system model
Enrichment cultures
Hydrate Ridge!” 12 12+0 Rayleigh model
Amon Mud Volcano” 20 21+£3 Rayleigh model
Black Sea (microbial mat)” 12 37+3  Rayleigh model
Average 13+£9

— indicates that information is not available.

) Whiticar and Faber (1986). Alperin and others (1988). ® Martens and others (1999).  Gross-
man and others (2002;. ® K.G. Lloyd, Center for Geomicrobiology, Aarhus, Denmark, submitted. (©) Kessler
and others (2006). ” Holler and others (2009). ® sco, ¢, is calculated from C,/(Cy +Cs) versus
813C—CH4, where C,; is methane, C, is ethane, and Cg is propane concentration (see Whiticar and Faber,
1986).

Assuming that maximum 13¢ depletion in methanotrophic biomass occurs when
methane is the dominant source of cell carbon (thatis, fy; = 1), the lower limit for 6(B)
1s:

8(B) = 6(CH,) — &cn,/co, — Ae. (13)

Since inverse kinetic isotope effects for carbon are unknown (Hayes, 1993), £, must
be = 0. Thus, the minimum value for g,y occurs when g = 0:

exx = 8(CHy) — 8(B) — &co,/cn, (14)

Equation (14) provides a lower-limit constraint on the magnitude of the isotope effect
associated with the anabolic arm of the assimilatory-dissimilatory branch point during
anaerobic methane oxidation.

The overall isotope effect during AMO (&cy,,co,) has never been measured for
pure cultures, but a number of studies provide estimates based on '*C enrichment in
residual (unoxidized) methane in anoxic sediments, water column, and in wvitro
enrichment cultures (table 3). These estimates come from a variety of marine and
brackish environments where the relevant methane concentrations range from < 0.1
to > 3 mM and probably encompass both methane-limited and non-limited condi-
tions. The estimated values for &¢yy,,co, average 13 = 9 permil, and indicate that
overall isotopic selectivity in anaerobic methantrophs is much less than in autotrophic
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methanogens [compare &.o,/c1, = 77%o0 at 8 °C (eq (9))]. A smaller isotope effect for
methanotrophy is expected due to the greater bond enthalpy in CO, relative to
methane.” When the force binding the nuclei is strong, the electronic potential energy
well is said to be “tight”, and the isotopic difference in zero-point vibrational energy is
large (Huskey, 1991). Thus, a stronger bond to the isotopic atom in the reactant
translates to a larger kinetic isotope effect (O’Leary, 1980).

If anaerobic methanotrophs are a source of “ultra-light” biomass in methane-seep
sediments, the lower-limit value for g,y is readily constrained from equation (14). At
Eel River Basin, 6(CH,) averages —50 permil and 8(B) reaches —96 permil (Orphan
and others, 2001b). Given ecyy,,co, =~ 13%o (table 3), g4 would have to be at least 33
permil in order for methane to serve as carbon source. Enzymatic isotope effects of this
magnitude are common (that is, ¢ = 30%o for CO, fixation by Rubisco; & = 52%o for
CO, fixation by carbon monoxide dehydrogenase; ¢ = 34%o for decarboxylation of
L-malate by malic enzyme; Hayes, 2001; Weiss, 1991), but generally correspond to the
initial fixation of inorganic carbon or decarboxylation reactions. We are not aware of
isotope effects this large for reactions in which carbon is transferred among metabolic
intermediates.

However, if g,y is significantly less than 33 permil and/or the limits implicit in
equation (14) are not realized, biomass resulting from anaerobic methanotrophy
could be less '*C-depleted than biomass derived from autotrophic methanogenesis.
This possibility is difficult to test empirically for methane seep and vent sediments that
contain “ultra-light” archaeal carbon because net methane reaction rates (production
minus oxidation) are not known. However, one study conducted in Kattegat Strait, a
typical non-seep marine sediment, reports “ultra-light” isotopic values (3'*C < —60%o)
for crocetane (an isoprenoid lipid of presumed archaeal origin; Bian and others,
2001). At this site, net methane oxidation is readily identified by the classic upward
concavity in the methane profile, and a narrow subsurface peak in '*C-methane-
oxidation rate establishes the location of the methane-oxidation zone. Furthermore,
the upward diffusive methane flux and the integrated methane-oxidation rate ap-
proach mass-balance, indicating that the concentration and rate data are concordant.®

Bian and others (2001) report that crocetane is absent from Kattegat sediments
above the sulfate-methane transition zone. It is first detected at a depth of 185 cm—just
below the well-defined peak in methane-oxidation rate (175 to 185 cm)—with a d%C
value of —67.0 £ 4.7 permil. This value is not significantly different from that
of sedimentary methane at a nearby site (—72.3 * 0.7%o; Bian and others, 2001).
From equation (13), 8(B) ~ &(CH,) suggests that ggyr — &5,y = 13 permil for
anaerobic methane oxidizers and/or intracellular CO, contributes relatively heavy
carbon to methanotrophic biomass (thatis, f,; < 1).

7 The overall isotope effect for aerobic methanotrophs (17 * 6%0) is also much less than for
autotrophic methanogens. This value is the average of the 13 studies compiled in Reeburgh (2003; his table
3) after correcting several typographical errors: the entry for Coleman and others (1981) should read
“1.013-1.025” instead of “1.013-1.015”; the entry for Barker and Fritz (1981) should read “1.005-1.031”
instead of “1.005-1.103”; the entries for Snover and Quay (2000) should read “1.0173 = 0.0010” instead of
“1.107 = 0.0010” and “1.0181 = 0.0004” instead of “1.081 * 0.0004”. .

8 The integrated methane oxidation rate is reported as 1.8 mmol m~2d~" (Bian and others, 2001). The
diffusive flux of methane into the oxidation zone is not reported, but can be estimated from Fick’s First Law
(Berner, 1980). The methane concentration at 195 cm is 1.3 mM. Reliable methane concentration data from
greater depth are not available; however, Laier and others (1996) observed a gas phase just below 200 cm in
acoustic profiles at a nearby site, and estimate in situ methane saturation at 9 mM. The molecular diffusion
coefficient for methane at 35 psu salinity, 5 °C is 9.1 X 107°% cm? s ! [Sahores and Witherspoon (1970),
corrected to in situ temperature, salinity, and pressure after Lerman (1979)]. Given a porosity of 0.6 (Iversen
and Jgrgensen, 1985) and corregtin% for tortuosity via Ullman and Aller (1982) yields an upward diffusive
methane flux of ~2.6 mmol m~# d ™. This value is in reasonable agreement with the integrated rate given
the uncertainty in the methane concentration gradient.
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The 8'°C of crocetane shifts abruptly (—90.3 = 5.5%0) at 190 cm, the lower
boundary of the sulfate-reduction zone where sulfate concentrations appear to stabi-
lize at < 0.5 mM. A shift in 3'?C of —23 permil over a 5-cm depth interval cannot be
diagenetic, and indicates that the crocetane produced in the sediment horizon with
peak methane-oxidation rates (3'*C ~ —67%yo) is diluted during burial with crocetane
that is far more depleted in '’C (8'°C < —90%o). Autotrophic methanogens are a
possible source of highly '*C-depleted crocetane (see above), and the process may be
active just below the sulfate-methane transition zone. In typical marine sediments,
methane production from CO, commences immediately after sulfate depletion (Alp-
erin and others, 1992; Hoehler and others, 1994) provided that the pool of reactive
organic matter has not been exhausted. Furthermore, the sulfate-methane transition
zone generally corresponds to a minimum in 8'?G-2CO, (Reeburgh, 1980). Bian and
others (2001) show that the small change in POC concentration (~0.05%) between
190 and 245 cm can account for only 20 percent of the upward methane flux, and
suggest that most methane production occurs at greater depth. Nevertheless, some
amount of CO, reduction above 245 cm is likely.

Thus, the one study where the occurrence of “ultra-light” archaeal lipids can be
interpreted in the context of biogeochemical zonation suggests that there is an abrupt
change in the process that produces crocetane at the base of the sulfate-reduction
zone. Crocetane that first appears in the sediment at a depth that is nearly coincident
with the peak in methane-oxidation rate is considerably less depleted in '*C than
crocetane produced at or below the sulfate-depletion depth where methanogenesis is
generally considered to be the dominant terminal metabolic pathway.

8'3Cc-CO, MICRO-GRADIENTS

Several papers have suggested that sulfate-reducing bacteria in a tightly-packed
archaea/SRB aggregate could be exposed to methane-derived CO, that is depleted in
13C relative to the porewater CO, pool (Boetius and others, 2000; Werne and others,
2002). Hinrichs and Boetius (2002) use an unspecified diffusion model to argue that
micro-gradients in 3'*C-CO, are possible if the distance between methane-oxidizing
archaea and sulfate-reducing bacteria is less than 10 pm. A simple scaling argument
shows that this is not correct.” Here we apply an isotope diffusion-reaction model to
demonstrate that significant micro-gradients in §'°C-CO, within an archaea/SRB
aggregate are not possible.

Steady-state distributions of '*C- and '*C-CO, within a spherical, methanotrophic
aggregate and in the surrounding porewater are given by the following equations
(Crank, 1975):

(#1700 | 2 d[¥CO,]
ar? r dr

)+HR=0 (15)

+

L [41°C0.]  2d[°CO,]
dr? r dr

)+“R=0 (16)

where D' is the molecular diffusion coefficient for COy(aq) (corrected for porosity
and/or tortuosity), ris radial distance from the aggregate center, 2R and ‘3R are rates

9 The Damkohler number—Da = k2D~ ! (where k is the fractional turnover rate of chemical i, € is the
length-scale of interest, and D is the diffusion coefficient)—scales the relative importance of reaction to
diffusive transport (Boudreau, 1997). When Da << 1, diffusive-mixing dominates over reaction, and
concentration gradients for ¢ are minimal over distance €. For [COy(aq)] = 690 uM, and a CO, production
rate in the archaeal portion of the aggregate of 44 uM s~ (table 4), k = 44 uM s~'/690 pM = 0.064 s~ .
Hence, for a length-scale characteristic of an archaea/SRB aggregate ({ = 3.2 X 10~* cm) and Dgo, =
4.6X107%cm?s™ ' (table 4), Da~ 107 % < 1.
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of '*CO, and '*CO, production by methane-oxidizing archaea, respectively, and the
brackets denote concentration. Equations (15) and (16) neglect the slight difference
in diffusion coefficients for *CO. (aq) and 13CO2(aq),10 and assume that D’ is constant
throughout the model domain."" 'R and 'R are calculated from the total methane
oxidation rate (R) as follows:

10°
12p
R = R o+ 109 Rmp + 10° (17)
13 (8C02 + 103)9{\7_1)])]3
R=R (18)

(8co, T 10*)Ryppp + 10°

where 8¢, is the 3'°C of CO, produced from methane oxidation and Ry.ppp is
13C/"C in the isotope reference standard. We neglect chemical and isotopic equilibra-
tion in the 2CO, system because the reaction time for the conversion of CO,(aq) to
HCO;~ (~10's; Zeebe and others, 1999) is long compared to the diffusion time for a
distance characteristic of an archaea/SRB aggregate (~10"%s).'?

The equation for radial diffusion is undefined at r = 0; hence the inner boundary
is offset a small distance (10 nm) from the true aggregate center. We assume that
concentration gradients are zero near the center of the aggregate:

d[*CO,]  d[°COy]
= =0atr=001pm. (19)

The outer boundary is set at a distance of 10X the aggregate radius, and ['*CO,] and
[13C02] are set to bulk porewater values calculated from porewater [COy(aq)] and
813C—C02 using equations analogous to (17) and (18). Equations (15) and (16) are
solved by finite difference, and isotope ratios are expressed using standard 3-notation:

[3CO,] 10°
[12CO2] VDB ERV-PDB‘

We applied our model to sediments from Hydrate Ridge, where environmental
conditions and archaea/SRB aggregate properties are well-characterized (table 4).
The CO, production rate (R) in the archaeal portion of the aggregate was estimated
using two approaches. In the first approach, we set R equal to the upper-limit rate of
syntrophic methane oxidation to CO, and H, calculated from a diffusion-reaction
model employing thermodynamic controls (fig. bA, left panel; Alperin and Hoehler,
2009). The predicted COq4(aq) concentration and BISC—COQ profiles are shown by the
solid vertical lines in figure 5A (middle and right panels, respectively). The isotope
diffusion-reaction model predicts that micro-gradients in 8]3(]-CO2 do exist, but they
are not significant (CO, in the aggregate interior is “lighter” than the bulk porewater
by only 0.00002%o). To illustrate that micro-gradients are possible when Da > 1, we
reduced the molecular diffusion coefficient by seven orders-of-magnitude and re-ran

31*C-CO, = [ (20)

1 O’Leary (1984) has shown that the ratio of diffusion coefficients for '*CO,(aq) and *CO,(aq) is
nearly one (1.0007 £ 0.0002).

"D = ¢°D in fine-grained sediment (Ullman and Aller, 1982), whereas D' = nD/6? inside the
aggregate. D is the molecular diffusion coefficient, ¢ is sediment porosity, 6 is intracellular tortuosity related
to obstacles in the cytoplasm, and 7 is a factor to account for elevated viscosity of the cytosol. In sediments
where ¢ is 0.7, D is reduced by a factor of ~3; inside living cells, molecular crowding slows molecular
diffusion by a factor or 2.3 (Dauty and Verkman, 2004) and elevated viscosity reduces D by an additional
factor of ~1.5 (Dauty and Verkman, 2004; Stewart, 2003). Our conclusions are not affected by minor
variations in D'. )

: 1? The diffusion time for length-scale ¢ is calculated as €D~ = (3.2 X 10" cm)? (4.6 X 10® cm?
s ).
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TABLE 4

Environmental conditions, archaea/SRB aggregate properties, and diffusion coefficient for
COy(aq) in Hydrate Ridge sediments'"

Bottom water temperature 4oCc @
Bottom water salinity 34 psu®
Water column depth 780 m @
Sediment porosity 0.65 @
Sediment pH 750
Porewater total alkalinity 21 meq L' ®
Porewater [CO,(aq)] 690 uM ©
Porewater 8'°C-CO, ~50 %o 7
Porewater 8'°C-CH, —63 %0 7
3"3C of CO, produced from methane oxidation (5COZ ) —76 %, ®
Sediment sulfate reduction rate 2500 uM d! @
Maximum aggregate abundance 6.7 x 10" cm™ @
Diameter of aggregate 32um®
Diameter of archaeal inner sphere 2.3 um®
Ave;ggfe(glgé production rate in archaeal portion of 44 M st O
D’ for CO,(aq) 4.6x10° cm®s™ 1

(1) Sediment and porewater data are from the 1 to 2 cm depth interval at the southern Hydrate Ridge,
mat-covered study site where Boetius and others (2000) report a distinct maximum in the abundance of
archaea/SRB aggregates. ® Boetius and others (2000). ® Luff and Wallman (2003).  From Beggiatoa-
field 2 (Treude and others, 2003). ©® Derived from a diagenetic model; measured pH values are biased by
CO,, degassing during core retrieval (Luff and Wallman, 2003). ©© Calculated from Total Alkalinity and pH
at in situ temperature, salinity, and pressure using the program CO2SYS (Lewis and Wallace, 1998). " Table
1. ® 80, = 8(CHy) — cit,/co, = —16%o (table 3). @ If the sediment sulfate reduction rate (SRR) is
coupled to archaeal methane oxidation, the average CO, production rate from methane oxidation (R) in
the archaeal portion of the aggregate is:

3¢+ SRR

B 47TpAgg(rAnh)3

where ¢ is sediment porosity, p 4., is maximum aggregate abundance, and r,, ,, is radius of the archaeal inner
sphere in archaea/SRB aggregate.'” D' = ¢®D (Ullman and Aller, 1982), where ¢ is sediment porosity and
Dis the molecular diffusion coefficient for CO,(aq) at in situ temperature, salinity, and pressure (Boudreau,
1997).

the model. Although diffusive transport this slow is not possible in near-surface,
unconsolidated sediments, this exercise shows that when the rate of CO, production
dominates over diffusive mixing (Da ~ 10%), SRB on the aggregate exterior could be
exposed to methane-derived CO, that is highly depleted in '’C relative to the
porewater CO, pool.
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Fig. 5. COy(aq) concentration and §'*C-CO, profiles in the vicinity of archaea/sulfate-reducing
bacteria aggregates in Hydrate Ridge sediments calculated from an isotope diffusion-reaction model. The
left panels show the CO, production rate in the archaeal portion of the aggregate estimated by two
approaches: (A) a spherical diffusion-reaction model for methane oxidation to CO, and H, employing
thermodynamic controls (Alperin and Hoehler, 2009); and (B) calculated from measurements of sediment
sulfate-reduction rate, aggregate size, and abundance (table 4). The narrow gaps in CO, production in (A)
reflect the restriction that methane oxidation does not occur in the cell wall and membrane (Alperin and
Hoehler, 2009). Note that rates in (B) are 100X faster than in (A). The central and right panels show the
predicted profiles for the best-estimate diffusion coefficient (solid, nearly vertical lines) and for diffusion
coefficients reduced by factors of 107 (A) and 10° (B). Horizontal dotted lines delineate the archaeal and
bacterial portions of the spherical aggregate. The vertical arrows in the right panels denote the isotopic
composition of CO, produced by methane oxidation (table 4).

In the second approach, we use the measured sediment sulfate-reduction rate
along with aggregate abundance and size (table 4) to estimate the aggregate-specific
rate of CO, production (fig. 5B, left panel). These CO, production rates exceed the
upper-limit rate (constrained by thermodynamics and physical transport) of syntro-
phic AMO involving interspecies H, transfer by two orders-of-magnitude (Alperin and
Hoehler, 2009). Nevertheless, the predicted CO,(aq) concentration and 3'*C-CO,
profiles [shown by the solid vertical lines in fig. 5B (middle and right panels,
respectively)] demonstrate that significant micro-gradients in §'°C-CO, within an
archaea/SRB aggregate are not possible.

CONCLUSIONS
The assumption that anaerobic methanotrophy is the most likely source of

“ultralight” (8'*C < —60%o0) archaeal carbon in methane seep and hydrothermal vent
sediments merits caution. At many of these sites, “ultra-light” carbon could be derived
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from autotrophic methanogenesis. This finding may seem counter-intuitive because
CO, tends to be isotopically “heavy” relative to methane in typical (non-seep/vent)
methanogenic environments. However in seep/vent sediments, methane is isotopically
“heavy” (—385%0 = 8'°C = —72%o; table 1) compared to that found in typical marine
sediments (—50%o0 = 8'°C = —110%0; Whiticar and others, 1986). At the same time,
the sedimentary organic matter tends to be relatively “light” (—27%0 = 8'°C = —44%o,
excluding Guaymas Basin; table 1) due to the abundance of chemoautotrophic
invertebrate communities, Beggialoa mats, biomass derived from aerobic methanotro-
phy, and/or oil hydrocarbons (Sassen and others, 1993; Fisher, 1995; Joye and others,
2004; Niemann and others, 2006). Sulfate-reduction rates at methane seeps and
hydrothermal vents are among the highest measured in marine sediments (Boetius
and others, 2000; Weber and Jorgensen, 2002), and generate 2CO, that isotopically
resembles the organic matter. In addition, autotrophic methanogens utilize CO,
(Fuchs and others, 1979; Vorholt and Thauer, 1997) that is depleted in 13¢ by ~10
permil compared to 2CO, (Zeebe and Wolf-Gladrow, 2001). As a result, the difference
in 3'°C between CO, and methane (generally 20 to 30%o; table 1) is modest compared
to the difference in kinetic isotope effects for CO, reduction and anaerobic methane
oxidation [eco,/cn, — €cn,/co, =~ 65%o; eq (9) and table 3]. Since much of the
fractionation between CO, and methane is retained in methanogen biomass [eq (8)],
itis difficult to distinguish between anaerobic methanotrophy and autotrophic metha-
nogenesis in methane seep and vent sediments solely on the basis of 8'*C values in cell
carbon or lipids.

Furthermore, §'°C-CO, micro-gradients in archaea/SRB aggregates are not pos-
sible, and do not contribute to “ultra-light” carbon in SRB. Wegener and others (2008)
have shown that '*C is not incorporated into bacterial fatty acids in methane-seep
sediments incubated with '*C-CH,, suggesting that the SRB do not assimilate methane
or methane-derived intermediates such as acetate or formate. Autotrophic sulfate-
reduction—without microgradients in 8'*C-CO,—provides a straightforward explana-
tion for '>C-depleted carbon in SRB (Londry and others, 2004) that is consistent with
existing isotopic data and the constraints imposed by the physics of diffusion. The
ability to use H, as an electron donor has been demonstrated in many genera of SRB,
and numerous species are capable of autotrophic growth (Devereux and others, 1989).
Wegener and others (2008) have shown that bacterial fatty acids attributed to SRB
were labeled with '?C when methaneseep sediments were incubated with '*C-
bicarbonate. Londry and others (2004) measured isotope effects for three species of
SRB grown at 30 °C under autotrophic conditions. They report that biomass is
depleted in '*C relative to CO, by 10 to 29 permil, and lipids are depleted relative to
biomass by 9 to 12 permil. If autotrophic sulfate-reduction occurs in sediments from
Eel River Basin where 8(CO,) is —38 permil (table 1), and if the isotope effects from
Londry and others are pertinent, we predict 8'°C values for biomass of —48 to —67
permil and lipids of —57 to —79 permil. These predicted values overlap with measure-
ments: bacterial cells in the outer layer of archaea/SRB aggregates have a §'*C of —62
permil (Orphan and others, 2001b); non-isoprenoidal ether lipids attributed to the
bacterial members of the aggregate have 8'°C values of —64 to —92 permil (Hinrichs
and others, 2000).

It is common practice to classify an organism as an “ANME” (acronym for
ANaerobic MEthanotroph) if its 16S ribosomal rRNA gene is monophyletic with the
methanogen-like 16S rRNA recovered from methane-seep sediments containing '*C-
depleted (3'°C < —60%0) archaeal lipids. Given the ambiguity of the isotopic
constraint, we recommend that the term “ANME” be replaced by “MLA” (Methanogen-
Like Archaea) to account for uncertainty in the metabolic processes that are mediated
by these archaea and to reflect their genetic similarity to methanogens.
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APPENDIX
The first five reactions in the biochemical pathway for methane production from CO, and H, (CO, to

CH;—H,MPT; fig. 1) are reversible (Thauer and others, 1993):

Eabs b O(B) Ehes Poe  S(0) Ecds Ped
CO, =——= CHO—MFR =——= CHO—HMPT =——=
Ebas Poa Ecby Peb Edes Pc
Sm) Ede> P 8(r) Ects Pt O(F) &, O ¢r
CH *=H ,MPT == CH/~H ,MPT == CH,—H,MPT——... (Al)
Eeds Ped Eres Pre

where §(1) is the 8'°C of the COy-derived carbon in intermediate /, £;and ¢, represent the isotope effect and
mass flux, respectively, for the forward reaction (I — J), ¢; and ¢; are the isotope effect and flux for the
reverse reaction (/< ), &is the average isotope effect for forward reactions involving CH;—H,MPT, and &,
and ¢ denote the isotopic composition and flux, respectively, of the carbon (originally derived from CO,)
that is transmitted downstream from CH;—H/MPT. Chemical abbreviations in (Al) are defined in the
caption to figure 1.

Rees (1973) derived a steady-state, mass-balance expression for the overall isotope effect arising from a
series of reversible, non-branching reactions. Applying his expression to the reactions in (Al), the overall
isotope effect (&,y) is:

Ear = € T (80 — E) X + (8ca = 8) Ko Xe + (8ac = 80 XXXy + (8er — 8 KX Xa Xe + (8 — £0) X X X X X,
(A2)

Pji . . E .
where X; < = 4) is the ratio of reverse flux to forward flux.'? For the sake of brevity, let
i

& = (&oc — &) T (8ca = E) Xe T (8ac — 0 XeXKa + (8er — £c) XXX + (& — £ X X X X (A3)

Combining equations (A2) and (A3), the overall isotope effect for the first five reversible steps of the
COg-reduction pathway is given by:

Eu = £y T X&' (A4)

Given that g, =~ 8(CO,) — & (see footnote 1 in main text):
3= 8(COy) — (&4 + X&) (A5)
The final two reactions in the dissimilatory pathway (CH;—H/MPT — CH;—S—CoM and
CH;—S—CoM — CHy; fig. 1) are thought to be irreversible (Gartner and others, 1994; Thauer 1998),
whereas the anabolic reaction at the assimilation-dissimilation branch point (CH;—HMPT =

CH3—CO—S—CoA) is probably reversible since acetoclastic methanogens use this pathway to convert
acetate to methane (Thauer, 1998):

18 Equation (A2) is written as an approximation because it assumes that 12C + 13C =~ '2C (Rees, 1973).
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dissimilation, £, §(G) e @
- CH4—S—CoM —> CH,
5(F) £ O, ¢

...=2 CH—HMPT—

assimilation, &y, 5(H) By ¢

———— CH;CO—5—CoA—>---  (A)

where 8, ¢, and §,, ¢, denote the 3'*C and flux of transmitted carbon derived from the methyl-group in
CH3;—S—CoM and CHz;—CO—S—CoA, respectively. Assuming that anabolic reactions following
CH3—CO—S5—CoA production are unidirectional, and that ¢ = ¢, + ¢, the steady-state mass-balance
equation for '*C at the assimilation-dissimilation branch point is:

8= (1 = )0 + fidh, (AT)

Py
@

Given that g, ~ 8(F) — 8, and &;, ~ 8(F) — §,, (see footnote 1 in main text) and defining Ae (= &g, —
£g,) as the netisotope effect at the assimilation-dissimilation branch-point:

where the branching ratio (f,) is defined as % and (1 — f) =
X

8, =8, — Ae. (A8)
From equations (A7) and (A8),
8 =(1—f)8, + fi(5, — Ae) (A9)
which simplifies to:
8, = & + file. (A10)

Since the 3'°C of methane produced by CO, reduction, §(CH,), must equal d,, and combining
equations (Ab) and (A10):

8(CH,) = 8(COy) — (&, + X,&') + file. (A11) or (1)
Likewise, combining equations (A8) and (Al1), and substituting 8, for §(CH,):

8, = 8(COy) — (&4 + Xie") — (1 — f)As. (A12) or (3)
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