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Abstract. Anaerobic oxidation of methane (AOM) is the 1 Introduction
main process responsible for the removal of methane gen-

erated in Earth’s marine subsurface environments. How-Methane, a potent greenhouse gas, is produced in anoxic re-
ever, the biochemical mechanism of AOM remains elu- gions of the ocean’s subsurface and is largely prevented from
sive. By explicitly resolving the observed spatial arrange-entering the overlying water column and reaching the atmo-
ment of methanotrophic archaea and sulfate reducing bactesphere by the activity of microorganisms living in marine
ria found in consortia mediating AOM, potential intermedi- sediments. Geochemical evidence indicates that the net con-
ates involved in the electron transfer between the methangumption of methane (C4) in these anoxic environments
oxidizing and sulfate reducing partners were investigated vids linked to the consumption of sulfate ($Q Barnes and

a consortium-scale reaction transport model that integrate§oldberg, 1976; Devol et al., 1984; Hoehler et al., 1994;
the effect of diffusional transport with thermodynamic and Iversen and Jargensen, 1985; Reeburgh, 1976):

kinetic controls on microbial activity. Model simulations _ _ _

were used to assess the impact of poorly constrained micro(-:H“"'Sozzl — HS"+HCO; +H20 @)
bial characteristics such as minimum energy requirements tg«« its from DNA-

) . o ) and lipid-based investigations are sug-
sustain metabolism and cell specific rates. The role of eMViyestive of consumption of sulfate and methane that is medi-

ronmental conditions such as the influence of methane level§o yia 5 syntrophic relationship between sulfate-reducing
on the f§a5|blllty of I—j formate and acetate as |n§ermed|— bacteria (SRB) and methanotrophic archaea (ANME, after
ate species, and the impact of the abundance of intermediznaerobic MEthanotroph: Hinrichs et al., 1999). Three dis-
ate species on pathway reversal were examined. The resulfg, ., phylogenetic clades of ANMEs (ANME-1, -2, and -3;
show that higher production rates of intermediates via AOM Knittel et al., 2005) and multiple SRB groups (Knittel et al.,

lead to increased diffusive fluxes from the methane oxidiz->443) have been identified which may be involved with this
ing archaea to sulfate reducing bacteria, but the build-up of;.j.ass.

the exchangeable species can cause the energy yield of AO To date, significant gaps remain in understanding the

to drop below that required for ATP production. Compar- yin hemical mechanism of anaerobic oxidation of methane
ison to da_lta from Iabo_rgtory experiments shows that under(AOM), including how the processes of AOM and sulfate re-
the experimental conditions of Nauhaus et al. (2007), Nongy,,qtion (SR) are linked to one another (Hoehler et al., 1994
of the potential intermediates considered here is able to SUPg3uhaus et al.. 2002: Sgrensen et al.. 2001: Valentine and
port metabolic activity matching the measured rates. Reeburgh, 2000). The concentrations of potential intermedi-
ates (Table 1) involved in electron exchange, produced dur-
ing methane oxidation and consumed during sulfate reduc-
tion, likely play a significant role in regulating consortium
energetics, as high concentrations thermodynamically favor

Correspondence taC. Meile SR but lower the energy vield for the ANME. Thus, a con-
BY (cmeile@uga.edu) sortium relying on these two processes for energy production
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Table 1. Potential coupled reactions of AOM and SR discussed in nge we re—evalqatg thermodynamic and kinetic F:on-
Serensen et al. (2001) and Valentine and Reeburgh (2000), and thraints on the functioning of an ANME-2/SRB consortium
corresponding standard free energy yield of the reactions, estimateBY Modeling the distribution of the chemical species involved
using data from Stumm and Morgan (1981). in AOM at the scale of the consortium:25,m), including

a number of substances that have been hypothesized to be ex-

Reaction couples AGO (kI mol1) changed between the ANME and the SRB. Three factors po-
tentially govern the sustained rate of methane oxidation in a
Hydrogen transfer consortium: (1) the availability of substrate, where high reac-
CHy+3H20—~HCO; +HT+4H; 229.1 tant concentrations favor the reaction kinetically; (2) the en-
SO, +4Hp+Ht —HS™+4H,0 —262.0 ergy yield of the reaction, where low product concentrations
Acetate transfer favor the reaction; and (3) the efficiency of transport of the
CHy+HCO; —CH3COO™ +H,0 14.8 exchangeable species from the zone of AOM (where it is pro-
SO§*+CH3(:O(T—>2HCO3T+HS* _47.7 duced) to the SRB (where it is consumed). By resolving the

spatial arrangement of the methane oxidizing archaea and the
Formate transfer sulfate reducing bacteria in the microbial aggregate, and by
CHy+3HCO; ~4HCOO +HT+H,0 154.0 explicitly taking into account transport, reaction kinetics and
SOj +4HCOO™ +HT —4HCO; +HS™ —186.9 thermodynamic constraints, we expand on and refine a previ-
ous assessment of requirements associated with intercellular
exchanges by Sgrensen et al. (2001), and a recent bulk anal-
ysis by Dale et al. (2006). We systematically vary poorly
constrained parameters and assess the resulting process rates
per aggregate. Specifically, we (i) study the impact of diffu-
sion on the overall process energetics for aggregates of dif-
can only function within a certain range of concentrations of ferent sizes; (ii) assess the role of minimum energy require-
the intermediate compound, unless production and consumpments for the functioning of the consortia; (iii) investigate the
tion are spatially separated enough to allow for a sufficientthermodynamic feasibility of a number of proposed interme-
concentration difference between regions of active AOM anddiates; and (iv) consider thermodynamic constraints and the
SR. Based on free energy yields in a setting with diffusive potential for a pathway reversal of the archaea under a variety
exchange of intermediates between an ANME and a nearbyf environmental conditions. These intrinsic microbial fac-
SRB cell, Sgrensen et al. (2001) suggested that hydrogen artdrs are discussed in the context of different environmental
acetate are not feasible intermediates at low methane concesettings, in particular methane concentrations. Finally, model
trations (tens ofuM, representative of shallow water sedi- results at the consortium scale are compared with available
ment environments). Arguing for lower in situ maintenance laboratory rate data measured in ANME-2/SRB consortia en-
energy requirements of the consortia than those consideredched from a Hydrate Ridge methane seep (Nauhaus et al.,
by Sgrensen et al. (2001), Strous and Jetten (2004) dete007). We estimate maximum process rates per aggregate,
mined that acetate is a thermodynamically favorable intermeand assess the likelihood for the different intermediates to
diate in settings with abundant methanel) mM), such as  give rise to the observed rates.
CHg seep environments, while exchange of formate is ther-
modynamically feasible at lower methane concentrations.
Knowledge of the biochemical mechanism of AOMislim- 2 Model implementation
ited since attempts to isolate these microorganisms in cul-
ture have so far been unsuccessful (Nauhaus et al., 20022.1 Consortium arrangement
Nonetheless, some clues about the kinetic properties of the
process can be derived from studies with environmental samwWhile a variety of spatial arrangements of the syntrophic
ples enriched in AOM-mediating microbes. For instance, cellpartners have been described (Knittel et al., 2005; Orphan
specific rates of AOM can be inferred by comparing mea-et al., 2001, 2002), one of the predominant AOM-mediating
surements of AOM activity in bulk samples with the corre- ANME/SRB consortia is found in a spherical arrangement
sponding abundance of cells assumed to be responsible fan which SRB form a shell around an inner core of archaea
the process. Cell specific rates of AOM on the order of10 belonging to the ANME-2 cluster, presumably spatially sepa-
to 10 fmol methane oxidized ceft d—1 can be inferred from  rating SR from AOM (Fig. 1). From a survey on “shell-type”
a variety of datasets (Girguis et al., 2003, 2005; Knittel et al.,consortia sizes, cell sizes, and ANME:SRB abundance ratios,
2005; Nauhaus et al., 2002; Orcutt et al., 2005); similarly, which were determined via 16S rRNA-based fluorescence in
cell specific rates of SR in the environment are estimated tcsitu hybridization methods (Boetius et al., 2000; Knittel et
range from 102 to 10fmol sulfate reduced ceftd=! (as  al., 2003, 2005; Nauhaus et al., 2007; Orphan et al., 2001), a
reviewed in Neretin et al., 2007). few trends emerge (Table 2). First, ANME-2 and SRB cells
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Table 2. Survey of available data on AOM/SR-mediating consortia sizes, cell sizes, and cell numbers.

Consortia  Inner core  Layers of Outer shell ANME cell SRB cell # ANME #SRB SRB: Ref.
diamete? diamete? SRBin widti* (um) diamete?  diamete? cellsin cellsin  ANME

(um) (um) outer shelt (um) (em) aggregate aggregaté ratio

3 22 1 0.4 0.5 0.4 63 189 3 A

6 44 2 0.8 0.5 0.4 504 1513 3 A

12 88 4 1.6 0.5 0.4 4034 12100 3 A

18 132 6 24 0.5 0.4 13616 40839 3 A

25 186 8 3.2 0.5 0.4 38094 106261 3 A

7.6 56 25 1 0.5 0.4 1040 3045 2.9 B

3.2 23 ~1 0.45 0.5 0.4 72 238 3.3 C

A: Nauhaus et al. (2007); B: Knittel et al. (2005); C: Boetius et al. (2000).
@ measured via microscopy.
b derived by dividing the thickness of the SRB shell by the measured average diameter of a SRB cell.

¢ derived by dividing the volume of an aggregate by the volume of a cell, assuming spherically shapegdgaiss0.251m, rsgrg=0.2.m)
and densest spherical packing.

identified in these consortia tend to be 0.5 andudin di-
ameter, respectively. Second, the ratio of the radius of the FTaom 0 A
zone of ANME to the entire aggregate remains close to 0.73.
Dividing the shell volumes by the respective average cell vol-
umes leads to 3 SRB cells for every 1 ANME cell.
The model represents an individual aggregate, placed intc
an environment of radiusy set to at least twice the aggre-
gate radius (Fig. 1). When known, concentrations are im-
posed at the outer edge of the model domain consisting of
the aggregate and its surroundings (Table 3). Alternatively,
if the activity of the consortia determines the concentration [EEEs L
of a chemical in the surrounding environment, it is assumed
that the concentration gradient approaches zero at the domai
boundary, as may be the case for the exchangeable specie
In the computational model, the physical three-dimensional
spherical setting is represented by a quadrant of a circle
(Fig. 1) and by imposing rotational symmetry at the verti-
cal coordinate axis and mirroring the resulting half sphere
on the horizontal plane. Due to slow observed growth rates,
with doubling times on the order of 6 months (Nauhaus et al.,
2007), potential changes in aggregate size due to growth are
not taken into account.

Fig. 1. AOM and SR mediating consortia, modified from Orphan
et al. (2002). ANME (center, red) and SRB (shell, green) consor-
tium from Eel River Basin methane-seep sediments surrounded by a
layer of exopolymeric saccharide (yellow). The modeled geometri-
cal arrangement is indicated by the white circles. The upper shaded
guadrant denotes the model domain (with an inner ANME core ra-
diusr*, an outer radius of the aggregatggand an environmental
radiusreny), employing axial symmetry around the vertical axis,
mirrored on the horizontal midsection plane denoted by the dotted
wheret is time, ¢ is porosity which is set to 0.3 within the horizorjtal line. The adde_d guadrant exemplifies atypic_al mod.el re-
. . sult, with the concentration of the exchangeable species indicated
ponsortlum -a value slightly abpve that for densest pagkby the gray scale and the valueBf _ o denoted by the contour
ing of spherical cells (0.26; Martin et al., 1997) —and 1 in |jpes.
the surrounding pore wateb); is the in situ diffusion coeffi-
cient, andrR; equals the net of production and consumption

2.2 Governing equations

The concentrations of dissolved chemical spec&9 ére
subject to diffusion within the free fluid fraction of the con-
sortium, and production/consumption reactions:

¢%=V'(¢Divci)+¢Ri 2
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Table 3. Properties of compounds considered in the model. 2.3 Reactions and rate laws

The reactions in AOM and SR zones can be generalized as

Compound ng AGt} Activity ~Boundary valu@ follows:
cm?@d™l  kimor?! coeff® mM
Ha 2272 1755 1 106-3x10~4 CHy—EX+HCO; 4
HCOZ 0.593 —-586.9 0.642 2
CHy 0.860 -344 1 1,19, 100 SOff+EX—> HS™ (5)
HS™ 1.026 12.1  0.604 1
HCOO™ 0.424 —351 0.604 10°-3x1074 where EX represents the intermediate species which acts as
CH3COO™  0.552 —369.4 0.642 10°-3x10* the electron carrier between AOM and SR (Table 1). AOM
SOy 0.550 —7446 0152 20 occurs exclusively within the inner sphere of ANME in the
aggregate while SR is restricted to the outer shell of the ag-
a diffusion coefficients from Schulz (2000). gregate. The rate laws contain a Monod-type dependence on
b Free energy of formation values from Stumm and Morgan (1981).the substrates of each reaction and account for environmental
G of H and HO are 0 and-237.1kmot *, respectively. conditions via a factorfr) that depends on the cell’s energy
¢ estimated for an ionic strength of seawater. yield:
d applicable in imposed concentration simulations; concentrations (CHa]
derived from growth experiments (Nauhaus et al., 2007). _ 4
Rpom=kaom BANME mFﬁAOM (6)
[EX] [SO; ]

Rsr=ksrBsRrB Fr_sr (7)

KmEX + [EX] KmSOs+[SO; ]

where Raom and Rsr are the AOM and SR rates, respec-

terms of species. Equation (2) is implemented in the finite tively; kaom and ksr are the corresponding cell specific
element simulation environment COMS8Land solved for rate constants (fmol celf d=1); Banme and Bsrg are the
steady state using a direct solver (UMFPACK). The chemicalcell densities of ANME in the inner core and SRB within
species considered here include methane{CHissolved  the outer shell of the consortium (cellsTR), respectively;
inorganic carbon, sulfide, sulfate ($Q and the exchange- [(;] represents the concentration of speciesKmCHj,
able species, (i.e. iformate, acetate; Table 1). KmEX and KmSQy are the half-saturation constants for

Without explicit knowledge of intracellular metabolite lev- methane, the exchangeable species and sulfate, respectively;
els and cross-membrane transport, metabolite transport in thend Fr_aom and Fr_sr are the “thermodynamic potential”
model is restricted to the extracellular aqueous phase. In sitfactors (Jin and Bethke, 2003, 2007) for AOM and SR, re-
diffusion coefficients are based on measures of moleculagpectively.
diffusion in dilute solutions at & (D,,, Table 3). Aggre- Baseline values of various parameters are presented in Ta-
gates are typically embedded in a thick organic matrix (Knit- ble 4. All cells are assumed to have the same maximum
tel et al., 2005; Orphan et al., 2001). Estimating its effect onturnover potential such thataxom and ksg are population
diffusion from experiments with extracellular polymers, the specific constants. A range & mEX values leading to ze-
diffusion coefficient is reduced by a factfis setto 0.25for  roth to first order kinetics (Eq. 7) were considered. Half sat-
organic ions and to 0.6 for inorganic ions and gases (Stewariyration constants for the exchangeable species are assumed
2003). The presence of cells is taken into account via a torto be on the order of typical concentration ranges measured
tuosity correction, so that the in situ diffusion coefficient is in the environment, as may be the case for SRB adapted

defined as: to in situ conditions and able to respond to perturbations
Dag in substrate availability. For exampl&mHo is varied in
D=feps? 3) the nanomolar range, reflecting measured hydrogen concen-

trations in or around the zone of AOM and previous esti-
where the tortuosity factoé? is set to 2.5. This is at mates of half saturation constants in coastal marine sedi-
the lower end of tortuosity values suggested from porosity-ments (Hoehler et al., 1994, 1998; Finke, 2003; Dale et al.,
tortuosity datasets (Boudreau, 1997), but leads to val-2006). Km values for sulfate and methane were chosen to
ues of effective diffusion coefficients at the lower end be similar to previous investigations (Dale et al., 2006) and
of the range determined experimentally in microbial matsare comparable to values calculated from experimental data
(Wieland et al., 2001). (T. Treude and A. Boetius, personal communication).

Biogeosciences, 5, 1587599 2008 www.biogeosciences.net/5/1587/2008/
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Table 4. Model parameters.

Parameter  Description Values/Units

KmCHy Half-saturation constant for methane in AOM 10% of [gldt boundary, 0.1-10 mM
KmEX Half-saturation constant for exchangeable speciesin SR~ 100 nM

KmSQy Half-saturation constant for sulfate in SR 1mM

Raom Rate of AOM Eq. (6)

RsRr Rate of SR Eq. (7)

kaoM Per cell turnover rate of methane by ANME vafietinol cel=1d—1

ksr Per cell turnover rate of sulfate by SRB

vafietinol cell=1d—1

BANME Cell density of ANME in inner core of consorfia 1.1x 106 cells -1
BsgrB Cell density of SRB in outer shell of consoRia 2.2x1018cells -1
Fr_apom Thermodynamic factor of AOM Oto1l[-]
Fr_sr Thermodynamic factor of SR Otol[-]
mAGarp  Minimum energy threshold 1-10 kJ mdl

@ Estimates for rate constants are obtained from data in Nauhaus et al. (2007), assuming no substrate or thermodynamic limitations;
cell specific rate in this experiment result kaop~0.1-1fmol celr1d—1 are comparable to estimates from other data sets416
10fmolcelr1d-1; Girguis et al., 2003, 2005; Knittel et al., 2005; Nauhaus et al., 2002; Orcutt et al., 2005).

b The number of cells within an aggregate was obtained by dividing the volume of the inner core and the outer shell by an estimate of the
respective cell volumes and assuming densest even packing (Nauhaus et al., 2007), which resulted in arh1%izilthe inner core and

22.2 cellsum=3 in the outer shell, respectivelBanme and Bsrp)-

The thermodynamic potential factorg;(_y, where X for AOM do not exist, as no pure cultures of AOM-mediating
represents either AOM or SR) reflect that there must be sufmicroorganisms can be manipulated for such a study. Avail-
ficient free energy available from the reactions to fuel ATP able genomic data indicate that AOM may occur via a re-
synthesis and cell maintenance. For instance, if the conversal of the enzymatic process of methanogenesis (Hallam
centration of the intermediate species made AOM energetet al., 2003, 2004; Krger et al., 2003), thus we estimate
ically unfavorable, regardless of the availability of methanem based on available data from methanogenic archaea, pre-
for consumption, methane oxidation is assumed not to takesented by Deppenmeier (2002). In methanogenesis, the final
place.Fr_x is defined as: enzymatic step catalyzed by methyl coenzyme A reductase

fx creates a heterodisulfide of coenzymes B and S. The cleav-
)) (8) age of this heterodisulfide by oxidoreductases fuels electron
xR T transport in the cell, which ied by proton translo-
portin the cell, which is accompanied by proton translo
wherey, the number of ATP synthesized per reaction, equalscation (4H"/2e~) and drives ATP synthesis. Thus, there
1, Ry is the universal gas constant (8.314F#nol~*) and  is 1 ATP synthesized per 2 electrons transported,aad .
T is the absolute temperature (281.15 Ify. represents the  ;y AGarp in Eq. (9) represents the threshold energy limit for
thermodynamic driving force for reaction, relating the free growth, which is often assumed to be the energy required to
energy yield of that reaction to the energy required to synthesynthesize ATP. Assuming60 kJmot L ATP to form ATP
size ATP (Jin and Bethke, 2003, 2007) and is determined asfrom ADP and phosphate and that three protons are translo-
fx=—AGx—mAGaTp 9) cated per ATP produced (Schink, 1997; Thauer, 1977), this
) ) ) ] energetic limit is on the order of 20 kJ m3dlH*, though it
Here, AGx is the free energy yield of reactiaki under in a5 heen shown experimentally that some methanogens can
situ conditions, i.e. survive with a free energy yield of 12—16 kJ méH™* (Jack-
AGX=A69(+RTIn (l—[aly,) (10) son and Mclnern?y, 2002), and even lower threshqld energy
limits of 4 kJ mol-t H* have been proposed (as reviewed in
AGY is the standard free energy of reaction, determinedDale et al., 2006). In our model, a rangemi G arp val-
from the free energy of formation of the species involved in ues from 1-10kJmoftH* is considered. The lower end
the reactions (Table 3); represents the activity of species of this range in particular represents an end-member setting
i, computed based on the modeled concentrations and theith minimal energetic constraints on cell functioning. Note
activity coefficients given in Table 3, ang are the stoichio-  that Eq. (8) restricts the value &% _x to the range between
metric coefficientsm in Eq. (9) is the number of ATP syn- 0 and 1 and does not allow for a net back reaction.
thesized per electron transferred. Direct measurements of

Fr_x = max<0, 1- exp(
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Fig. 2. Maximum rates of AOM calculated for variously sized aggregates (3, 12 an2®D) with each of the intermediate species acetate,
formate, and hydrogen. For all simulations, methane was assumed to be 19 mvA thgrp 1 kJmol1 and KmEX 100 nM. Note the
different maximum cell specific AOM rategA{opm. in fmol cell=1 d—1) for each size and intermediate species.

In situ energy yield (Eq. 10) depends on the activi- environmental setting. The accumulation of the exchange-
ties of individual compounds and hence chemical speciaable species with increasirigowm leads to thermodynamic
tion. For a solution containing &, Kt, Mg?", Na', limitation of AOM in the aggregate center. Our simulations
Cl—, so}; at concentrations of seawater, 1 mM sulfide and consistently indicated much stronger thermodynamic chal-
2 mM dissolved inorganic carbon, and the potential interme-lenges for the ANME compared to the SRB, and the presen-
diates acetate and formate present at micromolar levels, th&tion of the results thus highlights controls Ba_aom and
CH3COO™ and HCOO species constitute more than half the rate of AOM.
the total concentrations over a range of pH 5 to 9. Though In the absence of rigorous constraints on reaction rate con-
the impact of organics in the intercellular space is not known,stants, we only consider model parameterizations that allow
simulations in which only a 10% fraction of the total interme- for AOM in a section extending beyond one cell diameter
diate concentrations is considered in free form when calcuaway from the SRB subdomain, and for SR within more than
lating Fr suggest that speciation of the exchangeable speciegne cell diameter distance from the ANME zone, so that re-
may not be the dominant control on the process energeticsults characterized by drastic changes at or below the scale
(not shown). Variations relevant to the calculation of the in of individual cells are not included in the analysis.
situ AGxn result from the relative distribution of the acid-
base species ﬁOg—HCO§—CO§* and HS—-HS -, 3.1 Impact of transport intensity and aggregate size
respectively. Below, we assume a spatially uniform pH of
8, so that bicarbonate and hydrogen sulfide are the dominariffusive transport counteracts the build up of the exchange-
forms of dissolved inorganic carbon and sulfide. able species within the inner core of the consortia and pro-

vides the SRB with substrate. Given the critical role of trans-

port of the exchangeable species from the location of produc-
3 Results and discussion tion to the zone of sulfate reduction, the poorly constrained

influence of the organic matrix on diffusive transport was in-
To quantify thermodynamic and kinetic influences on the vestigated. Removing the impact of EPS on diffusion less-
rates of AOM performed by the ANME/SRB shell-type con- ened thermodynamic limitation (i.e. high&t_aom with-
sortia, model simulations were conducted in which poorly out EPS). However, even for organic ions with a low value
constrained parameters were varied systematically. The reof feps the magnitude of the change was not large enough
sults presented focus on the maximum rates of AOM perto significantly modify the consortia’s methane consumption
aggregate that can be achieved in the model for a giverfate (data not shown).

Biogeosciences, 5, 1587599 2008 www.biogeosciences.net/5/1587/2008/
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Fig. 3. Maximum rates of AOM per aggregate for each intermediate shown as a function of the methane concentration at the model
domain boundarya) and the thermodynamic threshdla), assuming & mEX of 100 nM for each intermediate. Aggregate size is set to
3um. kaowm is adjusted to maximiz&aom under each scenarid opm=0.01—1 fmol cell-1 d~1 for acetate, 0.0020.1 fmol celr1d—1

for formate, and 0.0020.1 fmol cel 1 d—1 for hydrogen) andsg is roughly one order of magnitude higher thagy (see Fig. 2). Panel a
assumes aAG arp of 1kJmol1, and panel b a Clconcentration of 19 mM. Symbols are the same between panels and correspond to the
legend shown in panel b; note difference in scales of y-axes.

Aggregates vary in size from a few to tens of micrometers In addition to their size, the (possibly patchy) spatial dis-
(Table 2), and such a difference in spatial dimension maytribution of the aggregates within the sediment matrix may
impact the distribution of chemicals and turnover rates in thealso affect bulk AOM rates. For a typical aggregate density
consortium. Model simulations show that for a given set of of 10’ per cn? (Knittel et al., 2003), aggregates are on the or-
kinetic parameters, aggregate size can significantly affect theler of 10—10Q.m apart, assuming that they are about equally
magnitude of rates of AOM, with higher rates and lower ther- spaced within the environmenkr was found to vary little
modynamic limitation occurring in the smaller aggregates.with the size of, even when imposing aggregate distances
For example, Fig. 2 displays the differences in maximumon the order of um, implying a clustered and uneven distri-
AOM rates for variously sized aggregates (3, 12 angk@5  bution. Also, when imposing high exchangeable species con-
consortium diameters) assuming acetate, formate or hydroeentrations —assumed to be maintained by processes external
gen as the exchangeable species. In all cases, the half satiothe aggregates — at the outer domain boundaryaowm is
ration constant for the exchangeable species was assumed d¢mly slightly diminished (not shown). This indicates that the
be 100 nM, which corresponds to a value that is 1-100 timedglistribution of aggregates in otherwise homogeneous sedi-
the average concentration at steady state in the inner core ahents does not influence the energetics of AOM significantly.
the aggregate. For any given aggregate size and assumed cell
specific rate of AOM, the thermodynamic limitation of AOM 3.2 Kinetic and thermodynamic controls on reaction rates
decreases with increasing cell specific rate of SR, which is
reflected in the increasing rate of AOM. For each exchangein the absence of experimental data on the nature of the in-
able species considered, the maximum cell specific rate ofermediate species of coupled AOM/SR and the associated
AOM decreases with increasing size of the aggregate, rekinetic parameters, the impact of rate and half saturation con-
flecting that AOM becomes energetically less favorable asstants on AOM activity and thermodynamic limitations was
the consortia grow in size. Additionally, at these cell specificinvestigated. For each of the three potential intermediates
turnover ratesFr_aom is homogenous in the smaller con- considered, model simulations were run in which the maxi-
sortia, while in the larger onesr_aom shows a pronounced mum cell specific rates of AOM and SByom andksg, were
gradient with higher values next to the contact with the SRBvaried. Rates increase with increasitgy, until at high
shell, as depicted qualitatively in Fig. 1. For consortia largerkaom values diffusion is too slow to prevent build up of prod-
in size (25 vs. 12 and @m, Fig. 2), some of the areas of pro- ucts in the zone of AOM, leading to thermodynamic shut-
duction of the exchangeable species are too far away frondown of the reaction in the center of the aggregate. The value
the SRB; thus, the exchangeable species cannot diffuse owif this maximum cell specific rate of AOM differs between
of the inner core fast enough to prevent its build up to a levelthe potential intermediates and depends on the environmen-
that lowers the available free energy yield below what is ne-tal conditions and aggregate size (Figs. 2 and 3). For exam-
cessary for maintaining cell activity. ple, when the methane concentration at the model boundary
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is 19 mM and the thermodynamic threshold is assumed to béen, 2004; Valentine, 2002). Acetate, and to some degree
1 kJ mol1, for a 3um aggregate the highestom value with hydrogen, have been considered feasible intermediates in
acetate is 0.1 fmol cetl d=* while with formate and hydro- the AOM/SR syntrophy at elevated methane concentrations
gen,kaowm is limited to 0.01 fmol ceft1 d—1. (high mM range), whereas formate might lead to favorable
For a fixed value ofkaom, the rate of AOM increases AOM at lower methane concentrations. As shown in Fig. 3,
with increasing cell specific rates of SR (Fig. 2). This is not our simulations indicate that AOM is thermodynamically fa-
because of a change in the availability of AOM substrates,vorable for all three potential intermediate compounds when
but because increasikgr promotes depletion of EX, which the combination of kinetic parameters allows for efficient re-
leads to a more efficient removal and lower levels of EX in moval of the exchangeable species from the zone of AOM,
the aggregate core. Hence, the increaggjfimproves ther- and when the assumed energy threshold is relatively low
modynamic favorability of the AOM reaction. This pattern (i.e.mAGarp is 1kJ mot?; see below for further discussion
holds until a point is reached in which the rate of SR is too about the impact of varying the energy threshold). Under the
high to be sustained by the delivery via diffusion of the ex- range of methane concentrations considered here, the calcu-

changeable species from AOM (Fig. 2). lated maximum rates of AOM per aggregate are highest when
This upper limit forksg, as evidenced by the right-hand acetate is the intermediate species.
end of the lines in Fig. 2 extending to highlesr at higher AOM dynamics with acetate as the exchangeable species

kaowm, varies between the considered compounds, which carary more in relation to changes in methane concentration
be explained by the stoichiometry of the AOM/SR reac- than is observed for either formate or hydrogen (Fig. 3a).
tions and by differences in diffusion coefficients of the in- For example, in a &m aggregate using acetate as interme-
termediate compounds. For example, in a8 consor-  diate and with an assumed energy threshold of 1 kJ ol
tia with a cell specific AOM rate of 0.01fmolceltd=1, maximum AOM rates per aggregate drop by two orders of
a mAGarp of 1kJmol! and a KmEX of 100nM, the  magnitude with decreasing methane concentration from 100
maximum cell specific rate of SR for acetate is approxi-to 1 mM. By comparison, the maximum AOM rates per ag-
mately 1 fmol celi*d—1, whereas for formate the maximum gregate using formate or hydrogen only vary by an order
cell specific rate of SR is around 0.1fmolcdld~1. The  of magnitude within the same methane concentration range.
diffusion and activity coefficients of formate and acetate With methane concentrations varying little over space, and
are similar (Table 3), yet for every methane molecule con-with KmCH, values smaller than the methane concentra-
sumed, there are 4 formate molecules produced as opposéibns, this difference in response of the maximum rate of
to 1 acetate molecule. The higher production of formate petAOM to methane concentrations can be linked to factors af-
methane can lead to a higher availability of substrate for thefecting Fr_aom. In principle, as methane concentrations in-
SRB, and the reduced substrate limitation increases SR ratesease, higher cell specific rates of AOM are possible, due
at the ANME-SRB interface, causing a narrowing of the SRto improved thermodynamics of the AOM reaction. How-
zone at lower cell specific rates. Hydrogen and formate ex-ever, the larger intermediate-to-substrate stoichiometry in the
hibit the same substrate-to-intermediate stoichiometry (fourAOM reaction for hydrogen and formate counteracts this ef-
molecules of intermediate per methane molecule), yet thdect more strongly than for acetate. The build-up of inter-
maximum cell specific rate of SR for hydrogen is higher thanmediates leads to thermodynamic limitation in the aggregate
for formate at approximately 5fmolceftd—1, which can  core, causing that the maximum cell specific rate of AOM
be explained by the higher diffusion coefficient of hydrogen cannot increase with increasing methane concentration for
than of formate (Table 3). hydrogen and formate. In addition, the larger diffusion coef-
In the simulations presented here, the half saturation conficient for hydrogen than for formate allows hydrogen to be
stant for the exchangeable specig&{EX) was assumed removed from the ANME core faster to maintain a relatively
to be 100 nM, a value which equals or exceeds the averaghigh Fr_aom, Which explains why it can support a higher
steady state concentration of the exchangeable species withinate of AOM than formate at low methane concentrations.
the inner ANME core of the aggregate and in the environ- An additional parameter influencing the thermodynamic
ment surrounding the aggregate (data not shown). Howevetimitation of AOM is the minimum free energy required to
similar maximum rates were achieved at higher (up to 1 mM)maintain life — then AGarp. The prior examples were cal-
and lower (down to 0.1nMXmEX values by varying the culated with an assumed AGarp of 1kJmot? electron,
cell specific rate of sulfate reductioksg). Similarly, vary-  an exceptionally low value in comparison to typical assumed
ing kaom allowed balancing the effect of changikgn CHa, values that are closer to 20 kJ médl Figure 3b illustrates the
which —asKkmEX —is poorly constrained. impact ofm A G arp on the dynamics of AOM for the various
Previous examinations of the syntrophic AOM/SR consor-intermediate species exchanged byan3consortium under
tia indicate that methane availability may determine whicha methane concentration of 19 mM. As observed above, the
compounds can be feasible electron shuttles, due to theonsortia modeled with acetate shows the most pronounced
impact that methane concentrations have on the free envariance with changes in assumed energy requirements — as
ergy yield of AOM (Sgrensen et al., 2001; Strous and Jet-the energy threshold raises, the thermodynamic favorability
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and subsequent rate of AOM with acetate decreases signif- 1600

icantly. AOM rates based on formate and hydrogen also Aggregate
show pronounced decreases with increasing assumed enerc  size 1200 1
thresholds, with rates dropping by an order of magnitude be- 3 um ]

tweenm AG arp values of 4 and 10 kJ mot. ==6um ggp
== 12 um ]

3.3 What is the exchangeable species? ]
== 18 um 400 }

To determine which compound(s) can feasibly serve as the = 25 um
exchangeable species in AOM/SR syntrophy, modeled bulk 0
rates of AOM are compared to laboratory results gath-

ered from a growth experiment with ANME-2 — Desulfos- 300 ;
arcina/Desulfococcus shell-type consortia, enriched from a 250 jFormate I
Hydrate Ridge methane seep and incubated with abundan ]
(19mM) methane (Nauhaus et al., 2007). In that experi- 200 T

ment, a near ten-fold increase in AOM-mediating community
abundance corresponded to-éen-fold increase in the rate
of metabolic activity. At the end of the experiment the rate
of activity in the enrichment was approximately 23@Mol
(gram dry sediment, gds} d—1, and the size distribution of ]
the aggregates was recorded (Table 5). To compare mode 0-
simulations with experimental values, the methane consump-

tion for an aggregate of a given size is computed and then 300 { Hvdrogen
multiplied by the number of aggregates in that size class in 250 + ydrog
1gram of sediment at the end of the Nauhaus experiment 200

150 }
100 §
50 &

Raom (nmol gds'1 a1

10* 10° 107

(Table 5). This approach takes into account the potential for 3
reduced AOM rates in the center of larger aggregate and con- 150 ¥
siders the relative contribution of that size aggregate to the 100
total rate. 3
Figure 4 shows the maximum bulk rates of AOM calcu- 50 §
lated for each intermediate (at 19 mM methane and assuminc 0
a thermodynamic threshold of 1 kJméland a half satura- 10* 10° 107
tion constant for the exchangeable species of 100 nM) and kaom (fmol celrr1 d'1)

illustrates the contribution of each aggregate size class to

the total rate. For each intermediate, at relatively low cellgjg 4 Mmaximum bulk rates of AOM at different cell specific rates

specific rates of AOM, the larger aggregate size classes corsf AOM for each intermediate when the boundary methane con-
tribute the most to the calculated bulk rate of AOM due to centration is 19 mM, the:AGarp is 1 kImot® and thek mEX
higher number of total ANME cells contained in these larger-is 100 nM.kgR is ten times higher thaknop for each simulation,
sized aggregates. As the cell specific rate of AQMof) which roughly corresponds to the optimal rate parameters. Note dif-
increases and thermodynamic limitation prevents activity inference in y-axes between panels, all of which express the bulk rate
the larger aggregates, the smaller aggregates begin to donmfif AOM in nmolgds™td~1. Also note difference in values for x-
nate the bulk rate of AOM activity. Indeed, the bulk rates of axis petween panels. Bar stacks §how cumulative bulk rate of AOM
AOM achieved by the smaller consortia are higher than thos&°Ntibuted by each aggregate size class based on the abundance
. data reported in the Nauhaus et al. (2007) experiment (see Table 5).
possible by the larger aggregates, even though the total num-
ber of ANME cells in the smaller consortia is relatively low
(Table 5). This indicates that under conditions that lead to en-
ergetic constrains in the aggregate center, the smaller sizeghe cell specific AOM rates that lead to the highest bulk
aggregates may contribute a high proportion of the overallrate are 0.1 fmol cetl! d=1 when acetate is the intermediate
bulk AOM rate. species and 0.01 fmol ceft d—1 for formate and hydrogen
The above simulations evaluating the effect of the varia-(Fig. 4). However, only the @m sized aggregates can oper-
tion of intermediate species and maximum cell specific ratesate at these cell specific rates. The corresponding bulk AOM
allows one to constrain the parameter space consistent withates at this methane concentration arepdrlgds 1 d—1
the Nauhaus observation. For the simulations conductedor acetate, and 0,2molgdsd~! for formate and hy-
with 19 mM CHy, i.e. the methane concentration used in thedrogen, which is much lower than the rate of activity
Nauhaus experiments, and assuming 1 kJthalAG atp, measured in the experiment (approx. 2300l gdstd1).
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With 100 mM methane in the model environment, the max-regardless of the corresponding rate of SR; conditions are
imum AOM bulk rate increases by about an order of mag-favorable for AOM, as long asaom<0.1fmolcel-1d1,
nitude to 12.5:molgdstd~! with acetate as intermediate above which the zone of activityF¢_aom>0) is smaller
(data not shown), which still falls well short of the rates mea- than the diameter of an ANME cell and therefore consid-
sured in the Nauhaus experiment. These results indicate thagred unrealistic (not shown). When the outside hydrogen
at high methane concentration, acetate yields the highest posoncentration is 10-50 nM, a level more typical for deeper
sible rates of AOM, but under the experimental conditions methanogenic sedimentary zones or possible in highly re-
the modeled rates are much lower than those observed.  duced fluids, the steady state hydrogen concentration within
the consortia is high enough to permit methanogenesis when
3.4 Can ANME “switch” metabolic modes to produce the Corresponding rate of SR is low, though rapiﬁj tdn-
methane for energy generation? sumption (highksg) can still favor AOM. At even higher en-
vironmental hydrogen concentrations (greater than 100 nM),

Experimental data allow for the possibility that some ANME ¢4itions are never favorable for AOM regardless of the
perform methanogenesis under in situ conditions, althougrgpeed of SR.

at a lower relative rate than that of AOM (Orcutt et al., 2005,
2008; Treude et al., 2007). Additional DNA and protein-
based analyses indicate that ANME possess enzymatic m
chinery to allow methane oxidation via a reverse methano
genesis pathway (Chistoserdova et al., 2005; Hallam et al

These trends are similar when acetate and formate are con-
sidered as the exchangeable species, although the specific
Foncentrations leading to the trends vary slightly. For exam-
‘ple, with acetate, AOM is always favorable until the concen-
‘tration of the exchangeable species in the environment ex-

2004; Kiuger et al., 2003). To test whether environmental ceeds 25 nM: at concentrations greater than 100 nM, AOM
conditions and/or consortia dynamics may influence whethernever becom,es favorable. AOM from formate starts 'to be-

ANME. pe.rform mgthane oxidation and/or methanogenesscome limited when the formate concentration in the environ-
under in situ conditions, the model was modified to allow the

ANME to “switch” metaboli des f thanotroohy t ment is forced to be 25nM, and formate levels of 300 nM
0 “switch” metabolic modes from methanotrophy to higher are required to make AOM never favorable. No-

methanogenesis based on their local environment. For 'nfably, at no instance are methanogenesis and methanotrophy

stance, under conditions of concurrent low methane and higl?)bserved simultaneously within the ANME core. However
hydrogen concentration, methanogenesis may become eN8EEX concentrations in the environment flucuate temporally

getically favorable, and perhaps the ANME can take advan-and vary by about an order of magnitude, a change from
tage of this and operate in reverse. In the absence of expe '

. o ®Mhethane oxidation to methanogenesis cannot be ruled out
imental data it is assumed that the rate of methanogenesis

. R based on the model results (transition from 25 to 150 nM ac-
Eq. (4) in reverse — proceeds at an intrinsic rate comparabl

Btate, 10 to 50 nM formate and 1 to 10 nM,Hespectivel
to the one of methanotrophy and is also subject to thermodyétksézo 05 fmol celL dL; Fig. 5) M Hespectively,

namic constraints:
Rmc=kaom BANME Fr—mc (11)

whereFr_nmg is defined by Eq. (8) withfx=— faowm- 4 Conclusions

Regardless of the exchangeable species considered, under
no gradient conditions at the domain boundary (i.e. whenModel simulations indicate that all investigated compounds
the consortia controls the concentration of the exchangeable acetate, formate, and hydrogen — have the potential to
species in the environment), the exchangeable species cosustain a syntrophic AOM/SR relationship under a range of
centration within the consortia never reaches a high enouglmethane concentrations and with various assumed thresholds
steady state value to make methanogenesis energetically féor free energy. However, none of the three potential in-
vorable, regardless of aggregate size in the entire range cortlermediate compounds was found to generate modeled bulk
sidered (uMm<ragg<25um; data not shown). At high cell rates of AOM that compared to an experimental observa-
specific AOM values, AOM is basically shut down becausetion (Nauhaus et al., 2007). Examining the impact of poorly
of exchangeable species production, but concentrations neveonstrained parameters, including transport coefficients and
build up enough to cause a switch to methanogenesis. the effect of chemical speciation revealed that these factors

In contrast, when the exchangeable species are forced to ksre unlikely to sufficiently alter the rate of AOM to a large
at a certain concentration at the domain boundary, reflectinggnough degree to substantially change this finding. A num-
outside sources of the exchangeable species that are not mobler of factors could be invoked that facilitate higher in situ
eled explicitly, the exchangeable species concentration in thé\OM rates, including intrinsic variations in cell specific rates
AOM zone can reach values sufficiently high for reverse across consortia sizes or substantial modification of the lo-
methanotrophy to become energetically feasible (Fig. 5). Forcal chemical environment through active cross-membrane
example, at environmental hydrogen concentrations typicatransport (e.g. proton pumps; spatial pH variations impact
of AOM zones &5nM), methanogenesis is not favorable both formate and hydrogen, but less so acetate; Table 1).
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Table 5. Consortia size and abundance measured in ANME/SRB aggregates (agg.) enriched from Hydrate Ridge sediment at the beginning
(Beg.) and end of the experiment (from Nauhaus et al., 2007). OD=outer diameter.

umOD #ANMEagg-!l 10%agg.gds! % aggregates cells gdd % cells
Beg. End Beg. End Beg. End Beg. End
3 63 41 437 75 76 2610° 2.8x1010 3 2
6 504 8 58 15 10 42100 29x1019 5 2
12 4034 3 33 5 6 121010 1.3x10tl 13 9
18 13615 1.2 18 2 3 171010 25x10'! 18 17
25 38094 15 26 3 5 561010 9.9x10l 61 69
Acetate Formate Hydrogen
T I 1 1.0
1.0 { — t i ~7 1nM
- —_— / 5nM
05 . Tt STt :105
e R /] : — — — 10 nM
0.0 forosnns SRR 1 -1 4 it 0o 25 nM
. . : / $olg emesenenes 50 nM
0.5 WP"— ot 1 + s Slipos 100 M
) Y —— R —cemmee 150 NM
-1.0 Jr . . T T —‘/ | , ;-"" 1-1.0 300 nM
N N O N N N N N QO
ksRr [fmol celr? d'1]

Fig. 5. Volume averaged values df; for a 3um OD consortia with fixed environmental concentrations of the intermediate species (1-
300nM, as indicated in the legend). For all simulations, methane in the environment was assumed to benl9GHyr=1 kJ moi-1,
kaom=0.01fmol celrld=1, and Kk mEX=100nM. Cell specific rates of SR4R) are presented on x-axes (note scale differences between
panels).Fr varies between-1 and 0 whem\ G methanogenesis—A G aom) is more negative than the minimum energy quantum required for

ATP production and methanogenesis becomes active. In an intermediate range, both forward and backward reaction are not feasible and th
archaea are considered inactiver( yg=Fr_aom=0), while at more negativA G aopm, methane gets oxidized, indicated By ranging

from 0 to 1 (Eqg. 8). Right-hand end of lines indicate conditions where the zone of possible sulfate reduction collapses to zone smaller than a
cell diameter.

Alternatively, a more complex geometry than the one consid-transport and different reaction processes leaves room for a
ered may facilitate contact between the syntrophic partnersyariety of mechanisms for the interaction between the con-
or other physiological adaptations, including a network of sortium partners — including pathway reversal under fluc-
nanowire-like structures (Reguera et al., 2006), that allowstuating environmental concentrations of the exchangeable
for a more efficient exchange between ANME and SRBsspecies, and alternatives to the three intermediates investi-
may alleviate the identified thermodynamic constraints. Ourgated here — and metabolic plasticity may prevail even in
mechanistic, process-based model analysis and comparisanethane oxidizing consortia that live in environments with
to rates measured in laboratory incubation shows that allittle excess energy.

three factors — reaction kinetics, transport intensities and en-

ergetic considerations — decisively impact the overall rate of
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