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Intercellular wiring enables electron transfer
between methanotrophic archaea and bacteria

Gunter Wegener">*, Viola Krukenberg'*, Dietmar Riedel®, Halina E. Tegetmeyer*” & Antje Boetius>*

The anaerobic oxidation of methane (AOM) with sulfate controls
the emission of the greenhouse gas methane from the ocean floor">.
In marine sediments, AOM is performed by dual-species consortia
of anaerobic methanotrophic archaea (ANME) and sulfate-
reducing bacteria (SRB) inhabiting the methane-sulfate transition
zone’”. The biochemical pathways and biological adaptations
enabling this globally relevant process are not fully understood.
Here we study the syntrophic interaction in thermophilic AOM
(TAOM) between ANME-1 archaea and their consortium partner
SRB HotSeep-1 (ref. 6) at 60 °C to test the hypothesis of a direct
interspecies exchange of electrons”®. The activity of TAOM con-
sortia was compared to the first ANME-free culture of an AOM
partner bacterium that grows using hydrogen as the sole electron
donor. The thermophilic ANME-1 do not produce sufficient
hydrogen to sustain the observed growth of the HotSeep-1 partner.
Enhancing the growth of the HotSeep-1 partner by hydrogen addi-
tion represses methane oxidation and the metabolic activity of
ANME-1. Further supporting the hypothesis of direct electron
transfer between the partners, we observe that under TAOM con-
ditions, both ANME and the HotSeep-1 bacteria overexpress genes
for extracellular cytochrome production and form cell-to-cell con-
nections that resemble the nanowire structures responsible for
interspecies electron transfer between syntrophic consortia of
Geobacter”'°. HotSeep-1 highly expresses genes for pili production
only during consortial growth using methane, and the nanowire-
like structures are absent in HotSeep-1 cells isolated with hydro-
gen. These observations suggest that direct electron transfer is a
principal mechanism in TAOM, which may also explain the enig-
matic functioning and specificity of other methanotrophic
ANME-SRB consortia.

The anaerobic oxidation of methane with sulfate (AOM) controls
the emission of methane from the seabed"**. At environmental con-
ditions the net reaction CH,(aq) + SO,*~ — HS™ + HCO;~ + H,0
allows an energy yield of only —20 to —40 kJ per mol of methane
oxidized, shared between the two partner organisms. Generally, AOM
consortia show exceptionally slow growth with generation times >2
months, which has so far impeded their cultivation®'". Sulfate-coupled
AOM in marine habitats is performed by members of three different
ANME clades (ANME-1, -2 and -3), which associate physically with
specific partner bacteria of the Desulfosarcinal/Desulfococcus or the
Desulfobulbus cluster''™, indicating an obligate functional role of
the SRB in AOM. Early studies had already suggested a syntrophic
coupling of both partners via a transfer of reducing equivalents*',
yet the underlying mechanisms remain unknown. Biochemically,
the anaerobic oxidation of methane appears in the ANME and
involves a reversal of the enzymatic machinery of the methanogenesis
pathway'>'®. However, reversing an energy-yielding process is per se
endergonic, and hence AOM requires an efficient transfer of reducing
equivalents from methane to sulfate, so that the ANME can gain

energy by AOM'™Y. Previous results indicate that the partner
SRB** act as electron sinks of AOM, but recently members of the
ANME-2 clade were also suggested to perform incomplete sulfate
reduction by an as yet unknown pathway?'.

In this study we focus on the hypothesis of syntrophic growth in
thermophilic AOM consortia by direct interspecies electron transfer,
and test this and alternative hypotheses (mechanisms illustrated
in Extended Data Fig. 1). The studied sediment-free TAOM enrich-
ment was cultivated at 60 °C and supplied with 28 mM sulfate and
0.2 MPa methane, allowing an energy yield (AGg) of —34k]J mol %,
and resulting in doubling times of approximately 68 days (Fig. 1a) and
growth efficiencies of 2% (see Methods). The culture is dominated by
consortia of ANME-1 and HotSeep-1 appearing in an approximate
1:1 stoichiometry. Owing to their larger size ANME account for
around 75% of the consortial biomass (Fig. 1b and Extended Data
Table 1). Using a dilution-to-extinction approach (1:10 to 1:10°) with
hydrogen (0.2 MPa) and sulfate (28 mM), we were able to separate a
strain of HotSeep-1 that was identical to the partner bacterium of the
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Figure 1 | Activity of the TAOM consortia in culture. a, The exponential
increase of sulfide production translates to a doubling time of 68 days
(biological replicates n = 4). b, Representative fluorescence micrograph of
TAOM consortia from a; red, ANME-1; green, HotSeep-1. Scale bar, 10 pm.
Representative of 14 similar images recorded. ¢, Sulfide production under
TAOM conditions (red circles, 0.07 mM sulfide per day) versus a control (white
squares, 0.02mM per day). Hydrogen (blue triangles), or hydrogen plus
methane (purple stars) increased sulfide production (both 0.55 mM per day;
biological replicates # = 3, symbols represent mean values, error bars are s.d.).
d, Per cent of total RNA reads mapped to ANME-1 (red) and HotSeep-1
(green) after 3 days of incubation (c), biological replicates # = 3, data are mean
values, for statistical analyses see Supplementary Table 1.
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TAOM consortium (>99% identity in 16S ribosomal RNA gene and
internal transcribed spacer region, and (genomic) average nucleotide
identity >99%, Extended Data Table 2). This strain grows without
ANME-1 as single cells or in mono-species aggregates (Extended
Data Fig. 2a) and with a single contaminant, Archaeoglobus sp. (1-5%
of all cells), which does not form consortia with HotSeep-1. Substrate
tests with the HotSeep-1 culture showed that it is an obligate chemo-
lithoautotroph, with hydrogen and sulfate as the sole molecular redox
couple and doubling times of 4 to 6 days (see Methods and Extended
Data Fig. 2b, c). Although the supplied hydrogen (0.2 MPa) could
provide a tenfold higher energy yield to HotSeep-1 than syntrophy in
TAOM (AGgr = —151KJ mol~ ' versus —17kJmol ™", the latter being
half of the net energy yield of TAOM consortia), its carbon assimilation
efficiency remained similarly low (approximately 1.5% of converted
reducing equivalents).

We compared the activity of the TAOM consortia and the hydro-
genotrophic HotSeep-1 by physiological experiments combined with
metagenomic and metatranscriptomic analyses and electron micro-
scopy of the involved organisms. A classical experiment for the study
of syntrophy in dual-species consortia is the addition of potential
intermediates that could be theoretically produced by the ANME as
a by-product of methane oxidation, and consumed as the electron
donor by the partner SRB (mechanisms illustrated in Extended
Data Fig. 1). If these compounds were relevant in interspecies transfer
of reducing equivalents, their addition to the medium should favour
the electron-accepting partner, and should repress the electron trans-
fer between the consortial partners'**'~**. By contrast, a model of direct
electron transfer via nanowires as proposed in refs 7,8,10, would be
insensitive to such external additions of potential intermediates if the
additions do not represent an alternative, preferred substrate for one
of the partner organisms.

With the exception of hydrogen, none of the potential intermediates
added as sole electron donor caused significant microbial sulfide pro-
duction in the TAOM enrichment (Extended Data Table 3). Carbon
monoxide and methyl sulfide even inhibited sulfide production when
added together with methane. Carbon monoxide is known to inhibit
cytochrome c activity, which may play an important role in intra- and
intercellular transfer of reducing equivalents in AOM". Methylated
substrates may interfere with the reverse, oxidative operation of the
methanogenesis pathway?*. The addition of colloidal zero-valent sulfur
to the TAOM culture (supplied in concentrations from 1 to 25 mM,
Extended Data Fig. 3a) did not result in the production of sulfide and
sulfate as reported in a previous study with ANME2a/DSS consortia®'.
However, with hydrogen as an electron donor (0.16 MPa), sulfide
production rates increased three- to eightfold compared to replicate
incubations with methane as the sole electron donor at TAOM con-
ditions (Fig. 1c and Extended Data Table 3). We investigated further
the influence of hydrogen on the oxidation of methane using head-
space-free incubations (Extended Data Fig. 4). In incubations with
methane and hydrogen, hydrogen was first selectively consumed
and methane oxidation was repressed. When hydrogen was con-
sumed, methane oxidation rates recovered to the same level as in
replicate incubations with only methane, suggesting an inhibition of
methane oxidation in the presence of hydrogen. To investigate the
influence of hydrogen on the consortial partners, we mapped total
RNA reads to the genome drafts of ANME-1 and HotSeep-1 after
exposure to different substrate conditions (Fig. 1d, for read numbers
see Supplementary Table 1). Under TAOM conditions, relative RNA
expression patterns reflected the biomass ratio between the ANME
and their partner bacteria (3:1) (Fig. 1d). The addition of hydrogen
caused a strong relative increase of HotSeep-1 over ANME gene
expression, even in the presence of methane. This indicates that if
the partner SRB does not act as an electron sink for reverse methano-
genesis, ANME activity is repressed; an effect of syntrophic coopera-
tion that was predicted previously'.
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To test the hypothesis of hydrogen production by ANME as a direct
intermediate in TAOM (Extended Data Fig. 1) that is consumed by
HotSeep-1, we assessed the presence and production of hydrogen
under TAOM conditions. Maximal hydrogen concentrations were
only about 2Pa in the TAOM enrichments, and re-established
within 7h after gas phase exchange (Fig. 2a). Thermodynamically,
HotSeep-1 could thrive on these low hydrogen concentrations with
an energy yield of approximately —24 kJ mol ™~ '. However, the produc-
tion of hydrogen in TAOM cultures corresponded to only ~0.5% of
the theoretical hydrogen production rates as reflected by sulfide pro-
duction (according to the stoichiometry of reverse methanogenesis;
Fig. 2b). This is insufficient to explain the consortial growth of
HotSeep-1. Furthermore, we could not detect catalytic subunits of
[FeFe] or [NiFe] hydrogenases in the ANME-1 draft genome. In con-
clusion, hydrogen appears to be an alternative growth substrate for
HotSeep-1 when available externally, but is not provided by ANME-1
as an intermediate in TAOM.

An alternative explanation of the TAOM interaction could be
direct interspecies electron transfer (DIET) between ANME-1 and
HotSeep-1, also hypothesized as a principle mechanism for syn-
trophic growth of AOM consortia®'>'”**. A switch from interspecies
hydrogen transfer to DIET has been previously shown for the dual-
species interaction between Geobacter sulfurreducens and Geobacter
metallireducens, benefiting both consortial partners, as evidenced by
their increased growth rates via DIET'®*. In the tightly packed
Geobacter consortia, a dense network of cell-to-cell connections was
detected by transmission electron microscopy and immunogold label-
ling, probably serving in electron transfer'®. The functioning of elec-
tron transfer via conductive cell-to-cell connections (nanowires) is
not fully understood, but apparently involves the expression of the
pilin protein PilA of the type IV pili together with certain members of
the cytochrome ¢ family™'®*”?®. Recent findings of such cytochromes
in the ANME genome, along with redox-dependent staining of the
intercellular matrix of the ANME-2/SRB consortia®, suggest that
DIET could also be relevant in AOM.

To find evidence for DIET in TAOM we analysed the genome and
specific gene expression of ANME-1 and HotSeep-1, with the focus on
similarities to the Geobacter consortia using DIET as the main electron
transfer mechanism. The ANME-1 draft genome contains several
potentially extracellular multi-haem cytochrome ¢ proteins, some of
which are highly expressed during TAOM, but no genes for pili forma-
tion (Extended Data Table 4, Supplementary Table 2). However,
HotSeep-1 comprises the genes for the biosynthesis and assembly of
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Figure 2 | Hydrogen in TAOM cultures. a, Hydrogen gas pressure under
TAOM conditions (methane, 0.2 MPa; sulfate, 28 mM; 5-day incubation (filled
circle)). The dashed arrow depicts gas phase exchange with methane. Open
circles show equilibration of hydrogen in the headspace (n = 1). b, Hydrogen
production in 10 ml TAOM culture supplied with 0.2 MPa methane after
headspace exchange and addition of 10 mM molybdate (final concentration) to
inhibit hydrogen consumption. Open circles are replicate measurements with
hydrogen production of 2 and 3 nmol1~" min~". Dotted line is predicted
hydrogen production for reverse methanogenesis (CH, + 2H,0 —

CO, + 4H,) = 420 nmol H, 1 ' min ! culture, for an observed sulfide
production rate of 104 nmol 1™ min~". Both experiments were repeated once
with the same results.
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Figure 3 | Expression of genes and visualization of structures attributed
to interspecies electron transfer in TAOM. a, Expression of archaeal (red)
and bacterial (green) genes in incubations with hydrogen (darker shade), or
hydrogen plus methane (lighter shade), relative to methane alone (expression
under TAOM condition = 1; biological replicates n = 3; *P < 0.05; for statistics
see Supplementary Table 5b). b—f, Micrographs of thin sections. Scale bars,
300 nm. b-d, TAOM consortia with HotSeep-1 cells (H; rod-shaped;
approximately 1 X 0.5 um) and ANME-1 cells (A; cylindrical shape with
envelope®; 1.5 X 0.8 um). Nanowires of 10 nm diameter and up to several
thousand nanometres in length connect both species, representative of

70 recorded images. ¢, d, Arrows mark the apparent origin of the wires from
the membrane of HotSeep-1 bacteria to the polar sites of ANME-1 cells.

d, HotSeep-1 cell with nanowires crossing the cell membrane (marked by the
arrow). e, f, Aggregated HotSeep-1 cells grown with hydrogen do not
develop nanowires; representative of 48 images.

type IV pili, as well as large multi-haem cytochrome ¢ proteins, both
with high amino acid similarity to respective proteins in Geobacter
spp.”® (Extended Data Table 4 and Supplementary Tables 3 and 4).
We further investigated expression patterns of these potentially
DIET-related genes in comparison to genes for AOM (mcrA) and
sulfate reduction (dsrA), representing key catabolic processes in
ANME-1 and HotSeep-1 (Fig. 3a, for statistical analyses see
Supplementary Table 5). In agreement with the results from total
RNA expression (Fig. 1d), a switch from methane to hydrogen (or
methane plus hydrogen) as an energy source caused an immediate
drop in mcrA and cytochrome expression in ANME, as well as a
reduction of the expression of the HotSeep-1 pili and cytochromes.
Comparing relative gene expression of HotSeep-1 in consortial growth
using methane, versus single growth using hydrogen, both pilA and
cytochrome ¢ are clearly overexpressed under TAOM conditions, this
is also the case when compared to dsrA expression (Extended Data
Fig. 5, for statistical analyses see Supplementary Table 5).

This observation is supported independently by transmission elec-
tron microscopy on thin sections of TAOM consortia. Using two
different embedding techniques we found a dense network of pili-like
structures connecting HotSeep-1 to ANME-1 cells (Fig. 3b, ¢ and
Extended Data Fig. 6a), resembling the nanowire structures found in
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Geobacter consortia (visualized with the same methods, see Extended
Data Fig. 6b). In TAOM consortia the nanowires are larger, and appear
more dense, with diameters of approximately 10nm and apparent
lengths of 100 to >1,000 nm. In agreement with the genomic patterns,
these wires seem to be formed by the partner bacteria, connecting to the
ANME-1 at their polar sides (Fig. 3b—d). In contrast, HotSeep-1 cells in
mono-species aggregates isolated with hydrogen show smooth surfaces
without such extracellular extensions (Fig. 3e, f), indicating that the
observed intercellular structures are specific to consortial growth under
TAOM conditions and not only related to cellular attachment.

In conclusion, our data show that consortial growth of thermophilic
ANME-1 archaea and HotSeep-1 bacteria is probably based on similar
principles as those in Geobacter consortia, where DIET is mediated
by intercellular wiring made up of pili-like structures and outer-
membrane multi-haem cytochromes. The underlying biophysics and
biochemistry of intercellular wiring for direct electron transfer needs
further investigation. If this mode of syntrophic cooperation between
the electron-generating archaea and nanowire-producing bacteria is
also the underlying mechanism for other types of AOM consortia as
suggested recently®, it may explain the enigmatic specificity of dual-
species partnerships in AOM in general.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized and the investigators were not blinded to allocation during
experiments and outcome assessment.

Cultivation of TAOM consortia. Sediment-free, TAOM enrichment cultures
were obtained after 1.5 years by semi-continuous incubation of hydrothermal vent
sediments from Guaymas Basin with sulfate reducer medium® and 0.225 MPa
CH, (+0.025 MPa CO,) as the sole energy source at 60 °C, as described in ref. 6.
Culture medium was replaced and samples were diluted 1:2 when sulfide concen-
trations exceeded 12 mM. For the different experiments, subsamples of the main
culture (biological replicates) were incubated in parallel.

DNA extraction, sequencing and phylogenetic classification of TAOM part-
ners. Genomic DNA was extracted as described previously’ from an active
TAOM culture. The protocol encompassed three cycles of freezing and thawing,
chemical lysis in a high-salt extraction buffer (1.5 M NaCl) by heating of the
suspension in the presence of sodium dodecyl sulfate and hexadecyltrimethylam-
monium bromide, and treatment with proteinase K. To amplify bacterial 16S
ribosomal DNA genes the primer pair GM3/GM4 (ref. 33) was used. For archaeal
16S rDNA genes the primers 20F (ref. 34) and Arc1492R (ref. 35) were selected.
PCR reactions were performed according to ref. 6. The phylogenetic affiliation was
inferred with the ARB software package® and release 115 of the ARB SILVA
database®. Representative 16S rRNA gene sequences are deposited at NCBI with
the accession numbers KT152859-KT152885.

Visualization of TAOM aggregates by fluorescence in situ hybridization. Cell
aliquots were fixed in 2% formaldehyde for 2 h at room temperature, washed with
1 X PBS (pH 7.4). Fixed cell suspensions were treated with mild sonication
(Sonoplus HD70; Bandelin) and aliquots of 50-250 pl were filtered onto GTTP
filter (0.2pum pore size, 20mm diameter). CARD-FISH was performed as
described previously® with the following modifications: for cell wall permeabili-
zation, filters were sequentially incubated in lysozyme solution (10 mg ml™" lyso-
zyme powder, 0.1 M Tris-HCI, 0.05M EDTA, pH 8) for 15-30 min at 37 °C and
proteinase K solution (0.45mUml™", 0.1M Tris-HCl, 0.05M EDTA, pH 8,
0.5 M Na(l) for 2 min at room temperature. Endogenous peroxidases were inac-
tivated by incubating the filters in 0.15% H,O, in methanol (30 min, room
temperature). The oligonucleotide probes ANME-1-350 and HotSeep-1-590 were
applied with formamide concentrations according to ref. 6. For dual CARD-FISH,
peroxidases of the first hybridization were inactivated by 0.3% H,O, in methanol
(30 min, room temperature). Catalysed reporter deposition was combined with
the fluorochromes Alexa Fluor 488 and Alexa Fluor 594. Filters were stained with
DAPI (4,6-diamidino-2-phenylindole). Micrographs were obtained by confocal
laser scanning microscopy (LSM 780; Zeiss).

Test of potential AOM intermediates/alternative HotSeep-1 substrates. All
experiments were performed with artificial seawater medium containing
30mM of carbonate buffer at TAOM cultivation temperature (60 °C), except
when specified otherwise. To ensure equilibration of gas phases, samples were
agitated on shaking tables. Highly pure gases and chemicals were used as additions
to the incubations. Standard TAOM conditions are defined here as 0.2 MPa meth-
ane and 28 mM sulfate. To test the TAOM enrichment for substrate-specific
sulfide production, triplicate culture aliquots (10 ml in 20 ml Hungate tubes) were
supplemented with different substrates (Extended Data Table 2) at concentrations
of 20mM, except methyl sulfide and carbon monoxide (both 0.05MPa), and
hydrogen (0.16 MPa) with and without methane (0.2 MPa). Zero-valent sulfur
was prepared according to ref. 39 and was supplied as dissolved species. For this
compound we additionally tested sulfide development via disproportionation in a
concentration gradient from 1-12 mM final S° concentration (Extended Data Fig.
6a). As positive reference, methane was provided at 0.2 MPa (at 60 °C roughly
equivalent to 1.6mM in solution). Sulfide production in the experiments was
repeatedly measured every 3 to 4 days using the copper sulfide assay*® and absorp-
tion spectrometry at 480 nm. TAOM rates with methane as the sole energy source
(0.2 MPa) reached approximately 0.100 % 0.030 uM per day, compared to a nega-
tive control (nitrogen; <0.001 uM per day). Rates determined for other substrates
were compared to those under TAOM conditions.

Influence of hydrogen addition on methane oxidation in TAOM cultures. To
determine the effect of hydrogen addition on methane oxidation rates, TAOM
culture aliquots were supplemented with methane and hydrogen (0.15 MPa and
0.05 MPa, respectively), or only methane as control (0.15MPa). Cultures were
incubated headspace-free at 50 °C for this experiment, because hydrogen was
too rapidly consumed at 60 °C for time-course experiments. To determine con-
centrations of methane and hydrogen, 1 ml of medium was sampled with gas-tight
glass syringes, and the sampled medium was concurrently replaced with substrate-
free medium to avoid the formation of a headspace. The sampled medium was

LETTER

injected through the septum of 10ml Exetainer filled with 1 ml NaOH and
concentrations of CH, and H, were measured as described below.

Presence and production of hydrogen in active TAOM cultures. To determine
hydrogen concentrations at TAOM conditions, 20 ml of culture was transferred
into 156-ml bottles at 60 °C and gas phases were repeatedly sampled using glass
syringes (1 ml) combined with direct measurements on the gas chromatograph.
Cultures incubated for 3 or more days reached stable hydrogen concentrations.
A comparison to molybdate addition is provided in Extended Data Fig. 6b, c. To
quantify molecular hydrogen production in TAOM, 20 ml of culture was supplied
with sodium molybdate (10 mM final concentration). This molybdate concentra-
tion assured complete inhibition of hydrogen-dependent sulfate reduction as
shown in replicate incubations of TAOM culture (1 to 25 mM molybdate) with
hydrogen (0.1 MPa) as the sole electron donor (Extended Data Fig. 6d). Samples
were stored at 60 °C on a shaking table and repeatedly sampled by glass syringes.
Concentrations of methane and hydrogen were measured via gas chromatography
coupled to flame ionization detection (Focus GC, Thermo) and via reducing
compound photometry (RCD; Peak Performer 1 RCP; Peak Laboratories).
Determination of carbon fixation by TAOM consortia. Replicate culture ali-
quots (n = 5) were incubated in 5-ml Hungate tubes supplemented with methane,
sulfate and "*C-labelled inorganic carbon (380 kBq). AOM-independent carbon
fixation was determined under N, atmosphere (n =5). To determine methane
oxidation rates, replicate vials were incubated with '*C-methane (14kBq).
Incubations were performed at 60°C for 24h. Samples were blotted onto
0.2-pum mixed cellulose esters membrane filters (Millipore, Merck). Filters were
dried and potential residual inorganic carbon was removed by exposing the filters
to an HCl atmosphere for 24 h. Radioactivity in liquid aliquots (0.1 ml) and filters
was determined by liquid scintillation counting (scintillation mixture; Filtercount;
Perkin Elmer; scintillation counter 2900TR LSA; Packard).

Cultivation of HotSeep-1 on molecular hydrogen. To isolate the hydrogeno-
trophic sulfate reducers in the TAOM enrichment, aliquots were transferred to
Hungate tubes (20ml) and diluted 1:10 to 1:10° with marine sulfate reducer
medium. All vials were amended with 0.2 MPa H,:CO, (80:20) gas phase, and
additionally stored in N, atmosphere to prevent oxygen flux into the culture vials.
Vials were stored at the TAOM temperature optimum (60 °C) and measured for
sulfide production using the copper sulfate assay*. To identify cultivated micro-
organisms, the 16S rRNA gene of active hydrogenotrophic cultures was directly
amplified from freeze-thawed pellets of culture aliquots (primer pair GM3/GM4)
and sequenced as described above. The phylogenetic affiliation was inferred with
the ARB software package® and Release 115 of the ARB SILVA database”.
Representative sequences are deposited at NCBI with the accession numbers
KT152886 and KT152887.

Physiology experiments with HotSeep-1. Electron acceptor tests. Culture aliquots
(1 ml tenfold-diluted in artificial anoxic seawater medium) were supplied with
different potential electron acceptors (colloidal sulfur, sulfite or thiosulfate) with
and without the addition of hydrogen. Potential growth on alternative carbon
sources (that is, acetate, butyrate, peptone and methyl sulfide) was tested.
Growth rates. Growth rates were independently determined from the development
of sulfide concentrations and cell counts (from DAPI-stained cells for total cell
numbers and from fluorescence in situ hybridized cells for specific cell numbers)
from replicate cultures (grown from 10% inoculum).

Growth efficiencies. Efficiencies were determined in a '*C-DIC radiotracer assay.
Replicate cultures were spiked with *C-DIC (~ 5.4 MBq) and incubated with
H,:CO, or, as control, with N,:CO, headspace. Sulfate-dependent hydrogen con-
sumption was determined by the increase of sulfide (colourimetrically*’) and by
the decrease of sulfate (via ion chromatography) in the medium. Fixed carbon was
measured from culture aliquots (5 ml volume) blotted on filters as described above.
Concentrations of radioactivity on the filter and the medium were determined
via scintillation counting. The total carbon fixation (mmol per ml culture) was
calculated as '*C uptake into particulate organic carbon multiplied by total DIC
[**C-POC (Bq per ml of culture)/ 14C-total (Bq per ml of culture) X DIC (mmol
per ml culture)], and normalized to reducing equivalent transfer, values are com-
pared with the consumption of sulfide.

Metagenome sequencing and draft genome assembly of ANME-1 and
HotSeep-1. Genomic DNA was extracted from TAOM and HotSeep-1 enrich-
ment cultures (as described above) and prepared for Illumina sequencing using the
Nextera mate pair sample preparation kit (Illumina), following the Gel-Plus pro-
tocol of the manufacturer’s user guide. DNA fragments with a length of approxi-
mately 5-8kb were extracted from a preparative gel before circularization.
Additionally a paired-end read library with insert size of 500 bp was constructed
for the TAOM enrichment using the TruSeq library preparation kit. Libraries were
sequenced on a MiSeq instrument (MiSeq, Illumina) in a 2 X 250 bases paired-end
run. Quality-controlled mate pair reads were assembled using the SPAdes genome
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assembler v.3.5.0 (ref. 41) with default values of k and the -hqmp option.
Assembled contigs from the TAOM metagenome were binned based on tetranu-
cleotide frequency using the Metawatt software®””. ANME-1- and HotSeep-1-spe-
cific bins were extracted for targeted reassembly using the SPAdes genome
assembler v.3.5.0"" with mapped mate pair and paired end read data and default
values of k and subsequently were used as draft genomes. A HotSeep-1 draft
genome was also obtained from the assembled contigs of the highly enriched
HotSeep-1 culture metagenome (hydrogenotrophic HotSeep-1).

Draft genome analysis. Draft genomes were annotated with Prokka®, and the
draft genome of HotSeep-1 (obtained from the hydrogenotrophic HotSeep-1
enrichment) was additionally annotated with an in-house pipeline and analysed
using GenDB* and JCoast”. The annotation of reported genes was manually
curated. An expectation (E)-value cut-off of 1 X 10> was considered for all pre-
dictions of putative protein functions. Identity of the enriched hydrogenotrophic
HotSeep-1 and the TAOM partner HotSeep-1 was evaluated by pairwise blast
search of the nucleotide sequence of the 16S and 23S rRNA genes, functional
and housekeeping genes and the intergenic spacer region (Extended Data
Table 2) derived from the draft genome of the TAOM partner HotSeep-1 (query)
versus the hydrogenotrophic HotSeep-1 (subject). To verify that the organisms
belong to the same species the average nucleotide identity (ANI) and the tetra-
nucleotide frequency correlation of the two draft genomes were determined using
JSpecies* (v.1.2.1). Analyses resulted in tetranucleotide frequency correlation of
0.999 and ANI of >99%. To check for absence of ANME-1 in the hydrogeno-
trophic HotSeep-1 culture metagenomic reads were mapped to the SILVA SSU
119 reference database (bbmap v.35 and pyhloflash v.1.5) for phylogenetic clas-
sification at minimum identities of 90%, 95% and 97% resulting in approximately
3,500, 2,100 and 1,500 classified 16S rRNA gene fragments, respectively, which
were screened for hits to ANME related sequences.

To identify potential cytochrome ¢ and type IV pili (T4P) genes in the draft
genomes of ANME-1 and HotSeep-1, protein domains were predicted using
hmmscan (HMMER 3.0*) with the PfamA** and TIGRFAM* reference data-
bases. Potential cytochromes were identified by the CXXCH motive and cyto-
chrome c-specific protein domain models. Potential T4P genes were identified
using protein models related to T4P. ANME-1 cytochrome and HotSeep-1 cyto-
chrome and pili genes were compared for their best matching hits in the
G. sulfurreducens (strain PCA) and G. metallireducens genome and the NCBI
non-redundant protein database using blastp. Cytochrome annotation based
on detected protein domains in PfamA, pili annotation based on detected
protein domains and amino acid sequence. Subcellular localization was
predicted with PSORTb* (v.3.0.2). For cytochromes the number of potential
haem-binding sites was derived from the abundance of the CXXCH motif. For
sequence comparison to the NCBI non-redundant protein database and Geobacter
spp. and for details on protein domains and subcellular localization prediction
see Supplementary Table 2a, b, (ANME-1 cytochromes), Supplementary Table
3a, b, (HotSeep-1 cytochromes) and Supplementary Table 4a, b (HotSeep-1
Type IV pili biogenesis). Representative sequences are deposited in GenBank
under the accession numbers KT759143-KT759147, KT795302-KT795321,
KT795322 and KT795323.

The ANME-1 draft genome was searched for genes encoding catalytic subunits
of hydrogenases using blastp search against known genes of catalytic subunits of
[NiFe] and [FeFe] hydrogenases (mvhA, echA, frhA, vhuA, vhtA, ehaO, hymC).
Annotation of genes with hits was evaluated by blastp search against the NCBI
non-redundant protein database for best matching reference sequences related to
hydrogenases, but none were found.

Transcriptome analysis of TAOM and HotSeep-1. To collect cells for transcrip-
tome analyses a 3.5-day experiment with replicates of 20 ml culture in 60-ml vials
was carried out (Fig. 1). From triplicate TAOM cultures incubated with methane
as control, with hydrogen, with methane/hydrogen mixture, or nitrogen as nega-
tive control, ~80% of the enrichment medium was removed and RNA was pre-
served using pre-heated RNA later (Life Technologies, ThermoFisher Scientific).
Total RNA was extracted using the Quick-RNA MiniPrep kit (Zymo Research),
treated with DNase I (Roche) and purified using the RNeasy MinElute Cleanup kit
(Qiagen) following the manufacturer’s reccommendations. Removal of rRNA was
omitted and total RNA was prepared for sequencing using the TruSeq stranded
mRNA library prep kit (Illumina) following the manufacturer’s guidelines. The
cDNA library was sequenced on a MiSeq instrument (MiSeq, Illumina) generating
between 2 to 3 million 150-bp single-end reads per library. Quality-controlled
reads were mapped to the draft genomes of HotSeep-1 and ANME-1 using bbmap
(v.35) with a minimum mapping identity of 98%. To quantify gene expression
unambiguously mapped reads per gene were counted using bedtools multicov
(v.2.24.0). To compare relative expression patterns within each organism across
treatments, read counts per feature were converted to transcripts per million
(TPM), which is the abundance of a specific gene (i) relative to the abundance

and length of all other transcribed genes (j) observed in one million sequenced
reads calculated according to ref. 51:

TPM|=X,/Z| X <1/Z)()/lj> X 106
j

where X = counts and [ = length (bp) per gene. Relative changes in expression of
selected genes were calculated by comparing TPM normalized expression data of
the H, and H, + CH, treatment to those under TAOM (control) conditions.
Differential expression (P value, fold change and effect size) between control
(TAOM condition) and treatment (H, or H, + CH,4) was computed with the
aldex2 R package™ for ANOVA-like differential expression analysis. Raw read
numbers, read mapping data and statistical analysis are provided in
Supplementary Table 1 (total expression) and Supplementary Table 5 (specific
gene expression).

For HotSeep-1 transcriptomes total RNA was extracted from triplicate cultures
(50 ml) grown on hydrogen/CO, following the same procedure as described for
TAOM enrichments (see above). Removal of rRNA was omitted and total RNA
was prepared for sequencing using the TruSeq stranded mRNA library prep kit
(Ilumina) following the manufacturer’s guidelines. The ¢cDNA library was
sequenced on a MiSeq instrument (MiSeq, Illumina) generating between 6.4 to
6.9 million 75-bp paired-end reads per library. Quality-controlled reads were
mapped to the draft genome of HotSeep-1 using bbmap (v.35) with a minimum
mapping identity of 98%. To quantify gene expression unambiguously mapped
reads per gene were counted using featureCount™ (part of Subread, v.1.4.6.) with
the -p option to count fragments instead of reads. Fragment counts per gene were
converted to transcripts per million (TPM) as described above for TAOM tran-
scriptome analyses.

Cultivation of Geobacter consortia. Active cultures of G. sulfurreducens
(strain PCA; DSM 12127) and G. metallireducens (strain GS-15; DSM 7210) were
mixed in fresh medium (DSM Medium 826) supplied with Na,-fumarate (50 mM)
and ethanol (20 mM) according to ref. 10 and cultivated anaerobically at 33 °C.
After subsequent transfers (1% inoculum) a well-growing culture consisting of
reddish microbial aggregates developed, which was used for thin sectioning and
electron microscopy.

Transmission electron microscopy. The cell material was harvested at
2,000 r.p.m. using a Stat Spin Microprep 2 table-top centrifuge. After centrifu-
gation the pellet was fixed by immersion using 2% glutaraldehyde in 0.1 M caco-
dylate buffer at pH 7.4. Fixation was performed for 60 min at room temperature.
The fixed pellet was immobilized with 2% agarose in cacodylate buffer at pH 7.4.
The pellet was cubed and the pieces carefully washed with buffer and further fixed
in 1% osmium tetroxide. After pre-embedding staining with 1% uranyl acetate,
samples were dehydrated and embedded in Agar 100 (Epon 812 equivalent). Asan
independent complementary method (shown in Extended Data Fig. 5a), samples
were placed in aluminium platelets of 150 um depth containing 1-hexadecene
(ref. 54). The platelets were frozen using a Leica Em HPM100 high pressure freezer
(Leica Mikrosysteme Vertrieb GmbH). The frozen samples were transferred to an
Automatic Freeze Substitution Unit Leica EM AFS2 and substituted at —90 °Cina
solution containing anhydrous acetone, 0.1% tannic acid for 24 h and in anhyd-
rous acetone, 2% OsO, 0.5% anhydrous glutaraldehyde (EMS Electron
Microscopical Science) for an additional 8h. After a further incubation over
20h at —20 °C samples were warmed up to + 4 °C and washed with anhydrous
acetone subsequently. The samples were embedded at room temperature in Agar
100 at 60 °C over 24 h. Thin sections (30-60 nm) were counterstained with uranyl
acetate and lead citrate and examined using a Philips CM 120 transmission elec-
tron microscope (Philips Inc.). In total, we recorded more than 200 views on
TAOM consortia, 64 views on HotSeep-1 and 90 views of Geobacter consortia.
Thermodynamic calculations. Free energy yields (AG,x,) were calculated accord-
ing to the equation:

(#)"

(Ry)"

including the gas constant R, the temperature T (K) and the measured activities/
partial pressures of the respective products P; and reactants R; in their respective
stoichiometric appearance (r) in the reaction. Values consider activities and fugac-
ity of respective compounds. The temperature-corrected standard free energy
AG,r)were determined according to ref. 55.

AGuxn =AG ) +RT xIn
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Extended Data Figure 1 | Models of possible species interaction and zero-valent sulfur transfer to the partner bacteria. ¢, Direct interspecies
mechanisms in TAOM tested in this study. a, Transfer of molecular electron transfer via conductive nanowires.

intermediates such as hydrogen. b, Incomplete reduction of sulfate in ANME
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Extended Data Figure 2 | Visualization of and growth experiments with times (c) (doubling time = In(2)/exponential factor of the regression curve)
HotSeep-1. a, Representative fluorescence micrograph of HotSeep-1 culture  during incubation of the HotSeep-1 culture with hydrogen as the sole energy
(probe HotSeep-1-590; 22 similar images obtained). Cells are solitary or source and sulfate. Biological replicates n = 3; data is presented as mean * s.d.,

form small aggregates. Scale bar, 10 pm. b, ¢, Semi-logarithmic illustration of  lines of best fit defined by least squares method.
the development of sulfide (b) or numbers of cells and resulting doubling
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Extended Data Figure 3 | Effect of zero-valent elemental sulfur and
molybdate additions on TAOM. a, Sulfide production in response to zero-
valent (colloidal) sulfur addition versus TAOM conditions; zero-valent sulfur
did not cause sulfide formation. b, ¢, Monitoring of hydrogen partial
pressures at TAOM conditions (open circles) versus extra addition of 10 mM
molybdate (filled circles) for either the full times series (b) or the first 10h
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(c). Molybdate addition caused tenfold higher hydrogen concentrations than
the TAOM condition. d, Inhibition of methane-dependent sulfide production
at different molybdate concentrations. Biological replicates n = 3; symbols
represent mean values; error bars are s.d.; b and ¢ show a single time series with
the same culture.
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Extended Data Figure 4 | Effect of hydrogen on microbial methane
oxidation. a, Methane (0.15 MPa) supplied as the sole electron source was
steadily consumed over time by TAOM. b, When both methane (0.15 MPa)
and hydrogen (0.05 MPa) were added, hydrogen was rapidly consumed

(grey bars), whereas methane consumption was reversely inhibited (green line)
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until hydrogen was fully consumed. Afterwards methane consumption

occurred at the same rate as in the control with only methane (a). Methane,

technical replicates n = 3; symbols represent mean values; error bars are s.d.;

hydrogen, single measurements. Experiment was replicated once in the
laboratory.

©2015 Macmillan Publishers Limited. All rights reserved



LETTER

Relative expression of genes of HotSeep-1

0 500

1500 2000

dsrA

pilA

oytC ——
F

Extended Data Figure 5 | Relative expression of marker genes of HotSeep-1
in consortial growth on methane (TAOM) versus enrichment on hydrogen.
Genes encoding proteins apparently involved in direct interspecies electron
transfer (CytC and PilA) are strongly overexpressed during TAOM (red)
compared to hydrogenotrophic growth (green). Gene expression given in
terms of TPM (transcripts per million). Biological replicates n = 3; error

bars are s.d.
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Extended Data Figure 6 | Thin-sections of TAOM and dual species are smaller (approximately 1 X 0.5 pm), of rod-like shape, and have lower
Geobacter spp. aggregates. a, TAOM culture. High-pressure frozen ANME-1  contrast. The matrix between the cells is largely filled with filaments.

cells (A) have a cylindrical shape and a size of 1.5 X 0.8 pm, appearing Representative of 24 images. Scale bar, 3 pm. b, Thin section of Geobacter
circular in cross-section, and rectangular when cut along the axis. Their cell consortium with intercellular nanowires using the same embedding techniques

content shows a high contrast. A* indicates cell envelopes. HotSeep-1 cells (H)  as for TAOM consortia, representative of 20 images. Scale bar, 300 nm.
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Extended Data Table 1 | Phylogenetic affiliation of cloned 16S rRNA gene se%uences obtained from TAOM enrichments in 2010 (compiled
from ref. 6) and after 1.5 years of cultivation in 2012 (this study)

Phylogenetic Group No of clones
2010, slurry 2012, sediment-free
Archaea
Euryarchaeota
ANME-1
ANME-1-Guaymas cluster 46 (82%) 148 (89%)
Other related ANME-1 - 7
Thermoplasmatales (19¢-33 related) 6 7
Thermococcales - 1
Others 4 3
Sum 56 166
Bacteria
Proteobacteria
Betaproteobacteria 3 1
Gammaproteobacteria 11 -
Deltaproteobacteria
HotSeep-1-Cluster 124 (60%) 89 (59%)
DSS group 1 1
Others 16 4
Acidobacteria 1 -
Actinobacteria 3 -
Candidate Division OD1 6 1
Candidate Division OP3 5 40
Candidate Division OPS8 21 6
Chloroflexi 8 -
Others 8 9
Sum 207 151
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Extended Data Table 2 | Pairwise comparison of nucleotide sequences from the HotSeep-1 draft genomes derived from the TAOM culture

versus the HotSeep-1 culture with hydrogen

Identity Query

Feature Identity (bp) (%) Gaps coverage  E value

16S rRNA 1554/1555 99 0/1555 100 0
23S rRNA 3025/3029 99 0/2029 100 0
ITS (23S-165) 270/271 99 0/271 100 3.00E-145
dsrA 1406/1438 98 0/1438 100 0
aprA 1905/1905 100 0/1905 100 0
Hydogenase small subunit ~ 1437/1437 100 0/1437 100 0
Hydrogenase large subunit ~ 916/918 100 0/918 99 0
dnak 1884/1893 99 0/1893 100 0

ITS, internal transcribed spacer.
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Extended Data Table 3 | Effect of potential intermediates in AOM on sulfide production of TAOM culture (n = 3 replicates, 20 days incubation)

Sulfide production

Substrate plus substrate plus methane

Control (no donor) -
Methane +
Colloidal sulfur - +
Hydrogen -+ +++
Carbon monoxide - -
Methyl sulfide - -
Methanol -
Acetate -

+ o+ o+

Formate —

—, sulfide production at level of negative control; +, sulfide production similar to TAOM under standard conditions; +++, sulfide production tripled compared to TAOM standard conditions.
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Extended Data Table 4 | Genes encoding cytochrome c proteins identified in thermophilic ANME-1 and HotSeep-1 draft genomes, and for

type IV pili biogenesis identified in the HotSeep-1 draft genome with expression >20 transcripts per million.

Cytochrome c type Predicted cellular Predicted heme !Expression Express.i on
based on PfamA localization (PSORTb) groups in TAOM change in H,
domain prediction (TPM) treatment
ANME-1
Cytochrom_c3 2 Unknown (CM,CW,E) 8 1,063 !
Cytochrome C7 Unknown (CM,CW,E) 4 603 !
Cytochrome C7 Extracellular 4 506 l
Cytochrom NNT Cytoplasmic 5 73 !
HotSeep-1
Paired_CXXCH_1 Extracellular 6 2,485
Cytochrom_CIII Periplasmic 4 1,011 -
Paired CXXCH_1 Unknown (CM,0OM,P.E) 7 974 -
Cytochrome C554 Unknown (CM,OM,P,E) 5 881 -
Cytochrom_CIII Periplasmic 4 179 -
Cytochrome C7 Cytoplasmic Membrane 5 95 -
Paired CXXCH_1 Cytoplasmic 10 95 -
Cytochrom _c¢3 2 Unknown (CM,P,E) 12 86 -
Cytochrom ¢3 2 Periplasmic 12 74 -
Cytochrome C554 Unknown (CM,P,E) 4 24 1
. . . Expression  Expression
Predicted pili protein f:)l;i(:;;&tlig)rclezi;lslgRTb) :/Zl}g::l::ltz’ct;f in ’IIJ‘AOM ch;)nge in H,
(TPM) treatment
HotSeep-1
assembly protein (pilA) Extracellular 74 1084 l
retraction ATPase (pi/T) Cytoplasmic 40 51 l
assembly protein (pi/Y)  Extracellular 26 46 l
assembly ATPase (pi/lB) Cytoplasmic 47 26 -
secretion (pilQ) Unknown (OM, C) 32 26 -
assembly protein (pi/A)  Cytoplasmic Membrane 41 23
retraction ATPase (pi/T) Cytoplasmic 55 21 -
assembly protein (pi/lM) Cytoplasmic 35 21 -
assembly protein (pi/O)  Cytoplasmic Membrane 35 21 l

Genes in bold are presented in Fig. 3a. CM, cytoplasmic membrane; CW, cell wall; E, extracellular; OM, outer membrane; P, periplasm; TPM, transcripts per million; 1, upregulated by a factor of 2; | downregulated
by a factor of 2; —,change smaller than by a factor of 2.
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