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Summary

The anaerobic oxidation of methane (AOM) is mediated

by consortia of anaerobic methane-oxidizing archaea

(ANME) and their specific partner bacteria. In thermo-

philic AOM consortia enriched from Guaymas Basin,

members of the ANME-1 clade are associated with bac-

teria of the HotSeep-1 cluster, which likely perform

direct electron exchange via nanowires. The partner

bacterium was enriched with hydrogen as sole elec-

tron donor and sulfate as electron acceptor. Based on

phylogenetic, genomic and metabolic characteristics

we propose to name this chemolithoautotrophic sul-

fate reducer Candidatus Desulfofervidus auxilii. Ca. D.

auxilii grows on hydrogen at temperatures between

508C and 708C with an activity optimum at 608C and

doubling time of 4–6 days. Its genome draft encodes

for canonical sulfate reduction, periplasmic and solu-

ble hydrogenases and autotrophic carbon fixation via

the reductive tricarboxylic acid cycle. The presence of

genes for pili formation and cytochromes, and their

similarity to genes of Geobacter spp., indicate a poten-

tial for syntrophic growth via direct interspecies

electron transfer when the organism grows in consor-

tia with ANME. This first ANME-free enrichment of an

AOM partner bacterium and its characterization opens

the perspective for a deeper understanding of syntro-

phy in anaerobic methane oxidation.

Introduction

The microbially mediated anaerobic oxidation of methane

(AOM) is a key process in anoxic methane-rich marine habi-

tats, controlling methane efflux from the seabed (Boetius

and Wenzh€ofer, 2013). Marine AOM is performed by con-

sortia of anaerobic methane-oxidizing archaea (ANME) and

partner bacteria coupling the oxidation of methane to the

reduction of sulfate in a syntrophic process (Boetius et al.,

2000; Orphan et al., 2001b). The oxidation of methane is

mediated by the archaea, involving the reversal of the meth-

anogenesis pathway (Hoehler et al., 1994; Hallam et al.,

2004). Previous studies have assigned canonical sulfate

reduction to the consortial partner bacteria (Boetius et al.,

2000; Milucka et al., 2013). The mode of interspecies trans-

fer of electrons from the ANME to the sulfate-reducing

partner bacteria remains uncertain. Exchange of metabolic

intermediates, hydrogen or direct interspecies electron

transfer have been discussed (Hoehler et al., 1994; Widdel

et al., 2007; Moran et al., 2008; McGlynn et al., 2015; Wege-

ner et al., 2015). Alternatively, it was suggested that the

archaea could carry out partial sulfate reduction, with the

bacterial partner disproportionating zero-valent sulfur spe-

cies (Milucka et al., 2012). AOM is mediated by members of

three different phylogenetic clades [ANME-1, ANME-2 and

ANME-3; (Knittel and Boetius, 2009)] which comprise a

substantial diversity of subgroups (Ruff et al., 2015).

Although the consortia formed by the different ANME are

highly specific associations with only one type of partner

bacterium, there is a considerable diversity of Deltaproteo-

bacteria that can form AOM consortia. The Seep-SRB-1

cluster (Desulfosarcina/Desulfococcus) prevails in most nat-

ural and laboratory psychro- and mesophilic enrichments
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dominated by ANME-2 (Boetius et al., 2000; Orphan, et al.,

2001a; Michaelis et al., 2002; Knittel et al., 2003). The

Seep-SRB-2 cluster is frequently observed as partner of

psychro- and mesophilic ANME-1 and -2 (Kleindienst et al.,

2012; Wegener et al., 2016) and Desulfobulbus-relatives as

partner of ANME-3 (Niemann et al., 2006). None of the psy-

chro- to mesophilic ANME or their partner bacteria have yet

been obtained as pure culture hence some of these organ-

isms might be obligate syntrophs.

Here, we studied the bacterial partner in thermophilic

AOM (growth range 508C–658C), HotSeep-1, recently

enriched from the methane-rich hydrothermal system of the

Guaymas Basin, Gulf of California (Holler et al., 2011). In

thermophilic AOM enrichments HotSeep-1 bacteria associ-

ate with ANME-1 archaea to form filamentous or densely

packed spherical consortia. So far, DNA sequences similar

to those of this bacterial partner have only been reported

from hydrothermal vent systems (Teske et al., 2002; Biddle

et al., 2011; Dowell et al., 2016), and thermophilic short-

chain hydrocarbon-degrading enrichments originating from

the Guaymas Basin (butane-degrading) and from Middle

Valley, Juan de Fuca Ridge (ethane-, propane- and butane-

degrading) (Kniemeyer et al., 2007; Adams et al., 2013). In

thermophilic AOM, HotSeep-1 retrieves reducing equiva-

lents from its ANME partner through the oxidation of

methane (Holler et al., 2011) likely via direct interspecies

electron transfer (Wegener et al., 2015).

We highlight here the metabolic and genomic features of a

representative of the HotSeep-1 cluster, proposed as Candi-

datus Desulfofervidus auxilii, with the focus on its potential

role as syntrophic partner in hydrocarbon degradation.

Results and discussion

Enrichment and cultivation of HotSeep-1

During thermophilic anaerobic oxidation of methane

(TAOM), HotSeep-1 formed dense cell aggregates with

ANME-1 archaea in the form of filaments or large spherical

aggregates (Fig. 1). In filaments, HotSeep-1 and ANME-1

cells associated in close proximity and often 1:1 stoichio-

metry within a sheath-like structure (Holler et al., 2011;

Fig. 1B). Spherical aggregates reaching sizes of 0.5 mm

contained well-mixed, approximately equal portions of

HotSeep-1 and ANME-1 cells and were the dominant con-

sortia growth type in long-term, sediment-free TAOM

enrichments (>2 years of enrichment by continuous dilu-

tion) (Fig. 1A). When the energy supply to the TAOM

enrichment was switched from methane to hydrogen, the

enrichment responded with a fivefold increase of the sulfide

production rate as calculated from the first 9 days (Fig. 2A).

Other substrates (a variety of organic compounds including

acetate, formate, alcohols, benzoate, dicarboxylic acids,

pyruvate, methyl sulfide and carbon monoxide) did not lead

to sulfide production (see Wegener et al., 2015). Serial dilu-

tion to extinction cultivation of this enrichment at 608C with

sulfate and hydrogen as the energy source, and inorganic

carbon as the sole carbon source, resulted in separation of

HotSeep-1 cells from the ANME partner in initial dilutions of

up to 1:106. Continuous dilution yielded an enrichment of

>95% HotSeep-1 cells (Fig. 2B–D). A persistent archaeal

contaminant, identified as Archaeoglobus sp. by 16S rRNA

gene sequencing, accounted for around 5% of all cells

during the exponential growth phase (Supplementary Fig.

S1). Taxonomic classification of metagenomic 16S rRNA

gene fragments (approximately 2000 reads) obtained from

the enrichment estimated HotSeep-1 to Archaeoglobus sp.

16S rRNA genes in a ratio >100:1. Accordingly, the nearly

full length 16S rRNA gene sequences assembled from the

metagenome, which related to HotSeep-1 and Archaeoglo-

bus fulgidus showed coverages of 108x and 3x respectively.

ANME-1 was not detected in the hydrogenotrophic

HotSeep-1 enrichment. Based on phylogenetic, genomic

and metabolic data we propose that the enriched HotSeep-

1 represents a novel species, Candidatus Desulfofervidus

auxilii, referring in denotation to the bacterium’s sulfate-

reducing metabolism in thermophilic syntrophic consortia.

Fig. 1. Microbial consortia from
thermophilic AOM enrichments.

A. SEM image of a spherical

TAOM aggregate, scale 100 mm.

B. AFM image of a component

of a TAOM filament showing

close proximity of archaeal

(left) and bacterial (right) cells

in a common envelope,

visualized on a 0.2 mm pore-

size filter, scale 1 mm, grey

gradient bar indicates object

height in nm.
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Physiological characterization of Ca. D. auxilii

Hydrogen-dependent sulfate-reducing activity of Ca. D.

auxilii cultures was observed at temperatures between

508C and 708C. Sulfate reduction rates were highest at

608C (Supplementary Fig. S2). The cell specific sulfate

reduction rate at 608C was 46 fmol sulfate reduced per day

per cell (Supplementary Fig. S1). No activity was observed

below 508C and above 708C, matching the temperature

optimum in consortial growth with ANME-1 (Holler et al.,

2011). Freshly inoculated Ca. D. auxilii cultures showed

a relatively long lag phase of approximately 12 days fol-

lowed by an exponential increase of sulfate-reducing

activity, carbon fixation and cell numbers until sulfate

was depleted (after about 32–35 days) (Supplementary

Fig. S1). Ca. D. auxilii tolerates high sulfide concentra-

tions of up to 25 mM (Supplementary Fig. S1), which

is an advantage in its highly sulfidic natural habitat in

subsurface sediments of methane-rich hydrothermal

Fig. 2. Effect of hydrogen on TAOM enrichment (A) and visualization of Ca. D. auxilii cells (B-D).

A. Sulfide production in thermophilic AOM consortia enrichment supplied with methane (blue), methane plus hydrogen (green) or hydrogen

(red), and without energy source (grey) in replicate incubations per condition (filled and open circles).

B. Ca. D. auxilii cells in a highly enriched culture on hydrogen; cells were visualized with the specific CARD-FISH probe HotSeep-1_1465,

scale 2 mm.

C. Differential interference contrast micrograph of Ca. D. auxilii cells (marked by arrow) aggregating around inorganic precipitates (brownish

colour), scale 1 mm. D. Scanning electron microscopy image of a Ca. D. auxilii cell grown on hydrogen, scale 500 nm.

Fig. 3. Phylogenetic affiliation
of Ca. D. auxilii reconstructed
from the concatenated protein
alignment of 19 universal single
copy marker genes (Wu and
Scott, 2012). The phylogenetic
tree was calculated using the
maximum likelihood algorithm
(RAxML). For clarity only a
subset of the tree is depicted.
Values at nodes indicate
branch support calculated from
100 replicates. The 16S rRNA
gene based phylogenetic
classification is indicated to the
right and is not fully congruent
with the clustering observed in
the depicted single copy gene
tree. Ca. D. auxilii branches off
at the root of the
Thermodesulfobacteria, which
form a sister clade to the
Deltaproteobacteria.
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vents (Jørgensen et al., 1990; Vigneron et al., 2014). The

calculated doubling time of 4–6 days is slow compared to

other hydrogenotrophic sulfate reducers [doubling time of

12–24 h (Brysch et al., 1987; Alazard et al., 2003; Audiffrin

et al., 2003; Rabus et al., 2006)]. However, compared with

the inherently slow growth as partner bacterium in thermo-

philic AOM (doubling time approx. 50 days as estimated

from the increase in sulfide production), growth dynamics

were 12 times faster in single culture on hydrogen. Organic

compounds (including acetate, formate, alcohols, benzo-

ate, dicarboxylic acids, pyruvate, methyl sulfide and

carbon monoxide) were neither used as energy source for

sulfate reduction nor did they support growth of Ca. D. aux-

ilii cells (Supplementary Fig. S3), which is in agreement

with the absence of sulfide production in TAOM enrich-

ments supplemented with organic compounds other than

methane (see above). Notably, no sulfate-reducing activity

of Ca. D. auxilii was observed on methane and short-chain

hydrocarbons (propane, butane), which contrasts earlier

reports of HotSeep-1 dominated short-chain hydrocarbon-

degrading enrichments (Adams et al., 2013) (Supplemen-

tary Figs. S3 and S4). Further, tested organic compounds

did not substantially stimulate hydrogenotrophic sulfate-

reducing activity or growth of Ca. D. auxilii suggesting that

Ca. D. auxilii grows autotrophically (Supplementary Fig.

S5). Some organic compounds even inhibited growth

(methanol, lactate, propionate, yeast extract), an effect

previously observed for thermophilic hydrogenotrophs

(Kawasumi et al., 1980; Kristjansson et al., 1985). Autotro-

phic growth of Ca. D. auxilii is in line with earlier studies on

other sulfate-reducing AOM partner bacteria also showing

carbon dioxide fixation (Wegener et al., 2008; Kellermann

et al., 2012). Autotrophic carbon fixation by Ca. D. auxilii

accounts for on average 0.03–0.04 mol carbon dioxide

fixed per mol sulfate reduced (Supplementary Fig. S6) with

a carbon fixation rate of 1.3 fmol per day per cell. This cor-

responds to the use of only 1.5% of the reducing

equivalents derived from hydrogen oxidation for carbon

fixation. This carbon fixation capacity is much lower than in

other studied hydrogenotrophic sulfate reducers (Brandis

and Thauer, 1981; Cypionka and Pfennig, 1986), which

explains the comparatively low growth rates and limited

cell densities of the Ca. D. auxilii culture. It compares well

with the carbon fixation capacity in TAOM of 2%, when

determined as reducing equivalents derived from methane

oxidation (Wegener et al., 2015). Furthermore, neither

reduction nor disproportionation of alternative sulfur sour-

ces (i.e. sulfite, thiosulfate and elemental sulfur) sustained

growth of Ca. D. auxilii (Supplementary Fig. S7), indicating

that Ca. D. auxilii is an obligate sulfate reducer.

Phylogenetic position of Ca. D. auxilii

Ca. D. auxilii is the first cultured representative of a 16S

rRNA gene sequence cluster (>97.5% similarity) which to

date comprises almost full length sequences (>1400 bp)

obtained from Guaymas Basin environmental samples

(Teske et al., 2002; Dowell et al., 2016) and methane- and

butane-degrading enrichments (Kniemeyer et al., 2007;

Holler et al., 2011; Kellermann et al., 2012; Wegener et al.,

2015), and additionally assigned partial sequences

retrieved from Middle Valley hydrocarbon-degrading enrich-

ments (NCBI SRA066151) (Adams et al., 2013). The first

sequences of this cluster were identified by Teske et al.

(2002) as ‘Guaymas-specific sequence cluster’. Later,

when Holler et al. (2011) assigned similar sequences to the

bacterial partner in thermophilic AOM the cluster was

denoted ‘HotSeep-1’. The genomic 16S rRNA gene

obtained from the hydrogenotrophically grown Ca. D. auxilii

is identical or highly similar to sequences of the HotSeep-1

cluster (see Supplementary Table S1). Previous phyloge-

netic classifications of this cluster in the 16S rRNA gene

based phylogenetic tree are discordant and have described

it as a member of the Deltaproteobacteria with Desulfurella

and Hippea as distant relatives (Holler et al., 2011) or as an

independent lineage (Teske et al., 2002; Dowell et al.,

2016). Our 16S rRNA gene phylogenetic analysis con-

firmed a deep-branching position of this cluster

(Supplementary Fig. S8) (Teske et al., 2002; Holler et al.,

2011; Dowell et al., 2016) and showed that its affiliation

within the bacterial phylogenetic tree varied considerably

depending on the method and the set of reference sequen-

ces used for tree calculation, which indicates insufficient

phylogenetic context for this cluster on the 16S rRNA gene

level. To further resolve the phylogenetic classification of

Ca. D. auxilii we reconstructed the phylogeny based on dif-

ferent marker genes and gene sets. A phylogenomic

approach using a set of 19 single copy housekeeping

genes (detected in all here analysed genomes; see Supple-

mentary Discussion and Supplementary Table S2)

revealed a sister relationship of Ca. D. auxilii to members of

the Thermodesulfobacteria, namely Thermodesulfatator

indicus and Thermodesulfobacterium geofontis, and an

affiliation of this cluster as sister clade to the Deltaproteo-

bacteria (Fig. 3; see also Supplementary Discussion). An

affiliation with the Deltaproteobacteria was supported by

the 23S rRNA gene based phylogeny, which placed Ca. D.

auxilii within the Deltaproteobacteria with Desulfobacca

acetoxidans, Geobacter spp. and Syntrophobacter fumar-

oxidans as its closest relatives (Supplementary Fig. S9).

The latter two are known to often grow as syntrophs (McI-

nerney et al., 2009). We also used the dissimilatory sulfite

reductase (Dsr) gene, encoding a key enzyme of sulfate

reduction and used as a functional marker gene of sulfate

reducers, for phylogenetic analysis (Klein et al., 2001;

M€uller et al., 2014). The amino acid sequence of the Dsr

subunit A (DsrA) of Ca. D. auxilii affiliated with DsrA sequen-

ces from Desulfatiglans anilini (formerly Desulfobacterium

anilini), Moorella thermoacetica and Desulfotomaculum

spp. (Supplementary Fig. S10; see also Supplementary
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Discussion), with highest amino acid sequence similarity

(75%) to D. anilini (Deltaproteobacteria).

In summary, our phylogenetic analyses of multiple

genes/gene sets and whole genome comparison (see

Supplementary Discussion and Supplementary Table S3

and S4) as well as physiologic characteristics (see Table

1) revealed similarity (phylogenetic and metabolic) of

Ca. D. auxilii to members of the Deltaproteobacteria and

Thermodesulfobacteria, although a classification into

either of the two groups currently is not well supported

on the 16S rRNA gene level. However, a database com-

parison of the genomic 16S rRNA gene of Ca. D. auxilii

showed among the top 10 hits (84%–86% identity) to

cultured organisms members of Deltaproteobacteria and

Thermodesulfobacteria, with the best scoring hit (86%

similarity) to Thermodesulforhabdus norvegicus (Deltap-

roteobacteria) (Supplementary Table S5). According to

recent taxonomic thresholds defined in Yarza et al.

Fig. 4. Scheme of energy metabolism and autotrophic carbon fixation in Ca. D. auxilii reconstructed from its draft genome. Depicted are the
proposed reducing equivalent entry points during the possible alternative growth strategies of Ca. D. auxilii via hydrogen, green arrows (either
supplied hydrogen or syntrophic interspecies hydrogen transfer) or via DIET, red arrow. Colour coding: red for c-type cytochrome, purple for
b-type cytochrome, orange for FeS proteins, turquoise for molybdopterin family proteins, dark blue for CCG proteins, yellow for flavoproteins,
green for hydrogenase (catalytic subunit), white means not assigned and grey indicates protein may represent an additional subunit. Protein
complex structure is adapted from previous models (Pereira et al., 2011). Dashed lines represent potential electron flow pathways. Dotted lines
represent proton flow pathways or possible ferredoxin linkage. Black line colour: path predicted to exist during growth with hydrogen and DIET;
red line colour: path predicted to only exist during growth via DIET; green line colour: path predicted to exist only during growth on hydrogen.
Rnf complex is depicted as working in both directions. C, Cytoplasm; PM, Periplasmic membrane; P, Periplasm; OM, Outer membrane.
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(2014), a 16S rRNA gene sequence similarity of �86.2%

suggests a membership in different families. Hence, we

propose that Ca. D. auxilii and related sequences in the

HotSeep-1 cluster represent a novel family, Candidatus

Desulfofervidaceae. A clear classification on higher taxo-

nomic level (above family) awaits clarification by isolating

and describing further members of this novel deep-

branching lineage.

General genome features

The here described draft genome of Ca. D. auxilii has a

size of 2.55 Mbp and a GC content of 37%. The obtained

sequencing data provided an estimated 430 fold coverage

of the genome. In total, 2528 open reading frames (ORFs)

were identified of which about 66% (1658 ORFs) could

be assigned to COG (clusters of orthologous genes)

categories (see Supplementary Table S6 for an overview

of observed COG categories). The genome contains one

16S-23S-5S rRNA operon and 47 tRNAs. Genome com-

pleteness was almost reached, based on estimations by (i)

the checkM software (Parks et al., 2015) using 340 marker

genes (97% completeness with 4% contamination and

without detected strain heterogeneity) and (ii) the

AMPHORA2 package with 31 bacterial marker genes (all

detected, dnaG duplicated) (Wu and Scott, 2012), and (iii)

based on the detection of tRNAs for all amino acids. The

general genome features are summarized in Table 2. The

draft genome of Ca. D. auxilii’s is comparable in size and

GC content to genomes of other sulfate- and sulfur-

reducing bacteria retrieved from hydrothermal habitats

such as Thermodesulfatator indicus (2.5 Mbp, GC content

40%), Thermodesulfobacterium geofontis (1.3 Mbp, GC

content 30%), and Hippea maritima (1.7 Mbp, GC content

37%) (Anderson et al., 2004; Huntemann et al., 2011;

Elkins et al., 2013). In the course of evolution genome

reduction might occur as a result of adaptation to specific

environmental niches, thus Ca. D. auxilii’s limited metabolic

versatility is presumably reflected in its small genome size.

Genomic basis for hydrogenotrophic growth of

Ca. D. auxilii

Ca. D. auxilii‘s draft genome encodes a complete set of

proteins required for hydrogen-dependent sulfate-reduction

(see Fig. 4 for a graphic representation). It includes a

soluble (HS1_002313-HS1_002314) and a periplasmic

(HS1_000162-HS1_000163) [NiFe] hydrogenase, and pro-

teins required for its maturation and expression

(HS1_000157-HS1_000161, HS1_000149-HS1_000151).

The predicted non-membrane bound periplasmic hydro-

genase is proposed to transfer electrons from hydrogen

oxidation to periplasmic c-type cytochromes (Matias et al.,

2005). The identified soluble methyl-viologen-reducing

Table 1. Morphological and physiological characteristics of Ca. D.
auxilii.

Characteristic Ca. D. auxilii

Cell morphology rod

Cell size (mm) 1.5–2.0 x 0.5

Doubling time (days) 4–6

Temperature range (8C) 50–70

Activity optimum (8C) 60

Carbon source CO2

Electron acceptors

Sulfate 1

Sulfite 2

Thiosulfate 2

Sulfura 2

Electron donors

H2 1

Formate 2

Acetate 2

Hydrocarbonsb 2

other organic compoundsc 2

Disproportionation

Sulfite 2

Thiosulfate 2

Sulfura 2

Syntrophic growthd 1

a. Sulfur was provided in form of either S8 powder or as colloidal S8.
b. Methane, propane and butane were tested.
c. Other organic electron donors tested: pyruvate, lactate, propio-
nate, benzoate, succinate, fumarate, malate, methanol, ethanol,
glucose, fructose, peptone, yeast extract, carbon monoxide, methyl
sulfide.
d. Determined as consortial growth in AOM enrichments with meth-
ane as substrate.

Table 2. Draft genome sequence information.

Feature Value

Scaffolds 1

Genome size (bp) 2 540 211

coding DNA sequence (bp) 2 286 941

coding DNA sequence (%) >90

N (%) <1

GC content (%) 37

ORFs 2528

genes assigned to COGs 1658

rRNAs (5S, 16S, 23S) 3

tRNAs 47

tRNA completeness (%)a 100

Single copy gene completeness (%)b 97–100

a. Estimate of completeness based on identification of at least one
tRNA for each amino acid; tRNAscan-SE v.1.21 Lowe and Eddy
(1997).
b. Estimate of completeness based on single copy gene analysis
using AMPHOR2 Wu and Scott (2012) and checkM Parks et al.
(2015) pipeline (see experimental procedures, and results and
discussion).
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[NiFe] hydrogenase (MvhA) may form a cytoplasmic com-

plex with heterodisulfide reductase subunits (HS1_001272-

HS1_0001274) as previously suggested (Thauer et al.,

2008). This MvhADG/HdrABC complex may couple

hydrogen oxidation to the endergonic reduction of the low-

potential redox-carrier ferredoxin and the exergonic reduc-

tion of a heterodisulfide bond in a flavin-based electron

bifurcation mechanism (Buckel and Thauer, 2013).

As a terminal electron sink, Ca. D. auxilii has a complete

dissimilatory sulfate reduction pathway. It is located in

the cytoplasm and consists of sulfate adenylyltransferase

(Sat, HS1_002311), adenosine phosphosulfate reductase

(AprAB, HS1_000253-HS1_000254) and a dissimilatory

sulfite reductase complex (DsrABCD, HS1_002180-

HS1_002182, HS1_000090). Electrons derived through the

periplasmic oxidation of molecular hydrogen are proposed

to reduce the periplasmic cytochrome pool and enter the

sulfate reduction pathway via cytochrome- and

menaquinone-interacting membrane-bound electron trans-

fer complexes, several of which are known from sulfate-

reducing bacteria and archaea (Pereira et al., 2011). The

quinone reductase complex (QrcABCD, HS1_000675-

HS1_000678) was proposed to reduce the membrane

menaquinone pool via electrons from periplasmic cyto-

chromes (Venceslau et al., 2010). The menaquinone-

interacting oxidoreductase complex (QmoABC, HS1_

002183-HS1_002185) then delivers electrons from the

reduced menaquinone pool to the adenosine phosphosul-

fate reductase complex (Pires et al., 2003; Ramos et al.,

2012; Grein et al., 2013). The TmcABCD complex (HS1_

001244-HS1_001247) and HmeABCDE (DsrMKJOP) com-

plex (HS1_002291-HS1_002295) were suggested to

directly deliver electrons from the periplasmic cytochrome

pool to the cytoplasmic DsrAB complex through a reduction

of the disulfide bond in DsrC via heterodisulfide reductases

(Venceslau et al., 2014). Electrons derived through cyto-

plasmic hydrogen oxidation by MvhADG/HdrABC (HS1_

002313-HS1_002314/HS1_001272-HS1_0001274) possi-

bly enter the dissimilatory sulfate reduction pathway also at

the level of DsrAB via reduction of DsrC by HdrB (Pereira

et al., 2011; Grein et al., 2013).

Energy conservation during hydrogenotrophic growth of

Ca. D. auxilii could occur via electron transport phosphory-

lation utilizing the electrochemical gradient created by

periplasmic hydrogen oxidation for synthesis of adenosine

triphosphate (ATP) via an ATP synthase (F-type ATPase,

HS1_001679-HS1_001682, HS1_001898-HS1_001904).

Alternatively, Ca. D. auxilii may utilize a membrane-

associated ion-translocating complex (Rnf complex, HS1_

001621-HS1_001626) (Buckel and Thauer, 2013) which

was suggested to couple the exergonic re-oxidation of

reduced ferredoxin with NAD1 to the translocation of protons

(Na1 or H1) across the membrane, creating an electro-

chemical gradient for ATP synthesis (Biegel and M€uller,

2010). Thus Ca. D. auxilii potentially conserves energy via

two mechanisms: electron transport phosphorylation and

electron bifurcation. However, ferredoxin is a central electron

carrier and reduced ferredoxin is crucial for autotrophic car-

bon fixation in anaerobes. Ca. D. auxilii may generate

reduced ferredoxin from hydrogen through cytoplasmic elec-

tron bifurcation at the MvhADG/HdrABC complex as

suggested before for other sulfate reducers (Thauer et al.,

2008; Buckel and Thauer, 2013). Another possibility would

be a reverse-functioning Rnf complex to generate additional

reduced ferredoxin (e.g. for carbon fixation) with NADH (end-

ergonic) utilizing energy conserved in the proton gradient

(Schmehl et al., 1993; McInerney et al., 2007).

As generally observed in genomes of sulfate reducers

(Strittmatter et al., 2009; Pereira et al., 2011) genes enco-

ding putative heterodisulfide reductase (Hdr) subunits were

also identified in the Ca. D. auxilii draft genome (16 putative

Hdr-encoding genes). Besides the Hdr-containing mem-

brane-bound electron transfer complexes Tmc, Dsr and

Qmo an additional gene cluster was identified that poten-

tially encodes another membrane-bound complex with Hdr-

related subunits and proteins involved in electron transfer

reactions (see Supplementary Fig. S11A). The predicted

integral membrane protein encoded by HS1_002398 con-

tains protein domains similar to HdrF of Desulfobacterium

autotrophicum HMR2 (Strittmatter et al., 2009) and a

potential (non-cytoplasmic) multi-heme cytochrome domain

(see Supplementary Fig. S11B). This protein could be

part of an additional electron transport complex that

directly interacts with the reduced periplasmic cyto-

chrome pool and, possibly via HdrB, reduces DsrC or

transfers electrons onto cytoplasmic electron transfer

proteins.

Possible mechanisms for syntrophic growth in AOM via
direct electron transfer

Microbial syntrophy can occur by transfer of a molecular

intermediate such as hydrogen or formate that is produced

by a syntrophic metabolizer e.g. a fermenting bacterium

and scavenged by a single or multiple partners that oxidize

the compound. The activity of the latter prevents product

inhibition (McInerney et al., 2009). Alternatively, some

organisms have the capability to directly transfer electrons

(Summers et al., 2010; Rotaru et al., 2014). Consequently,

common features such as systems for reverse electron

flow, hydrogenases, formate dehydrogenases, pili and

outer membrane cytochromes have been highlighted in

the genomes of syntrophic metabolizers (Sieber et al.,

2012). Ca. D. auxilii grows as syntrophic partner of

ANME-1 archaea, both in the environment and in vitro

(Holler et al., 2011; Wegener et al., 2015). Formate can be

excluded as substrate of Ca. D. auxilii as it does not grow

on formate and its genome does not encode a complete
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formate dehydrogenase, necessary to metabolize formate.

In contrast, Ca. D. auxilii grows on hydrogen and could

theoretically utilize its hydrogenases during syntrophic

growth via interspecies hydrogen transfer. During TAOM,

production of molecular intermediates was, however, not

observed (Wegener et al., 2015). Instead direct electron

transfer (DIET) via excreted multi-heme cytochrome c and

nanowire-like structures was proposed for the syntrophic

coupling in AOM consortia (McGlynn et al., 2015; Wegener

et al., 2015). DIET is the preferred mode of syntrophic

interaction between the syntrophic ethanol metabolizer G.

metallireducens and its product scavenger G. sulfurredu-

cens (Summers et al., 2010). The two organisms can

switch between interspecies hydrogen transfer and DIET,

which may indicate that only a few genetic adaptations are

required to alternate between the two modes. In TAOM

consortia a dense network of nanowire-like structures was

observed that might enable direct interspecies electron

transfer (Wegener et al., 2015). The Ca. D. auxilii genome

encodes a set of genes required for biogenesis and

assembly of type IV pili (HS1_000117, HS1_000600-

HS1_000604, HS1_002000, HS1_002454; see also Sup-

plementary Table S7 and S8, and Wegener et al., 2015).

Although type IV pili may have various functions including

attachment, they seem to play a crucial role in mediating

DIET in syntrophically-growing dual-species Geobacter

consortia (Summers et al., 2010). Recent studies indicated

that the Geobacter-specific geopilins are self-conductive

and that the PilA protein contains aromatic amino acids

that are the key to electron transport along pili via delocal-

ized charges (Malvankar et al. 2014, 2015; Liu et al. 2014).

Comparison of the amino acid sequences of PilA prepilins

from Ca. D. auxilii (HS1_000117) and G. sulfurreducens

revealed that the Ca. D. auxilli pilin contains 3 of the 5 aro-

matic amino acids found in the N-terminal domain of

geopilin. Furthermore, in Geobacter spp. highly expressed

multi-heme c-type cytochromes (OmcS) were proposed to

play an important role in electron transfer. Ca. D. auxilii

lacks this specific cytochrome, but 24 c-type cytochromes

were identified of which 10 have orthologous genes in the

G. sulfurreducens genome and could possibly fulfill similar

functions. Three potentially secreted multi-heme c-type

cytochromes were related to OmcT (HS1_000545,

HS1_000649, HS1_000650), which in G. sulfurreducens

was suggested to be involved in DIET. Further, seven

multi-heme c-type cytochrome encoding genes

[HS1_000540 (10 heme), HS1_000543 (12 heme),

HS1_000544 (12 heme), HS1_000545 (7 heme),

HS1_000548 (7 heme), HS1_000555 (26 heme),

HS1_000556 (16 heme)] were located in a large cluster

together with other genes, including one encoding an

outer-membrane channel cytochrome c [HS1_000541 (1

heme)], related to OmcL of G. sulfurreducens, and two

encoding lipoproteins (see also Supplementary Table S7

and S8, and Wegener et al., 2015). Although the mecha-

nisms of extracellular electron transfer by Ca. D. auxilii

remain unknown, these cytochromes may be candidates

for the extracellular transfer of electrons between pili and

outer-membrane and the channeling of electrons into the

periplasm via a porin outer-membrane protein. Once trans-

ferred to the periplasmic cytochrome pool electrons may

be delivered to membrane-bound electron transport com-

plexes via a cytochrome-interacting periplasmic subunit

(see above) and subsequently fuel sulfate reduction. Ca.

D. auxilii could possibly utilize the same redox components

to pass electrons between the periplasmic cytochrome

pool and cytoplasmic sulfate reduction complexes during

DIET-based syntrophic and hydrogenotrophic growth (Fig.

4). This would allow a rather quick transition between both

growth modes and may explain its fast response to hydro-

gen as alternative substrate. Syntrophic growth via DIET

would circumvent hydrogenases, hence during syntrophic

growth in AOM Ca. D. auxilii would not reduce ferredoxin

via electron bifurcation at the MvhADG/HdrABC complex.

Under these conditions ferredoxin reduction could be

driven by proton translocation at the reverse working Rnf

complex (see above).

Furthermore, flagella have previously been reported to

be an important feature of syntrophy establishment (Shi-

moyama et al., 2009). Ca. D. auxilii includes in its genome

an almost complete set of genes for flagella assembly and

movement (HS1_000713-HS1_000715, HS1_000723-

HS1_000730, HS1_000732-HS1_000750, HS1_000753-

HS1_000763). Although not observed during growth in

consortia (Wegener et al., 2015) or in the solitary growth

mode in the enrichment on hydrogen (Fig. 2D), flagella

might be important to initiate the contact between Ca. D.

auxilii and ANME-1, or other suitable syntrophic partners.

The Ca. D. auxilii genome further contains a variety of

genes encoding for chemotaxis and response regulation,

which possibly play a role in interspecies signaling during

syntrophic growth or syntrophy establishment.

Carbon and nitrogen metabolism

Autotrophic carbon fixation in Ca. D. auxilii likely proceeds

via the reductive tricarboxylic (citric) acid (rTCA) cycle as

the complete enzyme set is encoded in its draft genome.

In contrast only an incomplete set of genes for carbon fixa-

tion via the Wood-Ljundahl pathway (reductive acetyl CoA

pathway) was identified, lacking the key enzyme of this

pathway, the carbon monoxide dehydrogenase/acetyl CoA

synthase. The rTCA cycle which forms one molecule

acetyl CoA from the fixation of two molecules of CO2, is a

central metabolic pathway in the cell that generates precur-

sors for lipid and protein biosynthesis (Fuchs, 2011). In

sulfate reducers this mechanism of carbon fixation was

first described in the hydrogenotrophic Desulfobacter
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hydrogenophilus (Schauder et al., 1987). In the Ca. D. aux-

ilii genome the key enzymes of the rTCA cycle, fumarate

reductase (HS1_001279, HS1_001733, HS1_001734,

HS1_001735), ferredoxin-dependent 2-oxoglutarate oxido-

reductase (HS1_001275-HS1_001277) and ATP citrate

lyase (HS1_001265-HS1_001266) are encoded in one

cluster together with genes for other enzymes of the cycle

(HS1_001263, HS1_001268-HS1_001271, HS1_001275,

HS1_001281-HS1_001282). This cluster also comprises

genes encoding a heterodisulfide reductase (HdrABC,

HS1_001272-HS1_001274), adjacent to the ferredoxin-

dependent 2-oxoglutarate oxidoreductase genes. The

potential electron bifurcating function of Hdr within the

MvhADG/HdrABC enzyme complex (Buckel and Thauer,

2013) may provide reduced ferredoxin to the

2-oxoglutarate oxidoreductase during hydrogenotrophic

growth. As indicative from the draft genome, Ca. D. auxilii

converts the product of the rTCA cycle, acetyl CoA, further

to pyruvate in a ferredoxin-dependent reductive carboxyla-

tion reaction that leads to the fixation of another molecule

of CO2. Genes encoding the responsible enzyme, pyruvate

ferredoxin oxidoreductase (HS1_001566, HS1_001571-

HS1_001573), were observed in a cluster with genes

for an aldehyde ferredoxin reductase (HS1_001562,

HS1_001567) two proteins containing 4Fe-4S ferredoxin

(HS1_001563, HS1_001568) and proteins with similarity to

HdrA (HS1_001564-HS1_001565), HdrB (HS1_001570)

and HdrC (HS1_001569). These proteins could be involved

in electron transfer reactions and regeneration of reduced

ferredoxin. Genes for further conversion of pyruvate to oxal-

acetate, either via phosphoenolpyruvate (PEP; PEP

synthase, HS1_001176 and PEP carboxylase, HS1_

002476-HS1_002477) or directly (pyruvate carboxylase,

HS1_000172), were present and link carbon fixation to car-

bohydrate biosynthesis via gluconeogenesis. Although

growth of Ca. D. auxilii on acetate was not observed, its

genome encodes genes for the conversion of acetate to

acetyl CoA by acetyl CoA synthetase (HS1_001676,

HS1_001693).

Ammonium is likely to be used as inorganic nitrogen

source by Ca. D. auxilii. Its genome encodes glutamine

synthetase (HS1_000233) for the condensation of

ammonium and glutamate to glutamine and glutamate

synthase (HS1_001956-HS1_001957) to further convert

glutamine and 2-oxoglutarate to yield two glutamate mol-

ecules. Genes encoding enzymes to catalyze the

formation of ammonium from nitrate, nitrate reductase

and nitrite reductase, were not found. Further, genes for

a nitrogenase complex were not identified, only two

genes for a nitrogen fixation protein (nifU, HS1_000655,

HS1_001433) were present. This confirms earlier studies

which indicated that partner bacteria in AOM consortia

do not fix molecular nitrogen but assimilate ammonia

(Dekas et al., 2009).

Implications for the lifestyle of Ca. D. auxilii in the

environment

In solitary growth mode in our enrichment, Ca. D. auxilii

thrives as an obligatory thermophilic, hydrogenotrophic

and autotrophic sulfate reducer. However, in natural hydro-

thermally heated hydrocarbon-rich sediments as well as in

thermophilic methane-amended enrichments, Ca. D. auxilii

cells generally appear to be associated with ANME-1 (Fig.

1), implying that close proximity is crucial for dual-species

syntrophic growth (Holler et al., 2011). A tight cell-to-cell

association seems characteristic for DIET-performing syn-

trophic consortia. As previously shown in the Geobacter

dual-species consortium, the two partners require direct

contact; a partner capable of alternating between hydrogen

uptake and DIET would only aggregate during DIET but

not during interspecies hydrogen transfer (Summers et al.,

2010; Rotaru et al., 2014). Despite Ca. D. auxilii’s inability

to utilize hydrocarbons, highly affiliated 16S rRNA gene

sequences were also detected in anaerobic enrichments

with short-chain hydrocarbons as sole energy source

(Kniemeyer et al., 2007; Adams et al., 2013). Hence, in its

natural environment, Ca. D. auxilii may not be restricted to

TAOM syntrophy, but may act as syntrophic partner to a

variety of thermophilic organisms, which lack complete oxi-

dative pathways. Its fast (within a few days) response to

hydrogen addition together with its rather small genome

size indicates that switching between solitary or consortial

growth does not require major transformations in the pro-

teome, but may be mediated by similar redox components

and enzyme complexes. The flexibility to transition

between growth strategies might be of selective advantage

in dynamic hydrothermal systems and allows Ca. D auxilii

to thrive in changing substrate conditions. Hence, in hydro-

thermal sediments Ca. D. auxilii therefore may also grow

non-syntrophically using naturally available hydrogen as

the energy source for sulfate reduction. However, hydro-

gen concentrations in Guaymas Basin sediments generally

do not exceed some mM (Welhan and Lupton, 1987)

whereas methane concentrations are orders of magnitude

higher, which explains the growth of Ca. D. auxilii primarily

in AOM consortia in Guaymas Basin sediments.

Description of ‘Candidatus Desulfofervidus auxilii’ and

‘Candidatus Desulfofervidaceae’

‘Candidatus Desulfofervidus auxilii’ (De.sul.fo.fer’vi.dus,

N.L. prefix Desulfo used in taxonomic names for sulfate-

reducing bacteria, fervidus L. adj. hot, L. n. the hot one,

N.L. n. Desulfofervidus hot sulfate reducer; au.xi’ li.i, L.

neut. n. auxilium help/support, auxilii, L. gen. n. of help/

support indicating that the organism is capable of a syntro-

phic life style).
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The bacterium was enriched from a thermophilic anaer-

obic methane-oxidizing enrichment obtained with

hydrothermal sediments of the Guaymas Basin, Gulf of

California, Mexico. The bacterium grows chemolithoauto-

trophically with sulfate and hydrogen in a temperature

range between 508C and 708C, optimal at 608C. No hetero-

trophic growth was observed. Syntrophic growth

(chemoorganoautotrophic) is observed on methane with

thermophilic ANME-1 archaea. Cell morphology is rod

shaped with a length of 1.0–2.0 mm and width of 0.5–1.0

mm. The bacterium is proposed to belong to the Candida-

tus Desulfofervidaceae (-aceae ending to denote a family),

a novel family of sulfate-reducing bacteria tentatively

placed in the Deltaproteobacteria.

Experimental procedures

Enrichment and maintenance of Ca. D. auxilii

Ca. D. auxilii was obtained from a sediment-free, thermophilic

(608C) AOM enrichment from Guaymas Basin sediments

(Gulf of California) (see Holler et al., 2011). It has been sepa-

rated from its methanotrophic partner by dilution to extinction

series with sulfate and hydrogen as sole energy sources. Dilu-

tion to extinction series were prepared in 20 ml Hungate tubes

filled with 10 ml artificial seawater medium for sulfate-reducing

bacteria modifed from Widdel and Bak (1992) containing the

salts (in mM) KBr (0.76), KCl (8.05), CaCl2*2H2O (10.00),

MgCl2*6H2O (27.89), MgSO4*7H2O (27.60), NaCl (541.00),

NaHCO3 (30.00), NH4Cl (4.67), KH2PO4 (1.47), and the fol-

lowing solutions (1 ml per l): non-chelated trace element

mixture, vitamin mixture, riboflavin solution, vitamin B12 solu-

tion, selenite-tungsten solution. Medium was reduced with

Na2S (0.5 mM) and adjusted to a pH of approximately 7.3; for

details on media preparation and composition of trace and

vitamin solutions see Widdel and Bak (1992). Hungate tubes

were supplied with a 250 kPa H2:CO2 (80:20) headspace.

Dilution series were inoculated with 10% of the anaerobic

methanotrophic enrichment and serial dilutions of 1:10 were

performed resulting in effective dilutions from 102 to 1010. To

determine microbial sulfate reduction, sulfide concentration in

the medium was repeatedly measured using a colorimetric

test (Cord-Ruwisch, 1985). After three months the highest

active dilutions were analysed for the presence of Ca. D. auxilii

cells. The purest enrichments were maintained by transfer into

fresh medium (5%–10% inoculum). The latter procedure was

repeated when sulfide concentration exceeded 15 mM.

DNA extraction, gene amplification and clone library

construction

DNA was extracted from 40 ml of the thermophilic AOM

enrichment (508C and 608C) and from 100 ml of Ca. D. auxilii

culture following the protocol by Zhou et al. (1996). For 16S

rRNA gene amplification the bacterial specific primer set

GM3 and GM4 was employed (Muyzer et al., 1995). The

archaeal specific primer pair Arch20F (Massana et al.,

1997) and Arch958R (DeLong, 1992) was used to identify

the archaeal contaminant in the Ca. D. auxilii culture. The

dsrA gene encoding dissimilatory sulfate reductase subunit

A was amplified using the primer set DSR1Fmix (containing

DSR1F, DSR1Fa, DSR1Fb, DSR1Fc, DSR1Fd) (Wagner

et al., 1998; Loy et al., 2004; Zverlov et al., 2005) and

DSR1334R (Santillano et al., 2010). Polymerase chain reac-

tion (PCR) was performed in a 20 ml reaction volume,

containing 0.5 mM of each primer, 200 mM of each deoxyribo-

nucleoside triphosphate, 6 mg bovine serum albumin, 1x

PCR buffer (5’Prime, Hamburg, Germany), 0.25U Taq DNA

Polymerase (5’Prime) and 1 ml of template (20–30 ng). The

cycle conditions were as follows: initial step at 958C for 5

min; 26 cycles, each at 958C for 1 min, 468C (GM3/GM4),

588C (Arch20F/Arch958R) or 528C (DSR1Fmix/DSR1334R)

for 1.5 min, and 728C for 3 min; and final step at 728C for 10

min. PCR amplicons from three reactions were pooled, puri-

fied and concentrated using the QIAquick PCR Purification

Kit (Qiagen, Hilden, Germany), gel excised and purified

again using the QIAquick Gel Purification Kit (Qiagen)

according to the manufacturer’s recommendations. Ligation

was carried out with the pGEM-T Easy vector system (Prom-

ega, Madison, WI, USA) followed by transformation of

Escherichia coli One Shot Top10 cells (Invitrogen, Carlsbad,

CA, USA) according to the manufacturer’s recommenda-

tions. Clones were screened using the M13F/R primer pair

and a standard PCR procedure. Positive inserts were

sequenced using ABI BigDye Terminator chemistry and an

ABI377 sequencer (Applied Biosystems, Foster City, CA,

USA). The PCR product obtained with the archaeal-specific

primer pair was purified and sequenced directly.

Probe design

An oligonucleotide probe specifically targeting Ca. D. auxilii,

probe HotSeep1_1465 (probe sequence 5’-CCCAAGGUGUG-

GUCGGCG-3’) was designed using the probe design tool in

the ARB software package (Ludwig et al., 2004). The probe

was in silico tested for sensitivity (target group hits) and speci-

ficity (outgroup hits) with the ARB probe match tool (Quast

et al., 2013). Probe HotSeep1_1465 covers sequences cur-

rently assigned to the Ca. D. auxilii cluster (97% similarity

threshold) with the exception of three sequences (NCBI acc.

no.’s KJ569680, FR682643, FR682645; compare Supplemen-

tary Table S1) and has at least one mismatch to non-target

group sequences (sequences less than 97% similar to the Ca.

D. auxilii cluster). The oligonucleotide probe (HRP labeled)

was synthesized by Biomers (Ulm, Germany). The stringency

of the newly designed probe was tested in a CARD-FISH (cat-

alyzed reporter deposition fluorescence in situ hybridization)

experiment by increasing the formamide concentration in the

hybridization buffer from 0% to 70%.

Catalyzed reporter deposition fluorescence in situ

hybridization

CARD-FISH was applied to detect Ca. D. auxilii cells in AOM

enrichments and to repeatedly analyse the purity of Ca. D.

auxilii cultures. Cells for CARD-FISH were fixed in 2% form-

amide for 2 h at room temperature and filtered onto

polycarbonate filters (0.2 lm pore size, 25 mm diameter,

GTTP Millipore, Germany). CARD-FISH was performed
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following the standard procedure as described previously
(Pernthaler and Amann, 2004) with some modifications. In

short: filters were embedded in 0.2% low melting agarose
prior to the CARD-FISH procedure. Optimized cell wall perme-
abilization for probe HotSeep-1_1465 was achieved with

lysozyme treatment for 7 min at 378C [10 mg ml21 lysozyme,
lyophilized powder (SigmaAldrich) in 0.1 M Tris–HCl, 0.05 M
EDTA, pH 8] followed by proteinase K digestion for 2 min at

RT [4.5 mU ml21 proteinase K (Merck) in 0.1 M Tris-HCl,
0.05 M EDTA and 0.5 M NaCl, pH 8]. Endogenous peroxi-
dases were inactivated with 0.15% H2O2 in methanol (30 min,

RT). For hybridization the following oligonucleotide probes
were applied with respective formamide concentration
(according to original publication or derived from the melting

curve for probe HotSeep-1_1465): EUB338I-III, 35%,
Arch915, 35%, ANME-1-350, 40%, HotSeep-1_1456, 35%.
Catalyzed reporter deposition was performed using tyramides

labelled with the fluorochromes Alexa Fluor 594 or Alexa Fluor
488. When performing double hybridizations (e.g. for the AOM
consortia) the peroxidase enzymes of the first hybridization
were inactivated with 0.3% H2O2 in methanol (30 min, RT)

prior to the application of the HRP labeled probe in the second
hybridization. For archaeal cell wall permeabilization only 7
min lysozyme at 378C was used as proteinase K treatment

resulted in damage of archaeal cells. Hence, in dual CARD-
FISH experiments targeting HotSeep-1 and Archaea perme-
abilization was restricted to lysozyme treatment resulting in

less bright signals in Ca. D. auxilii cells. Samples were stained
with DAPI (40,60-diamidino-2-phenylindole) and visualized
using epifluorescence microscopy.

Physiological experiments

To analyse the response of Ca. D. auxilii to different sub-

strates and temperatures 1 ml aliquots of cultures pre-grown
at 608C with sulfate, hydrogen and carbon dioxide were ino-
culated to 20 ml Hungate tubes filled with 10 ml artificial

seawater medium for sulfate-reducing bacteria (prepared
after Widdel and Bak, 1992; see above). The medium and/or
headspace composition was modified with respect to elec-

tron donor, electron acceptor/sulfur compound and carbon
source to be tested (see below). Sulfate-reducing activity
was determined by measuring the sulfide concentration in

the medium using the copper-sulfide formation assay (Cord-
Ruwisch, 1985).

To test the temperature range and optimum of sulfate-
reducing activity, cultures were incubated between 208C and

808C (nine temperatures: 208C, 278C, 378C, 508C, 558C, 608C,
658C, 708C and 808C; with triplicates for each temperature).
The incubations were provided with 28 mM sulfate and a 250

kPa H2:CO2 (80:20) headspace. Sulfide production at each
temperature was determined over a period of 3 weeks.

To test an influence of organic substrates (carbon sources)
cultures were incubated with 28 mM sulfate and 200 kPa

H2:CO2 (80:20) plus the potential substrate: formate, acetate,
pyruvate, lactate, propionate, benzoate, dicarboxylic acid mix-
ture (succinate, fumarate, malate), methanol, ethanol,

glucose, fructose; all 2 mM, peptone and yeast extract; both
0.01% (w/v), carbon monoxide, methyl sulfide; both 10 kPa or
methane, propane and butane; all 100 kPa. CO2 was present

as additional carbon source in all incubations. Control experi-

ments were performed under standard conditions with CO2 as

sole carbon source. All substrates were tested in duplicates

and incubation was performed at 608C. The sulfide production

was determined over a period of 3 weeks.

To test activity of Ca. D. auxilii on alternative electron

donors substrates were added to incubations containing sul-

fate (28 mM) and a N2:CO2 (8:2) headspace, except gaseous

electron donors (see below). Formate, acetate, pyruvate, lac-

tate, propionate, benzoate, dicarboxylic acid mixture

(succinate, fumarate, malate), methanol, ethanol, glucose,

fructose were supplied in concentration of 10 mM, peptone

and yeast extract as 0.1% (w/v). The following gaseous sub-

strates were tested in kPa: methyl sulfide (10), carbon

monoxide (10), methane (100), propane (100) and butane

(100). Control experiments were performed under standard

conditions with hydrogen as sole electron donor [250 kPa

H2:CO2 (80:20)]. All substrates were tested in duplicates and

incubation was performed at 608C with sulfide production

measured over 3 weeks and up to three month for incubations

supplemented with hydrocarbons.

At the end of substrate tests the number of Ca. D. auxilii

and archaeal cells was determined by counting CARD-FISH-

stained cells hybridized with probe HotSeep-1_1456 or

Arch915.

The capability to utilize alternative sulfur compounds as

electron acceptors or to disproportionate them was tested in

sulfate-free incubations supplemented with either sulfite

(0.5 mM), thiosulfate (5 mM), sulfate (20 mM), elemental sulfur

and colloidal sulfur. In disproportionation experiments the

headspace contained 250 kPa N2:CO2 (80:20) while in experi-

ments testing for the capability of reduction hydrogen was

supplied as electron donor [250 kPa H2:CO2 (80:20)]. Sulfide

production was measured over 3 weeks.

Growth characteristics were determined from replicate

cultures (7.5% inoculum) incubated in 256 ml bottles con-

taining 150 ml artificial seawater medium for sulfate

reducing-bacteria (Widdel and Bak, 1992; see above) and a

250 kPa H2:CO2 (80:20) headspace. To measure inorganic

carbon fixation in a 14C-DIC radiotracer assay replicates (3

of 6 cultures) were spiked with 14C-DIC (�5.4 kBq). Controls

were supplied with a N2:CO2 headspace (80:20; 2 repli-

cates, 1 14C spiked, 1 non-spiked). To provide an abiotic

control a sterilized (1218C, 25 min) culture aliquot served as

inoculum (2 replicates, 1 spike 14C spiked, 1 non-spiked). All

incubations were performed at 608C. Incubations were

sampled repeatedly for sulfide (copper sulfide formation

assay) and sulfate (ion chromatography) concentrations, for

DIC concentrations, for 14C-tracer content and for cell

counts over a period of 5 weeks. To measure carbon fixation

aliquots of spiked cultures (3–5 ml volume) were blotted on

filters (0.2 mm pore size, 25 mm diameter, GSWP). Inorganic

carbon was removed via exposure to HCl atmosphere and

fixed radiocarbon was determined by scintillation counting.

The total carbon fixation was calculated as 14C uptake into

particulate organic carbon multiplied by total DIC [14C-POC

(kBq ml21
culture)/14C-total (kBq ml21

culture) 3 DIC (mmol ml21
culture)].

Cell numbers were determined from non-labelled replicates

by counting DAPI-stained cells to obtain total cell numbers

and specific CARD-FISH-stained cells to determine the frac-

tion of Ca. D. auxilii cells.
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Scanning electron microscopy

Culture aliquots of Ca. D. auxilii were blotted onto gold/palla-

dium sputtered polylysine coated glass slides and single TAOM
aggregates were picked from the enrichment culture. Samples
were dehydrated in an ethanol series, dried and mounted on

electrically conductive, adhesive tags (Leit-Tab; Plano GmbH,
Wetzlar, Germany). Specimens were investigated with a FEI

environmental field emission SEM Quanta 250 FEG (FEI, Eind-
hoven, Netherlands) at electron energy of 2 keV using the

Everhart-Thornley secondary electron detector (ETD).

Atomic force microscopy

Samples were retrieved from the supernatant of a TAOM
enrichment, fixed in 20 g l21 formaldehyde for 30 min at RT

and directly filtered onto polycarbonate filters (0.2 lm pore
size, 25 mm diameter, GTTP, Millipore, Germany), sputtered

with a gold palladium (20%/80%) layer (� 40 nm). Filters were
stored at 2208C or directly analysed using an atomic force
microscope (AFM) (NT-MDT Co., Russia) in semi-contact

mode with a gold coated silicon cantilever (NSG10). Images
were processed using NT-MDT Image Analysing software,

version 3.5. Image colour and contrast was optimized using
conventional image processing software (Adobe Photoshop

CS5, version 12.0.4).

Metagenome sequencing and assembly

Genomic DNA was extracted according to the protocol by
Zhou et al. (1996) from a cell pellet of 100 ml Ca. D. auxilii cul-

ture (harvested by centrifugation at 50003g for 15 min, 48C).
2 mg of high molecular weight DNA was subjected to fragment
library construction using the Nextera Mate Pair Library Prep-

aration Kit (Illumina), following the Gel-Plus protocol of the
manufacturer’s user guide. DNA fragments of approx. 5–8 kb

were extracted from a preparative gel prior to circularization.
The mate pair library was sequenced on a MiSeq instrument

(MiSeq, Illumina) in a 2 3 300 bases paired end run.

To estimate the taxonomic composition of the metagenomic
dataset raw reads were mapped to the SILVA database

(release 119) (Quast et al., 2013) using bbmap v.35. imple-
mented in phyloflash v.1.5 with minimum identity of 95%. For

quantification only unambiguously mapped reads were
counted. Nearly full length 16S rRNA gene sequences
assembled by phyloflash were classified as HotSeep-1

(99.4% identity, 1530 bp, coverage 107.5) and Archaeoglobus
fulgidus (98% identity, 1035 bp, coverage 2.5).

Quality of raw read data was assessed using FastQC and

raw reads were processed, including adapter clipping, trim-
ming of bases with quality below Q30 and removal of reads

shorter 50 bp using bbduk2 (bbmap v.35). De novo assembly
was performed with quality controlled mate pair reads using

the SPAdes genome assembler v. 3.5.0. (Bankevich et al.,
2012) with default values for k and the option for high quality

mate pairs (–hqmp). In total 2577039 bp were assembled into
57 contigs >1000 kb, representing 31 scaffolds (N50 2540211
bp). The largest, final scaffold of 2540211 bp was used for all

further analysis. Small and low coverage scaffolds (on aver-
age <5 kb length and <2x coverage) were excluded from the

analysis.

Completeness of the draft genome assembly was evaluated

with checkM (Parks et al., 2015) using the lineage-specific

workflow. In addition, completeness was also estimated with

the AMPHORA2 package using the 31 bacterial marker genes

(Wu and Scott, 2012).

ORF prediction and annotation

Gene prediction was carried out using the Glimmer3 (Delcher

et al., 2007) software package. Ribosomal RNA genes were

detected by using the RNAmmer 1.2 software (Lagesen et al.,

2007) and transfer RNAs by tRNAscan-SE (Lowe and Eddy,

1997). Batch cluster analysis was performed by using the

GenDB (version 2.2) system (Meyer et al., 2003). Annotation

and data mining were done with the tool JCoast, version 1.7

(Richter et al., 2008), using observations from similarity

searches against several sequence databases (NCBI-nr,

Swiss-Prot, KEGG-Genes, genomesDB) and to the protein

family databases InterPro (Mulder et al., 2005) and Pfam

(Bateman et al., 2004) for each coding region. Predicted pro-

tein coding sequences were automatically annotated by the

software tool MicHanThi (Quast, 2006). Briefly, the MicHanThi

software interferes gene functions based on similarity searches

against the NCBI-nr (including Swiss-Prot) and InterPro data-

bases using fuzzy logic. The annotation of proteins highlighted

within the scope of this study was subject of manual inspec-

tion. For all observations regarding putative protein functions,

an expectation (E)-value cut-off of 1025 was applied. For pro-

teins of interest the subcellular localization was predicted by

PSORTb v.3.0.2. (Yu et al., 2010) and transmembrane helices

were identified by TMHMM scan v.2.0 (Krogh et al., 2001). Fur-

ther, for selected proteins signal peptides and alternative

secretion (without signal peptide) were predicted with SignalP

4.1 (Petersen et al., 2011) and SecretomP 2.0 (Bendtsen

et al., 2005) respectively. Potential c-type cytochromes and

type IV pili proteins were identified by protein domain models

related to cytochrome c or type IV pili respectively. For cyto-

chromes the number of hemes was derived from the number

of detected CXXCH motifs, which are indicative for heme-

binding sites.

Comparison of the shared gene content by reciprocal
best matches

Determination of the shared orthologous gene content has

been performed by a blast ‘all-versus-all’ search between

selected organisms (members of the Deltaproteobacteria,

Thermodesulfobacteria and Nitrospira). Reciprocal best

matches were counted by a blast result with E-values

of<1025 each and a subject coverage of over 65%.

Taxonomic distributions

To analyse the Ca. D. auxilii genome for the taxonomic distri-

bution of best matches the genome was compared against

the genomesDB database (Richter et al., 2008), an in house

protein database based on the NCBI Reference Sequence

database (RefSeq) containing protein sequences from all

sequenced bacterial and archaeal genomes. Each predicted

protein of Ca. D. auxilii was searched against the genomesDB
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and the best match was recorded on phyla and species level.

Only those proteins with significant hits (E-value >1025) were

considered.

Functional classification with KEGG

For metabolic pathway identification, genes were searched for

similarity against the KEGG database. A match was counted if

the similarity search resulted in an E-value below 1025. All

occurring KO (KEGG Orthology) numbers were mapped

against KEGG pathway functional hierarchies and statistically

analysed.

Functional classification with COG

All predicted ORFs were also searched for similarity against

the COGs database (Tatusov et al., 2003). A match was

counted if the similarity search resulted in an E-value

below 1025.

16S rRNA gene sequence analysis

The genomic 16S rRNA gene sequence of Ca. D. auxilii was

compared to the NCBI database of reference sequences (rna-

RefSeq, containing curated, non-redundant sequences;

17765 database entries, 15.10.2015) and the NCBI nucleotide

collection database (nt/nr, including environmental sequences;

28723871 database entries, 27.10.2014) using NCBI blastn

(2.2.30) (Zhang et al., 2000) under default settings. Phyloge-

netic analysis was performed using the ARB software

package (Ludwig et al., 2004) and the SILVA database

(release 119) (Quast et al., 2013). Sequence selection for

analysis was based on the initial blast hits to Ca. D. auxilii (see

above); the 100 top scoring rna-RefSeq database entries

(query coverage >85%) were included and used as referen-

ces to guide further sequence selection from related classes/

phyla. In addition, sequences in the nt/nr database with simi-

larity >90% to Ca. D. auxilii as well as sequences obtained

from the thermophilic Guaymas Basin AOM enrichments and

the Ca. D. auxilii culture were considered. The Ca. D. auxilii

sequence cluster was defined based on 97.5% sequence

similarity. Similarity was determined from a similarity matrix

(neighbour-joining algorithm) considering nearly full length

sequences (>1300 bp). For phylogenetic reconstruction 654

nearly full length sequences (>1300 bp) covering several bac-

terial classes and phyla, including Deltaproteobacteria,

Thermodesulfobacteria and Nitrospira were aligned using the

SINA aligner implemented in ARB (Pruesse et al., 2012) and

the alignment was manually curated. Distance matrix trees

were calculated with the neighbour-joining algorithm (Saitou

and Nei, 1987) and Jukes Cantor correction. Maximum likeli-

hood based trees were calculated using RAxML (version

8.0.26) (Stamatakis, 2006) with GTRGAMMA as nucleotide

substitution model or PhyML with GTR as nucleotide substitu-

tion model. A base frequency filter was employed for each

tree calculation to consider only alignment regions which are

50% conserved. 1000 bootstrap replicates were used to esti-

mate branch supports.

23S rRNA gene sequence analysis

Phylogenetic analysis of the genomic 23S rRNA of Ca. D. aux-

ilii was performed with the SILVA LSU reference database

(release 119) (Quast et al., 2013) and the ARB software pack-

age (Pruesse et al., 2012). The sequence alignment was

manually curated and phylogenetic trees were calculated with

the maximum likelihood algorithm using RAxML (version

8.0.26) (Stamatakis, 2006) with GTRGAMMA as nucleotide

substitution model or PhyML with GTR as nucleotide substitu-

tion model. To include only conserved alignment regions a

50% base frequency filter was employed. Branch support was

estimated by 100 bootstrap replicates.

DsrA sequence analysis

For functional gene based phylogenetic analysis the dsrA gene

sequence of Ca. D. auxilii was obtained from its genome

sequence. Additional dsrA gene sequences were retrieved

from the thermophilic AOM enrichments (508C and 608C) and

the Ca. D. auxilii culture. Related sequences were obtained

from the NCBI-nr database using a blastp search of the

genomic DsrA amino acid sequence of Ca. D. auxilii. For phy-

logenetic analyses sequences were added to the dsrAB/DsrAB

database constructed by M€uller et al. (2014) and aligned using

the ARB software package (Ludwig et al., 2004). A phyloge-

netic tree was calculated from 256 aligned amino acid

sequences with the maximum likelihood algorithm (RAxML ver-

sion 8.2.4.) using the rate distribution model PROTGAMMA

and LG as substitution matrix. The best suited substitution

model was determined by RAxML using the –m PROTGAM-

MAAUTO option. Employing a 30% base frequency filter to

exclude highly variable regions a total of 260 alignment posi-

tions were included in the phylogenetic reconstruction. Branch

support was estimated from 100 bootstrap replicates.

Single copy gene analysis

Single copy gene analysis of Ca. D. auxilii was carried out with

the AMPHORA2 software package which uses a set of 31 uni-

versal bacterial single copy genes as marker (Wu and Scott,

2012). Single copy genes were identified from the nucleotide

sequence, aligned with references and assigned to phylotypes

by maximum likelihood algorithm. To reconstruct the phyloge-

netic affiliation of Ca. D. auxilii on the level of multiple single

copy genes the AMPHORA2 MarkerScanner and Marker-

AlignTrim tools were used to identify, align and trim single

copy genes present in Ca. D. auxilii and selected reference

genomes. As references genomes of organisms that had

been used in 16S rRNA gene based phylogenetic analysis

(if available) and additionally those that were of interest based

on the results from comparative genomic analysis were

included. A marker gene was excluded if not present in all

analysed genomes resulting in ubiquitous 19 single copy

genes (Supplementary Table S2). The trimmed protein align-

ments of each marker were concatenated using

SequenceMatrix (Vaidya et al., 2011) and phylogenetic trees

were calculated from the multi-protein alignment (2857 posi-

tions) using the maximum likelihood algorithm (RAxML

version 8.2.4.) applying PROTGAMMA and LG as substitution

model and 100 bootstrap replicates to estimate branch
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supports (Stamatakis, 2006). The best suitable substitution

model for the concatenated multi gene alignment was

selected by using the –m PROTGAMMAAUTO option pro-

vided by RAxML. The iTOL software (Letunic and Bork, 2011)

was used for tree visualization.

Nucleotide sequence accession numbers

The Whole Genome Shotgun project has been deposited in

INSDC (DDBJ/EBI-ENA/GenBank) under the BioProject

PRJNA276404 and the annotated draft genome of Ca. D. aux-

ilii is available under accession CP013015. The sequence

associated contextual (meta)data are MIxS (Yilmaz et al.,

2011) compliant. Representative dsrA sequences are depos-

ited in INSDC (DDBJ/EBI-ENA/GenBank) under accession

numbers KT819174-KT819177.
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Supporting information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web-site:

Fig. S1. Evolution of sulfide (white symbols), sulfate (black

symbols) and cell numbers (bars) in triplicate Ca. D. auxilii

cultures grown with hydrogen and sulfate. Total cell num-

bers were determined by DAPI stained cell counts, fractions

of Ca. D. auxilii and the contaminating archaeal cells were

determined after dual CARD-FISH treatment with the Ca.

D. auxilii specific probe (HotSeep-1_1465) and a general

Archaea-targeting probe (Arch915). During the exponential

growth phase 90 to 95% of all cells were identified as Ca.

D. auxilii (grey bar area). The contaminating species (pat-

terned bar area) was identified as Archaeoglobus sp. Note:

The inoculum (t0) contained 80% Ca. D. auxilii and 20%

archaeal cells; at t7 the culture contained 10% Ca. D. auxilii

and 90% archaeal cells.

Fig. S2. Temperature dependency of sulfate reduction in

Ca. D. auxilii cultures. Sulfate reduction rates were calcu-

lated from sulfide production observed in triplicate cultures

over 3 weeks of incubation at the designated temperature.
Fig. S3. Effect of organic electron donors on the Ca. D.

auxilii culture. Control incubations contained H2 as electron

donor (H2 control) or no added electron donor (none). CO2

was present as carbon source in all incubations. Grey

squares: Sulfide concentration in replicate incubations per

substrate after 21 days of incubation. Circles: Numbers of

Ca. D. auxilii (green) and archaeal (red) cells per ml culture

determined after 21 days of incubation in replicate incuba-

tions by CARD-FISH stained cell counts (probe HotSeep-

1_1456 and Arch915). Cross: no cells detected. Incubations

were performed at 608C, medium was buffered with 30 mM

bicarbonate, pH of medium (7.2) was altered <0.2 pH units

upon substrate addition.

Fig. S4. Development of sulfide production by Ca. D. auxilii

cultures incubated with different hydrocarbons (methane,

propane, butane) compared to control incubations with

hydrogen (circles) and without electron donor (diamonds).
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Incubations were performed in duplicates (filled and open

symbols). Sulfide production in hydrocarbon amended cul-

tures was similar to the control without electron donor over

3 months. Incubations supplemented with hydrogen showed

high sulfide concentrations after approximately 3 weeks

proving that the culture used as inoculum was active.
Fig. S5. Effect of organic carbon sources on the Ca. D.

auxilii culture. Hydrogen was present as electron donor in

all incubations. Control incubations contained only CO2 as

carbon source while all other incubations contained CO2 as

additional carbon source (medium is bicarbonate buffered).

Squares: Sulfate-reducing activity in replicate incubations

per substrate tested (experiment was repeated twice: white

squares incubation series 1; grey squares incubation series

2). Circles: Numbers of Ca. D. auxilii (green) and archaeal

(red) cells per ml culture determined after 17 days of incu-

bation in replicates from incubation series 2 (grey squares)

by CARD-FISH stained cell counts (probe HotSeep-1_1456

and Arch915). Dashed line indicates median sulfate-

reducing activity (grey) or median cell numbers per ml cul-

ture (green) of replicate control incubations (CO2 plus H2).

Incubations were performed at 608C, medium was buffered

with 30 mM bicarbonate, pH of medium (7.2) was altered

<0.2 pH units upon substrate addition.
Fig. S6. Correlation of sulfate reduction and carbon fixation

in triplicate cultures of Ca. D. auxilii. Sulfate consumption

(black symbols) and sulfide production (white symbols) in

Ca. D. auxilii cultures grown with sulfate and hydrogen

(circles) and in control incubations without electron donor

(triangles) and abiotic control (squares). CO2 fixation (bars)

was determined by 14C-bicarbonate uptake into particulate

organic material. CO2 fixation in control experiments (with-

out electron donor and in abiotic control) is not visible. Sul-

fide development was determined in parallel incubations

without 14C labelling. During the exponential growth phase

CO2 fixation accounts for 2.4 to 4.1% of the sulfate reduc-

tion rate (3% on average).
Fig. S7. Effect of alternative sulfur compounds on activity of

Ca. D. auxilii cultures.
A. Sulfide production by the Ca. D. auxilii enrichment in the

presence of alternative sulfur compounds as sole energy

source (open circles), with hydrogen as additional energy

source (dark grey circles) and with hydrogen plus sulfate as

additional energy source and electron acceptor (light grey

circles). Sulfide concentrations determined after 17 days of

incubation at 608C. Sulfide production is only measured

with sulfur and sulfate as electron acceptors in the pres-

ence of hydrogen.

B. Activity of the Ca. D. auxilii enrichment on hydrogen plus

sulfur or sulfate as electron acceptors. Activity (calculated

as reducing equivalents consumed to account for the differ-

ent oxidation states of the sulfur compounds) is on average

10 times higher on sulfate than on sulfur. The enrichment

on hydrogen plus sulfur could not be sustained in several

attempts; hence observed minor sulfur reduction did not

seem to support growth of Ca. D. auxilii.
Fig. S8. 16S rRNA gene based phylogenetic classification

of Ca. D. auxilii and representative related sequences cal-

culated applying the maximum likelihood algorithm (RAxML)

with a 50% base frequency filter and 1000 replicates to esti-

mate branch support. The phylogenetic position of the 16S

rRNA gene of Ca. D. auxilii was not stable as indicated by

a comparison of trees calculated by different methods

(RAxML, PhyML and neighbor-joining; data not shown).

Sequences in the Ca. D. auxilii cluster share >97.5%

sequence similarity and affiliate with environmental sequen-

ces currently exclusively retrieved from the Guaymas Basin.

Indicated are the accession numbers and the source of the

sequence, for more details on these and other HotSeep-1

related sequences see Supplementary Table S1. Colour

coding: black, genomic 16S rRNA of Ca. D. auxilii; red,

obtained from Guaymas Basin enrichments on methane

(Holler et al., 2011 Kellermann et al., 2012; Wegener et al.,

2015); blue, obtained from Guaymas Basin enrichment on

butane (Kniemeyer et al., 2007); green, obtained from

Guaymas Basin sediments (Teske et al., 2002; Dowell

et al., 2016).
Fig. S9. Phylogenetic classification based on the 23S rRNA

gene. The phylogenetic tree was calculated with the RAxML

algorithm and application of a 50% variability filter to

exclude highly variable alignment regions. It is shown that

the genomic 23S rRNA gene of Ca. D. auxilii affiliated with

known syntrophically growing organisms of the class

Deltaproteobacteria.
Fig. S10. Phylogenetic classification of the dissimilatory sul-

fite reductase gene, subunit A (dsrA) of Ca. D. auxilii. The

phylogenetic tree was calculated from the amino acid

sequence alignment of 256 sequences applying the maxi-

mum likelihood algorithm (RAxML) with the LG substitution

model and employing a 30% variability filter to exclude

highly variable alignment regions. Branch support was cal-

culated from 100 replicates. The genomic dsrA of Ca. D.

auxilii clusters with sequences from Guaymas Basin AOM

enrichments incubated at 508C and 608C (red) and sequen-

ces from early hydrogenotrophic growing HotSeep-1 enrich-

ments (blue) with >95% amino acid sequence similarity.

The Ca. D. auxilii DsrA cluster affiliates with environmental

sequences obtained from methane-rich estuary sediments

(Baker et al., 2015) and relates to the DsrA sequences of

Desulfatiglans anilini (formerly Desulfobacterium anilini),

Moorella thermoacetica and Desulfotomaculum spp.
Fig. S11. A. Gene cluster encoding proteins potentially

involved in electron transfer processes: formate dehydro-

genase subunit B (fdhB), methyl-viologen-reducing hydro-

genase subunit D (mvhD), electron transfer flavoprotein

subunit A and B (etfA and etfB), heterodisulfide reductase

subunit A (hdrA), FeS oxidoreductase (FeS OR). The FeS

oxidoreductase encoded by HS1_002398 is an integral

membrane protein while all other genes likely encode cyto-

plasmic proteins (inferred from TMHMM scan and PSORTb

analysis).
B. Domain structure of the FeS oxidoreductase (HS1_002398)

and comparison to the heterodisulfide reductase F (HdrF;

WP_015905382 (HdrF3); Strittmatter et al., 2009) of Desulfo-

bacterium autotrophicum HMR2 (domain structure determined

with Interproscan and NCBI conserved domain search).

HS1_002398 contains domains found in heterodisulfide reduc-

tases and six transmembrane helices, a domain composition

previously described for HdrF of D. autotrophicum (Strittmatter

et al., 2009). In contrast to the HdrF of D. autotrophicum

HS1_002398 also encodes a multi-heme cytochrome c. The

detected multi-heme (4 CXXCH motifs) cytochrome domain
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overlaps with a predicted non-cytoplasmic region indicating

that it may involve in periplasmic electron transfer reactions

(see also Fig. 4). A similar HdrF-cytochrome fusion protein

was not observed in a blastp comparison of HS1_002398 to

the NCBI-nr database (highest identity 44%; maximal align-

ment coverage 84%, lacking the cytochrome c region). In the

Ca. D. auxilii genome HS1_002498 is followed by genes

encoding etfA and etfB (see A.), a clustering that is also

observed for the hdrF3 gene of D. autotrophicum.
Table S1. Overview of available 16S rRNA gene sequences

(nearly full length) related to Ca. D. auxilii with their isola-

tion source, sequence similarity to the genomic 16S rRNA

gene of Ca. D. auxilii and relative abundance of related

sequences in thermophilic AOM enrichments (GB50 and

GB60). Sequences >99% similar are marked by black lines

and relative abundance of clones is given for each cluster

observed in the thermophilic AOM enrichments. Grey

shaded accession numbers are considered the closest

related environmental sequences but are not classified as

Ca. D. auxilii (based on a 97% sequence similarity

threshold).
Table S2. Overview of single copy marker genes identified

in the Ca. D. auxilii genome and their assigned phylotypes

on phylum and order level. Single copy genes were identi-

fied from a set of 31 universal bacterial marker genes and

phylogenetically classified using the AMPHORA2 software

package (Wu and Scott, 2012). Marker genes in bold were

used for phylogenetic reconstruction (see Fig. 3).
Table S3. Distribution of best scoring database hits of Ca.

D. auxilii proteins across phyla and species.
Table S4. Reciprocal best match analysis of the Ca. D. aux-

ilii genome versus genomes of selected organisms.
Table S5. Top scoring hits from blastn search of the

genomic Ca. D. auxilii 16S rRNA gene sequence (1560 bp)

against the NCBI database of 16S ribosomal RNA (Archaea

and Bacteria); 17762 database entries, 13.10.2015.

Table S6. Classification of Ca. D. auxilii genes according to

COG categories.
Table S7. Cytochrome c and pili genes of Ca. D. auxilii expressed

during AOM (data taken from Wegener et al., 2015; Extented

Data Table 4) and their corresponding locus tag in the Ca. D. aux-

ilii genome (CP013015). For details see Wegener et al., 2015.
Table S8. Overview of HotSeep-1 ORFs used in Wegener

et al., 2015 (Supporting Information Table 3a, b, 4a, b) and

their corresponding locus tag in the Ca. D. auxilii genome

(CP013015).
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