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Abstract

Recent single-gene-based surveys of deep continental aquifers
demonstrated the widespread occurrence of archaea related to Candidatus
Methanoperedens nitroreducens (ANME-2d) known to mediate anaerobic
oxidation of methane (AOM). However, it is unclear whether ANME-2d
mediates AOM in the deep continental biosphere. In this study, we found
the dominance of ANME-2d in groundwater enriched in sulfate and
methane from a 300-m deep underground borehole in granitic rock. A near-
complete genome of one representative species of the ANME-2d obtained
from the underground borehole has most of functional genes required for
AOM and assimilatory sulfate reduction. The genome of the subsurface
ANME-2d is different from those of other members of ANME-2d by lacking
functional genes encoding nitrate and nitrite reductases and multiheme
cytochromes. In addition, the subsurface ANME-2d genome contains a
membrane-bound NiFe hydrogenase gene putatively involved in respiratory
H. oxidation, which is different from those of other methanotrophic
archaea. Short-term incubation of microbial cells collected from the
granitic groundwater with *C-labeled methane also demonstrates that
AOM is linked to microbial sulfate reduction. Given the prominence of
granitic continental crust and sulfate and methane in terrestrial subsurface



fluids, we conclude that AOM may be widespread in the deep continental
biosphere.

Introduction

The deep continental biosphere has been estimated to harbor up to 19% of
Earth’s total biomass (Whitman et al., 1998; McMahon and Parnell, 2014).
Single-gene analyses of microbial communities thriving in geographically
and geochemically distinct aquifer systems show site-specific microbial
community profiles (Chivian et al., 2008; Flynn et al., 2013; Pedersen et al.,
2014; Bomberg et al., 2015; Ino et al., 2016). The microbial variability
likely reflects the complex organic and inorganic constituents in geological
formations and variable groundwater sources, including meteoric water,
fossil seawater and brine (Griebler and Lueders, 2009). In the deep
continental biosphere, residual organic matter anciently buried in deep
geological formations and/or recently recharged from shallow groundwater
and H; derived from the fermentation of organic matter and rock-water
interactions are known to serve as energy sources (Chivian et al., 2008; Wu
et al., 2015; Bagnoud et al., 2016). Recently, *C-depleted carbonate
minerals in deep granite fractures are found to suggest that methane
might serve as an alternative energy source in the deep continental
biosphere (Drake et al., 2015). The widespread occurrence of deep
microbial communities energetically dependent on methane is also
supported by the increasing number of deep aquifers colonized by archaea
taxonomically grouped within a subtype 2d of anaerobic methanotrophic
archaea (ANME-2d), regardless of depth, locality, rock type and
groundwater source (Gihring et al., 2006; Flynn et al., 2013; Bomberg et
al., 2015). ANME-2d comprises phylogenetically diverse members of the
Methanosarcinalesrepresented by Candidatus Methanoperedens
nitroreducens (Haroon et al., 2013). By genome-resolved metagenomic
analysis and stable carbon and nitrogen isotope labeling experiments, Ca.
M. nitroreducens has demonstrated nitrate-dependent anaerobic oxidation
of methane (AOM) in a nitrate-amended bioreactor containing a mixture of
freshwater sediment and anaerobic wastewater sludge (Haroon et al.,
2013). However, it is unclear whether ANME-2d can perform nitrate-
dependent AOM in deep continental groundwaters containing low
concentrations of nitrate. Alternatively, these archaea may couple AOM to
the reduction of electron acceptors such as sulfate (Timmers et al., 2015),
metal oxides and humics (Ettwig et al., 2016), given the high availability of
methane and the alternative electron acceptors in deep continental
groundwaters (Lovley and Chapelle, 1995).

To investigate microbiologically mediated AOM in a deep subsurface
granitic environment, we combined genome-resolved metagenomic
analysis with laboratory incubation experiments. We focused on a granitic
system because this igneous rock type represents a significant fraction of
terrestrial subsurface environments, covering at least 15% of the land area
(Leopold et al., 2012). Our study was conducted at the Mizunami



Underground Research Laboratory (URL) in central Japan. The URL provides
access to sufficient groundwater needed to acquire enough biomass for
metagenomics and metabolic investigations, as demonstrated by previous
studies using underground facilities (Chivian et al., 2008; Wu et al., 2015;
Bagnoud et al., 2016). The granitic bedrock of the URL has both highly
fractured and sparsely fractured domains (hereafter referred to as HFDB
and SFDB, respectively). At a depth of 300 m below the surface, we drilled
horizontal boreholes into the HFDB and SFDB with outflowing groundwater
in 2009, an approach that minimized contamination (Figures 1la and b;
Suzuki et al., 2014; Iwatsuki et al., 2015; Ino et al., 2016). The evidence
supporting the involvement of ANME-2d in AOM was deduced from (1) the
correlated abundance of ANME-2d phylotypes with hydrologic and
geochemical features, (2) the recovery of a near-complete genome from
the subsurface ANME-2d from the site showing evidence of a complete
reverse methanogenesis pathway but interestingly lacking nitrate
reductase and large multiheme cytochromes and (3) tracer studies with
13CH, showing sulfate-dependent AOM in the granitic groundwater.
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Figure 1

Hydrological and geochemical characters of the Mizunami underground research
laboratory (URL). (a) The layout of the Mizunami URL showing investigated boreholes.
(b) The horizontal configuration of a 300-m deep stage showing the spatial relation
with rock fracture densities and the investigated boreholes. (c) Pentadiagrams with
the hydraulic conductivity and the concentrations of SO,*~, H,, CH, and DIC in
groundwater from HFDB and SFDB in 2012. (d and e) Plots of stable carbon isotopic
compositions and concentrations of DIC and CH,4 in the HFDB and SFDB in 2012.

Material and methods
Study site



The Mizumani URL is located in the Gifu prefecture in central Japan. The
Mizunami URL consists of a main shaft, a ventilation shaft, access tunnels
at 300 and 500 m below ground level (mbgl) and substages (Figure 1a).
Cretaceous Toki granite is overlain by the Tertiary sedimentary rocks at
~100-200 mbgl around the Mizunami URL (Yuguchi et al., 2013).

Drilling and hydraulic tests

The lengths of horizontal boreholes named the HFDB and SFDB were ~100
m. The HFDB and SFDB were located at a depth of 300 mbgl and previously
referred to as 09MI20 and 09MI21, respectively (Suzuki et al., 2014;
Iwatsuki et al., 2015; Ino et al., 2016). The boreholes were drilled mostly
with outflowing groundwater. In case of the lack of outflowing groundwater
during drilling, outflowing groundwater or local drinking water stored in
water tanks was pumped into the borehole during drilling. A fluorescence
tracer was added to drilling fluid stored in water tanks. Uranine and amino
G acid were added to drilling fluid at 0.2+0.02 and 5£0.5 mg|~! to drill the
HFDB and SFDB, respectively. To evaluate drilling fluid contamination, the
concentrations of uranine and amino G acid in collected groundwater
samples were measured on site. As the concentrations of uranine and
amino G acid were below detection limits (<0.001 and <0.003 mg |,
respectively; Table 1) in groundwater samples used for biogeochemical and
microbiological investigations, the contamination from drilling fluid appears
to be negligible. To measure hydraulic conductivity (k: ms™), hydraulic
tests were performed. The hydraulic pressure and flow rate were
determined by enclosing with double-ended packers. Then k was calculated
by the methods of Hvorslev, 1951and Cooper and Jacob (1946) in the case
of low and high specific storage coefficients, respectively. Shortly after
hydraulic tests, multi-packer systems were installed into the HFDB and
SFDB to divide the boreholes into six and four intervals, respectively. We
investigated the packer intervals #1, #2, #3 and #5 of the HFDB and the
packer intervals #2, #3 and #4 of the SFDB.
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Geochemical analyses

Methods for groundwater sampling and geochemical analyses of dissolved
agueous species and gaseous compounds have been described previously
(Suzuki et al., 2014; Ino et al., 2016). Before collecting groundwater from
the boreholes, at least three interval volumes of groundwater were
discarded, because groundwater in borehole intervals might be
geochemically and microbiologically different from that in surrounding rock
fractures. Briefly, multi-parameter electrodes and probes (Ocean Seven
305; Idronaut, Brugherio, Italy) were used for measuring pH and
temperature on site. The Indigo Carmine method with an absorptiometer
(DR2800; HACH, Loveland, CO, USA) was used for measuring the
concentration of dissolved oxygen on site. A subsample was collected
through a 0.45-pm membrane filter with polypropylene housing and stored
at 4 °C to perform following analysis in the laboratory. The concentrations
of uranine and amino G acid were determined using a fluorescence
spectrophotometer (RF1500; Shimadzu, Kyoto, Japan). lon chromatography
(ICS-1000; Dionex, Sunnyvale, CA, USA) was used to measure the
concentrations of ionic species (Na*, K*, Ca?*, Mg?*, NH,*, Cl-, NOs~, NO>~
and SO.?7). Ferrous iron reagent powder pillows and hydrogen sulfide
reagents (HACH) and a spectrophotometer (UVmini-1240; Shimadzu) were
used to measure concentrations of Fe?* and HS™ in filtered groundwater
samples on site. Fe?* and HS™ measurements were performed by following
the manufacturer’s instructions (HACH). To measure the concentration of
dissolved inorganic carbon (DIC), a combustion carbon analyzer (TOC-
VCSH; Shimadzu) was used. For dissolved organic carbon (DOC),
thermocatalytic oxidation and MC-NDIR detection (multi N/C 3100; Analytik
Jena Japan, Kanagawa, Japan) were used. A high performance liquid
chromatography coupled to a conductivity detector (Prominence;
Shimadzu) was used to measure the concentration of acetate. Ammonia-
concentrated SrCl, solution was added to filtered groundwater immediately
after sampling to precipitate DIC, including HCOs~ and COs%™ as SrCOs. After
the SrCOs was converted to CO;through a reaction with phosphoric acid in
a vacuum line, the carbon isotopic composition of DIC was determined by
an isotope ratio mass spectrometer (Micromass Dual inlet OPTIMA, Waters
Corporation, Milford, MA, USA).

Groundwater was collected directly into a preevacuated glass vial (65 ml
volume, Nichiden-Rika Glass, Kobe, Japan) sealed with a butyl gray rubber
for the analysis of dissolved CH4, C;Hs and H; and the carbon isotopic of
compositions of CH,. Degassed HgCl,-saturated solutions were added to
vials for analyzing the concentrations and carbon isotopic compositions of
CH4 and C;Hes using a Finnigan MAT 252 isotope ratio mass spectrometer
(Thermo Finnigan, Bremen Germany) (Tsunogai et al., 2000). The
concentration of H, was determined immediately after sampling using a
trace reduction gas detector (TRA-1; Round Science, Kyoto, Japan) based
on the mercury oxide to mercury vapor conversion (Konno et al., 2006).



The carbon isotopic compositions of DIC and methane were expressed as
613C (per mille, %o) against carbonate from Vienna Pee Dee Belemnite
(VPDB).

Microscopic observations

For measuring total cell numbers in groundwater samples, we conducted
direct counting as previously described (Konno et al., 2013; Ino et al.,
2016). Briefly, 3 ml of groundwater was fixed by 3.7% formaldehyde at
neutral pH and filtered through a 0.22-um pore size, 25-mm diameter black
polycarbonate filter (Advantec, Tokyo, Japan). After the filter was incubated
for 5min at 25°Cin 1 x TAE buffer containing 1 x SYBR Green | (TaKaRa,
Tokyo, Japan) to stain microbial cells, the filter was observed under an
epifluorescence microscope (Olympus BX51, Olympus, Tokyo, Japan)
equipped with an Olympus DP70 digital camera (Olympus). We examined
three filters per sample and 50 fields of view on a single filter or >300 cells
per sample.

DNA extraction

Groundwater was filtered on a 0.22-um pore size filter (type GVWP;
Millipore, Billerica, MA, USA) and subjected to DNA extraction as described
previously (Kouduka et al., 2012; Konno et al., 2013; Ino et al., 2016). The
filter was incubated at 65 °C for 30 min in 150 ul of alkaline solution (pH
13.5, 75 ul of 0.5 N NaOH and 75 ul of TE buffer, including 10 mM Tris-HCI
and 1 mM EDTA). The supernatant after centrifugation at 5000 g for 30 s at
room temperature was neutralized with 750 pl of TE buffer and 150 pl of 1
M Tris-HCI (pH 6.5). The DNA was concentrated by ethanol precipitation
from the DNA-bearing solutions (pH 7.0-7.5) and the DNA precipitation was
dissolved in 50 ul of TE buffer (pH 8.0).

Pyrosequencing and quality control

For PCR amplification of 16S rRNA gene sequences from extracted DNA,
the primers Uni530F and Uni907R with adaptor sequences were used
(Nunoura et al., 2012). The forward primer Uni530F was tagged with 8-mer
oligonucleotides to obtain sequences from multiple samples in a single run
(Hamady et al., 2008). An initial denaturation at 96 °C for 3 min, 35 cycles
of denaturation at 96 °C for 30 s, annealing at 54 °C for 45 s and extension
at 72 °C for 45 s and a final extension at 72 °C for 5 min were conducted.
The PCR products were subjected to electrophoresis on 1.5% agarose gels
and purified by the MinElute Gel Extraction Kit (Qiagen, Valencia, CA, USA).
Concentrations of the purified DNA were determined using the Quant-iT
dsDNA HS Assay Kit and the Qubit fluorometer (Invitrogen, Grand Island,
NY, USA) and then adjusted to 5 ng pl~t. To amplify DNA library beads for
the 454 GS Junior System sequencer (Roche Applied Science, Penzberqg,
Germany), emulsion PCR was conducted by the GS Junior Titanium emPCR
Kit Lib-L (Roche Applied Science). Amplified DNA fragments were



sequenced following the manufacturer’s instructions (Roche Applied
Science).

All quality control processing was performed in the Mothur program
(Schloss et al., 2009). Sequences having more than one ambiguous base
and/or a base below a quality score of 25 were removed in addition to
sequences <250 base pairs (bp) and >500 bp. After a non-redundant set of
sequences was obtained, the unique sequences were aligned to the SILVA
reference alignment version 123
(http://www.mothur.org/wiki/Silva_reference_files). Chimeric sequences
were detected and eliminated by ChimeraSlayer (Haas et al., 2011) in the
Mothur program. The raw sequence reads were deposited to the DNA Data
Bank of Japan (DDBJ) Sequences Read Archive with the accession number
DRA004963.

[llumina sequencing by synthesis and quality control

16S rRNA gene sequences were also analyzed for groundwater collected
from the HFDB#1 in 2015, which was used for the activity measurements
of AOM. We employed a two-step tailed PCR approach to construct the
paired-end libraries. In the first PCR, the prokaryote-universal primers
Uni530F and Uni907R were concatenated with an internal adapter
sequence. An initial denaturation at 96 °C for 3 min, 35 cycles of
denaturation at 96 °C for 30 s, annealing at 54 °C for 5 min and extension
at 72 °C for 45 s and a final extension at 72 °C for 5 min were conducted.
The first PCR products were purified using EXxoSAP-IT reaction (Affymetrix,
Santa Clara, CA, USA). In the second PCR, all amplicons were reamplified
using a set of Truseq adaptor sequences and 7-mer index sequences
(Siddique and Unterseher, 2016). An initial denaturation at 96 °C for 3 min,
20 cycles of denaturation at 96 °C for 25 s, annealing at 65 °C for 45 s and
extension at 72 °C for 45 s and a final extension at 72 °C for 7 min were
conducted. The second PCR products were subjected to electrophoresis on
1.5% agarose gels and purified using the MinElute Gel Extraction Kit
(Qiagen). Concentrations of the purified second PCR products were
measured using the Quant-iT dsDNA HS Assay Kit and the Qubit
fluorometer (Invitrogen) and then adjusted to 35.4 ng pl~*. The purified
second PCR products were mixed and used as templates for pair-end
sequencing by MiSeq Genome Analyzer using MiSeq Reagent Nano Kit v2
with 500 cycles following the manufacturer’s instructions (lllumina, San
Diego, CA, USA). Raw reads complementary in forward and reverse
directions were assembled using the Mother program (Schloss et al., 2009).
Sequences including at least one ambiguous base and/or >450 bp were
excluded. All of raw reads were deposited to the DDBJ Sequences Read
Archive with the accession number DRA0O05131.

Library construction and Sanger sequencing for mcrA and dsrA genes

PCR using LA Taq polymerase (TaKaRa) and Ampdirect Plus (Shimadzu)
was performed by a primer set of ME1 and ME2 (Hales et al., 1996) for



mcrA gene sequences and two primer sets of DSR1F and 4DSR (Wagner et
al., 1998) and DSR1F and 1334R (Santillano et al., 2010) for dsrA gene
sequences. The primers ME1 and ME2 have mismatches in target
sequences of newly found methanogen groups named Bathyarchaeaotaand
Verstraetearchaeota (Supplementary Table S1). The mcrA gene was
analyzed for groundwater collected from the HFDB#1 in 2012 and 2015
and the SFDB#2 in 2012 and 2015. dsrA gene sequences were analyzed for
groundwater collected from the HFDB#1 in 2012. Thermal cycling with 35
cycles of denaturation at 96 °C for 20 s, annealing at 55 °C (mcrA) or 55 °C
(both of the dsrA primer sets) for 45 s and extension at 72 °C for 60 s were
conducted. A PCR reaction mixture contained 0.1 uMof each oligonucleotide
primer and 0.1 ng pl~* of the DNA template. Both PCR products were
subjected to 1.5% agarose gel electrophoresis and purified using MinElute
Gel Extraction Kit (Qiagen). Using the TOPO TA Cloning Kit (Invitrogen), the
purified PCR product was cloned into vector pCR2.1 and transformed into
ECOS competent Escherichia coliDH5a (Nippon gene, Tokyo, Japan).
Plasmid DNA was sequenced with the BigDye Terminator v3.1 Kit (Applied
Biosystems, Foster City, CA, USA) and the vector M13 primers. The mcrA
and dsrA gene sequences were deposited to DDBJ under the accession
numbers LC177179 to LC177185 and LC269242 to LC269250.

Phylogenetic analysis

For grouping 16S rRNA gene sequences with >97% similarity, the farthest
neighbor clustering algorithm in the Mothur program was used (Schloss et
al., 2009). Rarefaction analysis was performed for the grouped 16S rRNA
gene sequences using the vegan package (Oksanen et al., 2016) in R (R
Development, Core Team, 2013). The Greengenes 16S rRNA reference data
set released in August 2013
(http://greengenes.lbl.gov/Download/Sequence_Data/) and the Needleman-
Wunsch algorithm in the Mothur program (Schloss et al., 2009) were used
to align the recovered 16S rRNA gene sequences. Representative mcrA and
dsrA gene sequences were aligned with closely related mcrA and dsrA gene
sequences using the ClustalW program and the ambiguous nucleotide
positions were rectified manually. Phylogenetic affiliations of operational
taxonomic units were determined using the neighbor-joining method in the
ARB software package (Ludwig et al., 2004). By using BLASTn (Altschul et
al., 1990), closely related 16S rRNA, mcrA and dsrA gene sequences were
obtained to construct neighbor-joining trees by the distance matrix method
in the ARB software package (Ludwig et al., 2004). Bootstrap analysis was
performed with 1000 replicates for trees based on 16S rRNA, mcrA and
dsrA gene sequences.

Clustering and heatmap analysis of relative abundance of taxonomic
groups

To clarify the abundance similarity of taxonomic groups among
groundwater samples, a heatmap displaying the abundance orders of



taxonomic groups in HFDB and SFDB was created by the gplot package
(Warnes, 2016) in R (R Development, Core Team, 2013). A dendrogram
was also constructed by hierarchical clustering based on the abundance of
taxonomic groups among groundwater samples. The heatmap display and
the dendogram were based on 16S rRNA gene sequences obtained by
pyrosequencing.

Correlation analysis for environmental factors and microbial community
structures

Principal correspondence analysis with 10 geochemical variables was
performed by R (R Development, Core Team, 2013) for groundwater
samples listed in Table 1. As principal correspondence analysis identified
sulfate, hydrogen and methane to be representative of geochemical
parameters and important substrates for microbial metabolisms, canonical
correspondence analysis was performed to show correlation between the
three variables and overall microbial communities and specific taxonomic
groups using the vegan package (Oksanen et al., 2016) in R (R
Development, Core Team, 2013). Nitrate was excluded because the
concentrations were under detection limit. Monte Carlo Test based on 499
replicates was performed using the ade4 package (Dray et al., 2015) in R
to evaluate the hypothesis that environmental factors affect the taxa
distribution. When a P-value is <0.05, the correlation becomes statistically
significant.

Thermodynamic calculations

In situ Gibbs reaction energies (AG) of biogeochemical reactions likely
mediated in groundwater were calculated by the following equation:

AG = AG® jpgirw + RTINQ

AG°, sity refers to the Gibbs standard reaction energy under in
situtemperature and pressure conditions, R refers to the ideal gas
constant, T (K) refers to groundwater temperature and Q refers to the
activity quotient for a reaction. The AG®, s was calculated by the
SUPCRT92 software package (Johnson et al., 1992) and all activities and
fugacities were calculated by the Geochemist’'s Workbench software
package (Bethke, 1992).

Genome reconstructions and metabolic potential estimations

For metagenomic analysis, 35 liters of HFDB#1 groundwater was filtered on
a 0.22 m membrane filter (Millipore filter code: GVWP) for metagenomic
analysis. DNA extraction was performed using the Extrap Soil DNA Kit Plus
ver. 2 (Nippon Steel and Sumikin Eco-Tech Corporation, Tokyo, Japan). In
all, 150 bp paired-end sequencing with a 550 bp insert size was conducted
with an lllumina HiSeq by Hokkaido System Science Co., Ltd (Sapporo,
Japan). Raw shotgun sequencing reads trimmed by Sickle (Joshi and Fass,



2011) were subjected to de novoassembling using IDBA-UD (Peng et al.,
2012) and mapped to >1000-bp scaffolds using Bowtie2 (Langmead et al.,
2009). More than 1000-bp scaffolds were initially binned by GC content,
read coverage and phylogenetic profile within the binning interface of
ggkbase (http://ggkbase.berkeley.edu/). The refinement of candidate bins
was performed using emergent self-organizing maps constructed from
tetranucleotide frequencies and the coverage of the scaffolds (Dick et al.,
2009). Resulting bins were evaluated for accuracy and completeness by
CheckM version 1.06 based on a set of 188 euryarchaeal conserved single-
copy phylogenetic marker genes (Parks et al., 2015). Open reading frames
were predicted for all >1000- bp scaffolds with Prodigal (Hyatt et al., 2012).
Functional genes in all open reading frames were annotated by BLAST
searches (Ludwig et al., 2004) against databases, including Uniref100
(Suzek et al., 2007), Uniprot (Magrane and UniProt Consortium, 2011) and
KEGG (Kanehisa et al., 2012). For selected functional genes, closely related
sequences and their source organisms were initially accessed using NCBI
Protein BLAST Program against NCBI Reference Sequence Database
(RefSeq; Tatusova et al., 2014). For the phylogenetic relationship, the ARB
software package (Ludwig et al., 2004) was used to align amino-acid
sequences using Muscle (Edgar, 2004) and to construct a neighbor-joining
tree with bootstrap values with 1000 replications. A draft genome and a
contig sequence were deposited to DDBJ BioProject under accession
numbers PRJDB5105, LC180219 and LC269251.

Stable isotope labeling experiments

Microbial cells were collected on 0.22-um pore-size membrane filters (type
GPWP; Millipore) in pressure-resistant stainless filter holders (Millipore) by
filtering 325 and 150 liters of groundwater from the HFDB#1 and SFDB#2
in 2015, respectively. Microbial cells were stored under in situ hydraulic
pressure conditions within 1 day and transferred to an anoxic glove box
filled with Ar, in which microbial cells were concentrated in 12 ml of anoxic
filter-sterilized SFDB#2 groundwater. Then 1 ml of the cell suspension was
diluted with 13 ml of the anoxic filter-sterilized SFDB#2 groundwater and
amended with ~70 uM of Na sulfate (Wako, Tokyo, Japan) in a 26-ml glass
vial. Six and two vials were amended without and with 20 mM Na
molybdate (Sigma-Aldrich, St Louis, MO, USA), a well-established inhibitor
of sulfate reduction (Compeau and Bartha, 1985). To remove trace
amounts of O, from the vials closed with butyl rubber stoppers and
aluminum caps, five cycles of evacuation and Ar purging were performed
(a final pressure of 1.7 atm). In the anoxic globe box, 2.5 ml 2C methane
(GL Sciences, Tokyo, Japan) and 1 ml *C-labeled methane (CLM-3590;
Cambridge Isotope Laboratories, Andover, MA, USA) were added into the
vials by using a syringe with a needle (6**Ccha=+35 000%o0). The
concentration of dissolved O, was confirmed to be <10 p.p.b. using a fiber-
optic oxygen meter (MICROX TX3-TRACE; PreSens, Regensburg, Germany).
One vial without molybdate was autoclaved as a negative control. During



the incubation, the concentration of H, was measured by gas
chromatography (GC-2010 Plus and BID-2010 Plus; Shimadzu). After 2-
week incubation at room temperature in the dark, the cell suspension was
filtered, and then the filtrate was measured for the concentration of HS™ as
described above. The filtrate was transferred into a vacuumed blood-
collection tube without being exposed to air for measuring the carbon
isotopic composition of DIC (6*Cpic). By using MICAL3c (Ishimura et al.,
2008), the carbon isotopic composition was determined for DIC as
described previously (Miyajima et al., 1995).

Results and discussion
Hydrogeochemical and microbiological crosslinkages

Samples were collected for groundwater chemical analysis and
microbiological characterization from the HFDB in 2012-2013 and from the
SFDB in 2011-2013. The two fractured domains have distinct
hydrogeochemical features (Figure 1c and Table 1): the HFDB has high
hydraulic conductivity, with fluids enriched in sulfate (90.6-188 uM) and
DIC (1-1.2 mM), whereas the SFDB is characterized by low hydraulic
conductivity and relatively high concentrations of methane (361-537 uM)
and molecular hydrogen (H;; 1.4-135 nM). Stable isotopic compositions of
methane and DIC were also distinct between the two sites: ?C enrichment
appears to be correlated with high concentrations of DIC in the HFDB and
methane in the SFDB, respectively (Figures 1d and e). As biogeochemical
profiles are shaped by microbial metabolisms in the deep subsurface
(Chapelle, 2001), 16S rRNA gene sequence analysis was conducted to
profile the HFDB and SFDB microbial communities (Figure 2). Although the
numbers of high-quality reads ranged from ~1500 to ~3500, nearly
saturated rarefaction curves suggest that the biodiversity is sufficiently
covered by pyrosequencing (Supplementary Figure S1). Bacteria of the
Candidate Phyla Parcubacteria and Omnitrophica(formerly known as OD1
and OP3) were abundant in the HFDB, whereas a-, - and 6-Proteobacteria,
Chlorobi, Firmicutes and Nitrospira were abundant in both borehole
communities. Similarly, the dominant archaea were distinct between the
two sites: primarily within ANME-2d in the HFDB samples, whereas the
methanogen families Methanosaetaceae, Methanospirillaceae,
Methanomassiliicoccaceae and Methanobacteriaceae in the SFDB.
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Figure 2

Multiple-year taxonomic profiles of granitic groundwater from the HFDB and SFDB.
Band graphs showing the distributions of taxonomic groups ranging from family to
phylum. Bands without patterns indicate taxonomic groups distributed either in the
HFDB or in the SFDB. Numbers in parentheses on the right indicate the numbers of
high-quality reads in samples. Microbiological data from the SFDB in 2011 and 2012
have been previously published (Ino et al., 2016), whereas those from the HFDB in
2012 and 2013 and the SFDB in 2013 were obtained in this study.

As methyl-CoM reductase (mcr) is a key enzyme gene for anaerobic
methanotrophy and methanogenesis, mcrA (encoding subunit A gene of
mcr) gene sequences from the both sites were analyzed. mcrA gene
sequences from the HFDB were all affiliated within ANME-2d, whereas
those from the SFDB were affiliated within the families Methanosaetaceae
and Methanobacteriaceae (Figure 3). The separate occurrence of ANME-2d
and methanogen lineages is consistent between 16S rRNA and mcrA gene
sequences. Given that the in situactivities of AOM and methanogenesis
likely produce *?C-enriched DIC and methane in the HFDB and SFDB,
respectively (Whiticar, 1999), the predicted metabolism by microorganisms
recovered in the diversity surveys is consistent with the in situ
geochemical signatures of the HFDB and SFDB (Figures 1d and e).



Figure 3

Phylogenetic relationships of euryarchaeal sequences obtained by single-gene and
metagenomic analyses. Neighbor-joining trees of the 16S rRNA (left) and the mcrA
(right) gene sequences were constructed with bootstrap values with >50% and >75%
indicated by open and solid circles, respectively. HFDB and SFDB sequences obtained
by pyrosequencing and Sanger sequencing are shown in red and blue, respectively.
Pink sequences were obtained by llimina sequencing by synthesis from the HFDB#1
groundwater for the activity measurements of AOM. ANME-2d sequences in the left
tree are represented by >30 pyrosequencing reads and >90 reads obtained by
Illmina sequencing by synthesis. Bold sequences are represented by >100 reads for
the 16S rRNA gene and >10 clonal sequences for the mcrA gene. Underlined
sequences were obtained by metagenomic analysis. Scale bars represent 0.05 and
0.1 expected changes per nucleotide position. Note that 16S rRNA gene sequence of
the subsurface ANME-2d reconstructed in this study was not obtained owing to the
assemblage failure.

As shown in 16S rRNA and mcrA gene trees (Figure 3), ANME-2d
sequences found in the HFDB were phylogenetically distinct from
nitrate-reducing Ca. M. nitroreducens and more closely related
to those found in the terrestrial subsurface where sulfate-
dependent AOM has been suspected, based on the occurrence of
ANME-2d in the sulfate-methane transition zone (Flynn et al.,
2013; Bomberg et al., 2015). Consistent with the possible
importance of sulfate-dependent AOM, the level of nitrate in the
HFDB groundwater was low and sulfate concentrations were
elevated at ~200 uM (Table 1). Further, the ANME-2d and sulfate




abundances were correlated, based on multivariate function
analyses (Supplementary Figure S2).

Genome-enabled metabolic reconstructions

To investigate the genomic profile of the subsurface ANME-2d,
metagenomic sequencing was performed for HFDB#1 groundwater
collected in 2014. All mcrA gene sequences obtained by metagenomic
sequencing were affiliated within ANME-2d, which suggests that ANME and
methanogene lineages not detected by PCR amplification with the primers
are not substantially involved in AOM in the granitic groundwater. A 99%
complete ANME-2d genome (based on euryarchaeal single copy gene
content) was reconstructed (Supplementary Table S2). The 2.04 Mbp
genome is smaller than those of ANME-1 (3.40 Mbp; Meyerdierks et al.,
2010) and ANME-2a (3.40 Mbp; Wang et al., 2014), both of which conduct
sulfate-dependent AOM, and the nitrate-reducing ANME-2d (3.20-3.74 Mbp;
Haroon et al., 2013; Arshad et al., 2015). Despite this, the newly
reconstructed ANME-2d genome contains nearly the full set of genes for
methane oxidation (Figure 4), homologous genes of which are present in
the nitrate-reducing ANME-2d genomes (Supplementary Table S3). As the
ANME-2d clade contains uncultured methanogen members of the cluster
ZC-1 (accession numbers of EU275986 and EU155958 in Figure 3) known
to mediate hydrogenotrophic and methylotrophic pathways for
methanogenesis (Zhang et al., 2008), key methanogenic genes were
investigated. The subsurface ANME-2d genome was found to lack
substrate-specific methyl transferases for methylotrophic methanogenesis
(Krzycki, 2004), an electron bifurcating complex that supplies reduced
ferredoxin for hydrogenotrophic methanogenesis (Kaster et al., 2011) and
acetate kinase and phosphotransacetylase involved in aceticlastic
methanogenesis (Jetten et al., 1992). Although the possibility of hitherto
unknown mechanisms involved in methanogenesis is not excluded, it is
unlikely that the subsurface ANME-2d is capable of producing methane.
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Figure 4

Key carbon, sulfur and hydrogen metabolisms putatively inferred from the subsurface
ANME-2d genome. Arrows show the directions of reaction pathways with compounds
and enzymes involved in the reaction pathways as well as ion and electron transports.
A gene not found in the other ANME genomes (ANME-1, ANME-2a and nitrate-reducing
ANME-2d genomes) but in the subsurface ANME-2d genome is highlighted in red,
whereas genes not found in subsurface ANME-2d genome but in nitrate-reducing
ANME-2d genomes are shown in gray. Blue arrows show the electron transport
hypothesized based on the homology of the Ni-Fe hydrogenases Group 1 gene
sequence and that of the sulfite reductase gene sequence. Full names of genes are
listed in Supplementary Table S3.

In sharp contrast to the genomes of nitrate-reducing ANME-2d, genes
involved in nitrate/nitrite reduction were absent in the subsurface ANME-2d
genome. Thus we conclude that AOM mediated by the subsurface ANME-2d
is not coupled to nitrate/nitrite reduction. Genes encoding multiheme c-
type cytochromes are numerous in archaea affiliated within ANME-1
(Wegener et al., 2015) and ANME-2 (McGlynn et al., 2015). The multiheme
c-type cytochromes are involved in direct electron transfers to bacterial
syntrophic partners and to solid Fe(lll) and Mn(lV) oxides. AOM coupled to
the reduction of solid Fe(lll) and Mn(IV) oxides was also demonstrated for
the nitrate-reducing ANME-2d with many genes encoding multiheme c-type
cytochromes (Ettwig et al., 2016). Only one locus encoding multiheme c-
type cytochromes was found in the subsurface ANME-2d genome
(Supplementary Table S3). This makes sense, given the low availability of



Fe(lll) and Mn(lV) due to abiotic reduction of any oxidized compounds by
hydrogen sulfide.

Nearly all genes involved in assimilatory sulfate reduction were also
present in the draft genome of the subsurface ANME-2d and homologous to
those found in the nitrate-reducing ANME-2d genomes (Figure 4 and
Supplementary Table S3). The draft genome contains all genes involved in
assimilatory sulfate reduction except for the 3’-phosphoadenylyl sulfate
(PAPS) reductase (Meyerdierks et al., 2010). As the assimilation of sulfur is
energetically expensive via the pathway for assimilatory sulfate reduction
and feasible from hydrogen sulfides in sulfidic habitats, the alternative role
of genes normally involved in assimilatory sulfate reduction has been
suspected to be in dissimilatory sulfate reduction in ANME-1 (Meyerdierks
et al., 2010). The additional energy required for assimilatory sulfate
reduction is the generation of nicotinamide adenine dinucleotide
phosphate (NADPH) to reduce PAPS to sulfite (Madigan et al., 2012). Based
on bioenergetic calculations from the Mizunami groundwater
(Supplementary Table S4), AOM coupled to H;-oxidation-based sulfate
reduction is exothermic, even if the additional energy consumption for the
cytosolic conversion of NADP to NADPH is accounted (AG=18 k] mol~*;
Schuchmann and Muller, 2014). Furthermore, the cytosolic Ni-Fe
hydrogenase Group 3b (NiFe hydrogenase G3b) found in the subsurface
ANME-2d genome is known to catalyze the bidirectional reactions between
H, and 2H* (Wrighton et al., 2012) and to reduce NADP to NADPH (van
Haaster et al., 2008).

Based on metal-binding motifs and the gene organization (Greening et al.,
2016), a membrane-bound H,-uptake NiFe hydrogenase Group 1 (NiFe
hydrogenase G1) was identified in the subsurface ANME-2d genome (Figure
5 and Supplementary Table S5). It is noted that other ANME lineages
previously examined by metagenomics analysis lack membrane-bound
hydrogenase genes putatively involved in the electron transport chain
(Meyerdierks et al., 2010; Haroon et al., 2013; Wang et al., 2014; Arshad et
al., 2015). The NiFe hydrogenase G1 is known to oxidize H., linked to
electron transport and used for ATP generation from the proton motive
force (Greening et al., 2016). Phylogenetic analysis of amino-acid
sequences of the NiFe hydrogenase G1 gene of the subsurface ANME-2d
studied here revealed a close relationship to those of thermophilic archaea
of the genera Ferroglobus and Geoglobusknown to mediate H, oxidation
coupled to Fe(lll) reduction (Figure 6). In case of Geoglobus acetivorans,
the NiFe hydrogenase G1 is inferred to perform respiratory H, oxidation
linked to Fe(lll) reduction via quinone reduction (Mardanov et al., 2015). As
the subsurface ANME-2d genome contained genes for menaquinone
synthesis (Supplementary Table S3), it is likely that the subsurface ANME-
2d might use the NiFe hydrogenase Group 1 for respiratory H, oxidation via
menaquinone reduction. The NiFe hydrogenase G1 is also involved in the
electron transfer from H, to methanophenazine for methanogenesis



(Greening et al., 2016). However, the NiFe hydrogenase Group 1 gene
sequences found in closely related methanogens such as Methanolobus
tindariusand Methanosaricina barkeri were distantly related to that in the
subsurface ANME-2d. It is therefore unlikely that the NiFe hydrogenase G1
is involved in methanogenesis. In the nitrate-reducing ANME-2d genomes,
energy-conserving hydrogenase (ech) genes are present to oxidize H, and
translocate H* for ATP synthesis (Figure 5; Greening et al., 2016). As the
subsurface ANME-2d genome lacked the ech genes, the NiFe hydrogenase
G1 might be important for producing the transmembrane H* gradient for
ATP synthesis. A sulfite reductase gene found in the subsurface ANME-2d is
homologous but distantly related to the sulfite reductase and coenzyme
Fs20 hydrogenase genes of Methanosarcina spp. (42-43% amino-acid
similarities). Thus six electrons for the reduction of sulfite to HS™ are
hypothesized to be transported from coenzyme F.;0 or from the NiFe
hydrogenase G1 via menaquinone and an unknown oxidoreductase
complex (Figure 4).
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Genetic characteristics of the Ni-Fe hydrogenases Group 1 in the subsurface ANME-2d
genome. (a) Gene organization surrounding a large subunit with Ni-Fe biding motifs.
(b) Neighbor-joining tree of Ni-Fe hydrogenase genes based on deduced amino-acid
sequences. Bootstrap values with >50% and >75% are indicated by open and solid
circles, respectively. Blue and green taxa are known as sulfate and Fe(lll) reducers,
respectively.
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Figure 6

End point measurements of 6*Cpic and hydrogen sulfide production during stable
isotope labeling experiments. Two-week incubations of SFDB#2 groundwater
amended with ~400 uM *3C-labeled methane, ~60 nM H, and ~70 uM sulfate were
conducted with alive and killed cells from HFDB#1 and SFDB#2. To verify sulfate-
dependent AOM, molybdate, an inhibitor of sulfate reduction, was added. Filled circles
indicate (a) the stable carbon isotopic composition of DIC and (b) the concentrations
of hydrogen sulfides. Open circles indicate that the products were undetected. Larger
filled circles with error bars represent the means and s.d. of five replications.
Numbers of replication (n) and experimental conditions are shown below the
horizontal axis.

Sulfate-dependent AOM activities

To test for AOM coupled to sulfate reduction in the HFDB, microbial cells
were incubated in sulfate-depleted SFDB#2 groundwater (pH=~9)
amended with ~400 uM *3C-labeled methane, ~60 nM H; and ~70
MMsulfate. To detect AOM activities from subsurface microbial communities
within a short period, the biomass was concentrated from 1.8 x 10* cells
ml~t in the original HFDB#1 groundwater to ~1 x 107 cells ml~t in
incubation vials. It was confirmed by lllumina sequencing that the original
HFDB#1 groundwater was dominated by the subsurface ANME-2d in 2015
(Supplementary Figure S3). Production of *C-enriched DIC and hydrogen
sulfide was detected during the 2-week incubation (Figures 6a and b) and
the dependency of AOM on sulfate reduction was indicated by the lack of
both '3C-enriched DIC and hydrogen sulfide during the incubation with
molybdate, a well-established inhibitor for microbial sulfate reduction. The
inhibition of AOM by molybdate also excludes the possibility of trace
methane oxidation mediated in reverse by methanogens. This clarification
is necessary, because the ZC-1 methanogens are phylogenetically
classified within ANME-2d (Zhang et al., 2008). To further support this
inference, the same incubation experiments were conducted for SFDB#2



groundwater colonized by methanogens (Figure 3). The original biomass
(1.8 x 10* cells ml~!) was also enriched for incubation (~1 x 10’cells mI~1).
As shown in Figures 6a and b, 3C-enriched DIC and hydrogen sulfide were
both produced regardless of the inhibition of sulfate reduction with
molybdate. Thus it is likely that the *C-enriched DIC in SFDB#2
groundwater is produced by methanogens via the reverse methanogenesis
pathway and that the *3C enrichment in HFDB#1 groundwater is linked to
AOM coupled to sulfate reduction rather than DIC consumption by
methanogenesis.

As the oxidation of 3C-labeled methane (6**Ccua=+35 000%o) produces DIC
with a 8*3Cpic value of +34 000%o, given that anaerobic methanotrophs are
known to preferentially oxidize *?CH, over *CHswith a fractionation factor
of 20%o0 (Whiticar, 1999). The 1:1 production of DIC and hydrogen sulfide
from AOM coupled sulfate reduction (~50 uM; Figure 6) leads to the
+3800%o0 enrichment of 6'3Cpc from an initial cell suspension containing
400 uM DIC with a 8*3Cpic value of —12%o (Figure 6). During the short-term
incubation experiments, the +2%o enrichment was observed, which is most
likely explained by the production of DIC from the oxidation of naturally
occurring DOC with a 6'3*Cpoc range around —30%o (Hasegawa et al., 2010).
To clarify the contribution of AOM to the production of hydrogen sulfide,
the dilution of *C-labeled DIC produced from AOM (63Cpic=+34 000%o0) by
DIC (8*Cpic=—30%o0) produced from the oxidation of naturally occurring
organic matter (6*3Cpoc=—30%o0) was quantified. The stoichiometric ratio of
sulfate reduction to DIC production was set to 1:1 for AOM and 1:2 for
organic matter oxidation (LaRowe et al., 2008). To obtain a final
suspension with a 6*3Cpc value of —10%o (Figure 6), the mass balance was
achieved when AOM and organic matter oxidation produce 0.08 and 99.84
MM DIC, respectively. Although the contribution of sulfate reduction
coupled to AOM is small, organic matter oxidation might be overestimated
based on the fact that naturally occurring organic matter and microbial
cells were highly concentrated for the short-term incubation experiments.
To avoid the overestimation of organic matter oxidation, the 1-month
incubation was performed without the concentration of cells. However, it
was also confirmed by lllumina sequencing that the subsurface ANME-2d
sequences were not obtained after the 1-month incubation, which likely
resulted from the lysis of the subsurface ANME-2d cells under artificial
groundwater conditions (data not shown).

The in situ rate of AOM calculated from this experiment was 3.7 nM year,
which is similar to that of microbial sulfate reduction previously estimated
by geochemical modeling of the same aquifer (1-5 nM year~!; Suzuki et al.,
2014). However, this rate of AOM is much slower than those estimated
from deeply buried marine sediments, anoxic marine water columns and
lake sediments and water (>370 nM year™?; Knittel and Boetius, 2009 and
references therein). As AOM activity is suppressed under H,-enriched
conditions (LaRowe et al., 2008), the relatively slow rate of AOM might be



explained by the experimental concentration of H, (60 nM) higher than the
in situ concentration (<5 nM; Table 1). It was technically impossible to
reproduce the in situ H.concentration in the short-term incubation
experiments, because the original stock of *C-labeled methane contained
a trace amount of H; as impurity. The production of *C-enriched DIC could
be caused by dissimilatory CO, reduction coupled to methanogenesis and
acetogenesis and the assimilatory CO, fixation (Hayes, 2001). To
discriminate the isotopic effects caused by microbial DIC consumption and
AOM, the control incubation of HFDB#1 groundwater without CHuis
considered to be necessary. However, the omission of CH, might stimulate
microbial DIC consumption, thereby producing *3C-enriched DIC. In
addition, the difference in hydrogen sulfide production appears to be within
analytical errors, given the small contribution of AOM to hydrogen sulfide
produced during the incubation. Thus it is difficult to measure the rate and
mass balance of AOM coupled to sulfate reduction in complex microbial
processes concurring in the granitic groundwater.

AOM depending on syntrophic sulfate reducers?

From the metabolic potential of the subsurface ANME-2d reconstructed by
metagenomics analysis, the independent capability of AOM coupled to
sulfate reduction is suggested. This notion is also supported by the lack of
cell aggregates in collected groundwater samples, when microbial cells
were observed by fluorescence microscopy for the total cell count.
However, the biofilm formed in rock fractures is considered to constituent
the substantial biomass in the deep continental biosphere (Whitman et al.,
1998; McMahon and Parnell, 2014). Thus the possibility that groundwater
microbes are dispersed after the detachment from the fracture surface is
not excluded. As molybdate inhibits assimilatory and dissimilatory sulfate
reduction pathways (Reuveny, 1977), it is necessary to perform the
incubation experiments amended with inhibitors specific to assimilatory
sulfate reduction such as 3’-phosphoadenosine-5-phosphate, 5'-
adenosinemonophosphate (5-AMP) and 2'-AMP (Setya et al., 1996).

Alternatively, AOM coupled to sulfate reduction is mediated by the
subsurface ANME-2d in the syntrophic association with sulfate-reducing
bacteria. Previously known syntrophic partners affiliated within sulfate-
reducing bacterial lineages (Knittel and Boetius, 2009) such as
Desulfosarcina/Desulfococcus (ANME-1 and -2a/b/c), Desulfobacteriaceae
(ANME-2d) and Desulfobulbus (ANME-3) were undetected or proportionally
uncorrelated with the subsurface ANME-2d, based on the 16S rRNA gene
sequence analysis (Supplementary Figure S4). The lack of the syntrophic
relationship might be reasonable, given that the known syntrophic partners
are revealed from marine sediments. A novel syntrophic relationship is
suggested from highly correlated bacterial lineages, including 6-
Proteobacteria BPCO76, Nirospirae LCP-6 and Omnitrophica
(Supplementary Figure S4). To link taxonomic classification based on 16S
rRNA gene sequences to the sulfate-reducing physiology, single-gene



analysis of dissimilatory sulfite reductase (dsr), a key enzyme for
dissimilatory sulfate reduction, was performed with two primer sets
targeting different regions of dsrA (encoding subunit A gene of dsr). As
shown in Figure 7, dsrA gene sequences closely related to 6-
proteobacterial sulfate reducers such as Desulfonatonum spp. and
Desulfobulbus spp. and Desulfobotulus sapovorans were obtained. Other
dsrA gene sequences were distantly related to known sulfate reducers. To
further correlate the phylogenetic affiliations based on 16S rRNA and dsrA
gene sequences, draft genomes that contained 16S rRNA and dsrA gene
sequences were investigated for the HFDB#1 groundwater collected in
2014. None of the draft genomes contained both dsrA gene and 16S rRNA
gene sequences, and two dsrA gene sequences were obtained by
metagenomic sequencing. One of the dsrA gene sequences obtained by
metagenomics analysis was distantly related to those obtained by single-
gene analysis and Desulfotomaculum acetoxidans of Firmicutes, while the
other dsrA gene sequence was also distantly related to those of
Thermodesulfovibrio spp. of Nitroapirae (Figure 7). The syntrophic
association needs to be clarified by fluorescence in situ hybridization
analysis with probes specific to the subsurface ANME-2d and the putative
sulfate reducers, which are likely aggregated on the rock surface.
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Figure 7

Neighbor-joining tree based on the amino-acid sequences of dsrA gene. The tree was
constructed with bootstrap values with >50% and >75% indicated by open and solid
circles, respectively. HFDB sequences obtained by single-gene and metagenomics
analyses are shown in red. dsrA gene sequences obtained by single-gene analysis
using two primer sets are distinguished by names with the reverse primers 4DSR and
1334R. Bold sequences are represented by >5 clonal sequences. Underlined
sequences were obtained by metagenomic analysis. Scale bars represent 0.1
expected changes per amino-acid position.

Significance for the deep continental biosphere

As granitic rocks are formed deep within the continental crust by cooling of
intruded magma, the organic content is extremely low. H,production by
low temperature processes is negligible in granitic rocks, given the low



content of olivine and pyroxene minerals that can produce H, during
serpentinization reactions (McCollom and Bach, 2009). As abiotic methane
from magmatic processes is ubiquitous in granitic rocks long after the
formation, methane could serve as a major energy source in the deep
granitic environment (Etiope and Sherwood Lollar, 2013; Kietavainen and
Purkamo, 2015). Geochemical analysis of deep granitic aquifers around the
globe has clarified that sulfate is widely available at >1000 m depths
(Gascoyne and Thomas, 1997; Pedersen, 2001; Metcalfe et al., 2006;
Laaksoharju et al., 2008; Sahl et al., 2008). A few exceptions exist
including granitic rocks with hydraulic conductivities <~10"ms~! at the
Mizunami URL (SFDB#2 and #4) and at the Olkiluoto site in western
Finland (Vaittinen et al., 2009), where the scarcity of fractures appears to
limit the existence of microbial life. The widespread occurrence of *3C-
depleted carbonate minerals in granite fractures in the Scandinavian shield
appears to be resulted from the past AOM activities coupled to sulfate
reduction (Drake et al., 2015). Thus we conclude that sulfate-dependent
AOM demonstrated in HFDB is potentially widespread in the deep
continental biosphere and could strongly impact the global biomass
production and the hydrogen, carbon and sulfur cycles.
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