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Abstract
The deep terrestrial subsurface remains an environment where there is limited understanding of the extant microbial
metabolisms. At Olkiluoto, Finland, a deep geological repository is under construction for the final storage of spent nuclear
fuel. It is therefore critical to evaluate the potential impact microbial metabolism, including sulfide generation, could have
upon the safety of the repository. We investigated a deep groundwater where sulfate is present, but groundwater
geochemistry suggests limited microbial sulfate-reducing activity. Examination of the microbial community at the genome-
level revealed microorganisms with the metabolic capacity for both oxidative and reductive sulfur transformations.
Deltaproteobacteria are shown to have the genetic capacity for sulfate reduction and possibly sulfur disproportionation,
while Rhizobiaceae, Rhodocyclaceae, Sideroxydans, and Sulfurimonas oxidize reduced sulfur compounds. Further
examination of the proteome confirmed an active sulfur cycle, serving for microbial energy generation and growth. Our
results reveal that this sulfide-poor groundwater harbors an active microbial community of sulfate-reducing and sulfide-
oxidizing bacteria, together mediating a sulfur cycle that remained undetected by geochemical monitoring alone. The ability
of sulfide-oxidizing bacteria to limit the accumulation of sulfide was further demonstrated in groundwater incubations and
highlights a potential sink for sulfide that could be beneficial for geological repository safety.

Introduction

The terrestrial subsurface harbors a significant proportion of
the Earth’s microbial cells [1, 2]. In the terrestrial subsurface,

photosynthetically derived electron donors are in relatively
low abundance and geogenic gases, H2 and CH4, provide
energy sources for microbial communities [3]. These energy
sources support the occurrence of autotrophic methanogens,
acetogens, and iron- and sulfate-reducing bacteria [4–13].
While autotrophic hydrogen-fueled microbial communities
are often predominant, heterotrophic fermenters have also
been shown to contribute to biogeochemical cycling in the
subsurface, degrading recalcitrant natural organic matter and
microbial necromass [11, 14, 15].

Sulfate-reducing bacteria are an important constituent of
the terrestrial subsurface and are often the dominant meta-
bolic group where sulfate is present [4–6, 11, 15]. Even
when sulfate is limited, sulfate-reducing bacteria are often
detected [9, 14, 16]. Electron acceptors with a higher
reduction potential such as nitrite, nitrate, and oxygen are
generally depleted in the deep subsurface. Despite limited
availability, the metabolic potential for nitrate reduction has
been identified in groundwater from Finland [11, 17] and
an active community of sulfur-driven denitrifiers were
identified in fluids from the Witwatersrand Basin, South
Africa [18].

When hydrogeochemical end products or reaction
intermediates are undetected or remain at steady state, the
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importance of the corresponding process may be over-
looked. In particular, cryptic cycles, where elements are
rapidly recycled, can be active under those conditions. This
was demonstrated in a meromictic lake, where despite the
low iron concentration, iron turnover rates were high and a
cryptic iron cycle was proposed [19]. Similarly, isotopic and
genomic studies have revealed cryptic sulfur cycling in
marine oxygen minimum zones [20, 21], marine-, fresh-
water-, and salt marsh sediments [22–25].

The activity of sulfate-reducing bacteria in subsurface
groundwaters at Olkiluoto, an island on the south-west coast
of Finland, is of particular interest as it is the site of a deep
geological repository for the final storage of spent nuclear
fuel. The generation of sulfide, the metabolic product of
sulfate reduction, can potentially compromise the longevity
of copper canisters used to store spent nuclear fuel. It is
therefore crucial to understand the energy sources fueling
sulfate reduction at Olkiluoto.

The geological and environmental history of the island of
Olkiluoto has resulted in the stratification of different
groundwater types [26]. Sulfate-reducing bacteria are
detected where sulfate-rich groundwater mixes with deeper
methane-rich groundwater (~250–350 m depth) and the
activity of sulfate-reducing bacteria is evident by elevated
concentrations of sulfide (~0.1–0.4 mM) and isotopic
sulfate signatures enriched in 34S (up to 40‰ CDT) [26].
The stable isotopic signature of sulfate (~25‰ CDT) in
shallower groundwater (<300 m) suggests that sulfate
reduction is presently limited. This is surprising, given that
numerous studies have highlighted the presence of sulfate-
reducing bacteria [27–30] able to gain energy from the
oxidation of geogenic hydrogen and organic carbon
produced from fermentation and acetogenesis [11, 31], in
sulfate-rich groundwaters at Olkiluoto. However, at this
depth, electron donors are limited. Organic carbon is neither
replenished from the surface nor produced in situ by acet-
ogenesis due to the limited availability of hydrogen in
shallower anoxic sulfate-rich groundwaters [26].

We investigated a groundwater at Olkiluoto where sul-
fate is relatively abundant (~3 mM), the sulfate concentra-
tion is stable long term, and sulfide is not detected. The
stable isotopic signature of sulfur in sulfate is consistent
with the sulfate source, indicating that there has been no
further activity of sulfate-reducing microorganisms [26].
A possible interpretation is that the lack of electron donors
known to fuel sulfate reduction in deeper groundwaters
could limit metabolic activity despite the presence of
sulfate. Or perhaps, other hydrogeochemical or microbial
constraints preclude sulfate reduction. To understand
sulfur cycling at Olkiluoto, we used a metaproteogenomic
approach to probe this sulfate-rich, sulfide-poor, ground-
water with a sulfur isotopic signature consistent with an
absence of sulfate reduction.

Materials and methods

Microbial biomass collection

Groundwater from fractured veined gneiss at 366.7–383.5
m below sea level on the island at Olkiluoto (61°14′28″N
21°29′41″E) was collected in 2016. The groundwater
was filtered (~10 L per sample, 0.2 and 0.1 µm pore size)
and the biomass was preserved for DNA and protein
analysis. Details of sample collection (sampling, DNA
extraction, DNA sequencing, 16S rRNA gene amplicon
analysis, metagenome assembly, and geochemical mea-
surements) are described in detail in Supplementary
Information.

Metagenome-assembled genomes (MAGs)

Six metagenomes were generated from DNA extracted from
biomass collected on a 0.2 µm pore size filter (in
2016 sampling months; June (one metagenome), September
(three metagenomes), and November (two metagenomes))
and one metagenome was generated from biomass collected
on a 0.1 µm pore size filter (sampling month; November
2016). 16S rRNA gene amplicon libraries were generated
for each of the metagenome sequenced samples.

Assembled metagenomes were binned using CON-
COCT [32]. The resulting bins were assessed for con-
tamination and completeness using CheckM [33]. High
quality (>95% completeness, <5% contamination) and
good quality (>75% completeness, <10% contamination)
bins were retained and considered MAGs. Genes
were annotated with KEGG Orthology using Ghost-
KOALA [34] and eggNOG [35]. TIGRFAMs were
annotated using WebMGA [36] and hydrogenases
were classified using HydDB [37]. Metabolic pathways
were constructed using KEGG Mapper [38] and MetaCyc
[39]. Pathway completeness was determined with KEGG
Decoder [40].

Metaproteomics

Two sample months (September and November 2016)
were chosen for paired metagenomic and metaproteomic
analyses. Protein was extracted at the Oak Ridge National
Laboratory (Oak Ridge, TN, USA). A detailed description
can be found in [11]. A protein database was constructed
from protein sequences predicted from the assembled
genomes. All collected MS/MS spectra were searched
against protein databases using Myrimatch v2.2 [41].
Peptides were identified and assembled into proteins using
IDPicker v3.1 [42] with a minimum of two distinct pep-
tides per protein and a false discovery rate of <1% at the
peptide level. Each sample was run in triplicate.
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Single amplified genomes (SAGs)

Genomes of individual cells were sequenced to augment
MAGs and uncover novel and/or rare diversity. Cells were
collected in November 2016. A shotgun library was con-
structed for 138 SAGs (Supplementary Information). In
total, 75 SAGs were recovered with >10% completeness
(Table S1). Thus, SAGs were used in support of the MAGs
by confirming the presence of genes using both sequencing
methods, but metabolism usually could not be determined
from SAGs alone. Average nucleotide identity between
SAGs and MAGs was determined with FastANI [43].
Two SAGs were recovered with greater than 60% com-
pleteness and were included in our metabolic analysis.

Microbial enrichments

Biomass was collected for enrichments (2018) by pumping
groundwater directly into sterile, N2 flushed, 1 L serum bot-
tles. Bottles were filled so that there was no headspace and
stored at 4 °C. Bottles were then transported in coolers from
the sampling site in Finland to the laboratory in Switzerland.
Within 1 week of sampling, groundwater was transferred into
sterile, anoxic 120mL Wheaton glass serum bottles, using an
N2 flushed syringe. The groundwater was amended with an
electron donor (Na2S; 0.40mM), electron acceptor (NaNO3;
0.64mM or NaNO2; 0.80mM), and a nitrogen source
(NH4Cl; 1 mM) from sterile anoxic stock solutions. Control
incubations were prepared in the same way and subject to
one cycle of autoclaving. All incubations were conducted in
triplicate. Serum bottles were incubated at 15 °C and peri-
odically subsampled with an N2 flushed syringe. Subsamples
were mixed with zinc acetate (1% final concentration) to fix
hydrogen sulfide, and stored at −20 °C.

Results and discussion

Groundwater chemistry

The groundwater was temperate (10.1 °C), of circumneutral
pH (pH value 7.7), hypoxic (<10.5 ppb O2, measured upon

sampling at the surface), and reducing (oxidation reduction
potential ~−150 mV). As pumping commenced and
groundwater was drawn from within the fracture, an initial
change in hydrogeochemistry was observed, followed by
stabilization as pumping continued (Table 1); total dis-
solved solids decreased from 5.20 to ~4.72 g/L, chloride
decreased from 79.26 to 71.36 mM, and sulfate decreased
from 3.54 to 2.95 mM.

Sulfate was abundant, and the concentration was rela-
tively stable for long term (~3 mM measured from 2014 to
2018). Comparison of the sulfate concentration to total
sulfur indicates that there are no other abundant sulfur
species in the groundwater (Table S2). Sulfide was initially
below detection limit (<0.62 µM) and was detected at ≤4.37
µM as pumping continued (Table 1). Sulfate in Olkiluoto
brackish groundwater originates from the Littorina Sea,
which infiltrated 2500–8000 years ago, and has a sulfate
sulfur stable isotopic composition (δ34SSO4) of ~25‰
VCDT [26]. The sulfur isotopic composition of sulfate in
the sampled fracture was 25.19 ± 0.82‰ VCDT (Table S2).
Sulfate reduction generates 34S-enriched sulfate, as sulfate-
reducing bacteria preferentially utilize the light isotope, 32S.
The sulfur isotopic composition of sulfate is not depleted in
32S relative to sulfate with the same source at Olkiluoto,
suggesting that there has been no further microbial sulfate
reduction.

Reconstruction of subsurface genomes

In total, 65 MAGs were recovered from the seven meta-
genomes; 45 were high quality and 20 were good quality
(Table S3). Dereplication resulted in 26 MAGs of different
taxa (Table S3). Eight of the different MAGs contained a
16S rRNA gene sequence that covered the V4 region and
could be directly compared with operational taxonomic
units (OTUs) from our 16S rRNA gene amplicon dataset.
MAGs that were missing a 16S rRNA gene sequence
covering the V4 region were related back to 16S rRNA gene
amplicons indirectly based on the phylogeny determined for
that MAG (Table S3).

The first SAG recovered, Candidatus Omnitrophica,
shared 100% 16S rRNA sequence identity with an

Table 1 Groundwater chemistry. Sample date Sulfate (mM) Sulfide (µM) Iron(total) (µM) Iron(II) (µM) Sodium (mM) Chloride (mM) TDS (mg/L)

08/02/2016 3.54 <0.62 3.94 3.76 60.90 79.26 5.20

14/03/2016 3.38 <0.62 10.39 10.21 58.72 76.44 4.99

26/04/2016 3.12 0.94 2.87 2.69 57.85 72.21 4.76

30/05/2016 3.06 1.87 2.33 1.97 57.85 72.21 4.73

27/06/2016 2.95 1.25 4.12 1.07 56.11 71.36 4.72

01/08/2016 2.90 4.05 1.47 1.07 57.42 72.77 4.79

19/09/2016 2.88 4.37 1.68 1.97 56.11 69.95 4.64

31/10/2016 2.94 0.94 1.34 1.43 56.55 71.36 4.72

TDS total dissolved solids.
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Omnitrophicaeota OTU (OTU 476), which has an average
relative abundance of 0.02% in 16S rRNA gene amplicon
libraries (Table S4). The second SAG, Candidatus Levy-
bacterales, did not contain a 16S rRNA gene sequence, but
the same lineage was detected by 16S rRNA gene amplicon
sequencing at 0.01% relative abundance. These taxa were
also low abundance in the metagenome, highlighting the
ability of single-cell sequencing to detect rare taxa that
would not be recovered by metagenomic binning due to
their low abundance in the environment.

Abundance of sulfate-reducing Deltaproteobacteria

Analysis of 16S rRNA gene amplicon libraries showed an
abundance of putative sulfate-reducing Deltaproteobacteria
(Fig. 1). As hydrogeochemical evidence for sulfate reduc-
tion was minimal, the abundance of sulfate-reducing genera
from the Deltaproteobacteria was unexpected. Evidence for
dissimilatory sulfur metabolism was sought by probing the

metagenome for the genes necessary to perform dissim-
ilatory sulfate reduction; sulfate adenylyltransferase (sat),
adenylylsulfate reductase alpha, and beta subunits (aprAB),
dissimilatory sulfite reductase alpha and beta subunits
(dsrAB), and dissimilatory sulfite reductase D (dsrD). The
presence of dsrD was considered necessary for a MAG to
be classified as a sulfate reducer as this gene is absent in
microorganisms that use reverse dissimilatory sulfite
reductase for sulfur oxidation [44–46]. It is important to
note, however, that there are exceptions to this rule. For
instance, Desulfurivibrio alkaliphilus has also been reported
to oxidize sulfide, despite having the complete genetic
make-up for dissimilatory sulfate reduction [47]. In addi-
tion, Desulfocapsa sulfexigens, which was isolated from
marine sediments, is unable to respire sulfate despite having
the complete set of genes known to be involved in dis-
similatory sulfate reduction [48]. Thus, dissimilatory sulfate
reduction cannot be determined definitively from genomic
features alone.

Seven Deltaproteobacteria MAGs were recovered with
the complete genetic capacity for dissimilatory sulfate
reduction. These MAGs also encoded the two membrane
complexes QmoABC and DsrMKJOP involved in electron
transfer as well as the sulfur relay protein DsrC (Fig. 2).
Five of the seven Deltaproteobacteria expressed genes for
dissimilatory sulfate reduction in their proteome (Fig. 2),
providing evidence that these microorganisms are active.

Acetyl-CoA synthetase and alcohol dehydrogenase were
detected in the proteome of Desulfocapsa (Fig. 2), sug-
gesting that the acetyl-CoA pathway could also be used for
the oxidation of small organic compounds. All genomes of
Deltaproteobacteria contained [NiFe] group 1 respiratory
H2-uptake hydrogenases (Fig. 2), which can couple hydro-
gen oxidation to sulfate respiration. The large subunit
(hyaB) was found in the proteome of Desulfobacula,
suggesting this sulfate reducer utilizes hydrogen as an
electron donor.

Deltaproteobacteria genomes also had the metabolic
capacity for the disproportionation of intermediate oxida-
tion state sulfur compounds (Fig. 2). Thiosulfate dis-
proportionation is a trait common amongst sulfate-reducing
Deltaproteobacteria [49, 50], and was determined for the
MAGs by the presence of thiosulfate reductase (phsA). The
genes for the disproportionation of thiosulfate and elemental
sulfur (polysulfides) are annotated together with the same
KEGG ortholog (K08352; EC:1.8.5.5). In both the Desul-
focapsa and Desulfurivibrio genomes, the catalytic subunit
of thiosulfate reductase (phsA)/polysulfide reductase (psrA)
was adjacent to a 4Fe–4S ferredoxin annotated as tetra-
thionate reductase subunit B (ttrB), which has a high
similarity to the same subunit of polysulfide reductase
(psrB) [51]. PsrAB also requires an integral membrane
subunit (psrC). This subunit is from the NrfD-type family

Fig. 1 Operational taxonomic units (OTUs) identified by 16S
rRNA gene amplicon sequencing. For clarity, only abundant OTUs
(≥1% average relative abundance) are shown. Letters in parentheses
following OTU names denote the taxonomy level the OTU was
assigned to; p phylum, c class, o order, f family, g genus. All OTUs are
provided in Table S4. Samples are named after collection month in
2016: J June; S1, S2, and S3= three sampling times in September; N1,
N2, and N3= three sampling times in November.
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that includes tetrathionate, DMSO, polysulfide, and nitrite
reductases [51]. Both genomes encoded a gene annotated as
a delta subunit of nitrate reductase adjacent to the putative
psrAB, as well as multiple polysulfide reductase (nrfD)
elsewhere in the genome. These genes (phsA/psrA, ttrB, and

nrfD) may be used for the dissimilatory reduction of thio-
sulfate, polysulfide, or tetrathionate with an electron donor
such as hydrogen. Alternatively, some Desulfocapsa and
Desulfurivibrio species are known to disproportionate ele-
mental sulfur [52–54]. Thus, we speculate that these genes

Active sulfur cycling in the terrestrial deep subsurface



could be involved in the disproportionation of sulfur in
Desulfocapsa and Desulfurivibrio.

Under standard conditions, sulfur disproportionation is
endergonic, and requires the sulfide to be reoxidized or
precipitated with metal ions to be thermodynamically
favorable [55, 56]. The concentration of sulfide in the
groundwater is low (<5 µM). Iron and manganese (oxyhydr)
oxides are not expected to occur in deep bedrock at
Olkiluoto, although iron silicates (biotite and chlorite) in the
rock matrix could include microscopic iron (oxyhydr)oxides
[26, 57]. Dissolved iron(II) and manganese are both
detected in the groundwater (~2 and ~5 µM, respectively)
and could provide a sink for sulfide via abiotic precipitation.
We propose that dissolved iron(II) may be produced by the
metabolic activity of Rhodoferax. This MAG encoded the
Mtr pathway for metal reduction (Fig. 2). The decaheme
c-type cytochrome (MtrC) and decaheme-associated outer
membrane protein (MtrB) were detected in the proteome,
suggesting that this microorganism has the capability to
respire extracellular electron acceptors such as iron(III).

Uncovering a sulfur cycle

The oxidation of sulfide by sulfide-oxidizing microorganisms
could also account for the lack of sulfide in a groundwater
where sulfate-reducing and sulfur-disproportionating bacteria
are active. Genes for oxidative sulfur cycling were therefore
sought within the genomes recovered from the groundwater.
Indeed, ten MAGs contained genes for oxidative sulfur
cycling (Fig. 2). The metabolic activity of sulfide-oxidizing
bacteria was further confirmed by the presence of peptides
from sulfide-oxidizing genes in the proteome (Fig. 2), indi-
cating that sulfide is maintained at low concentrations in this
groundwater at least partly by the activity of sulfide-oxidizing
bacteria.

The first sulfide oxidation pathway considered was the
reverse sulfite reduction pathway, including the genes dsrA-
BEFH and dsrC. Deconvoluting whether the dissimilatory
sulfite reductase (encoded by dsrAB) is a reverse- or a
forward-acting isoform relies on the presence of genes

encoding the subunits DsrEFH, which are essential for the
reverse function, or that of the gene encoding DsrD, needed
for the forward action [44, 58]. Peptides from the reverse-
acting dissimilatory sulfite reductase were detected in the
proteome of Rhodocyclaceae and Sideroxydans, along with
peptides from DsrEFH and DsrC (Fig. 2). In sulfur oxidizers,
DsrEFH and DsrC are involved in sulfur transfer to DsrAB
acting in the oxidative direction, i.e., in the reverse direction
of the reaction catalyzed in sulfate reducers [59]. Evidence for
the expression of both these proteins in addition to DsrAB
thus points to active oxidation of sulfur, an intermediate
formed during the oxidation of sulfide and thiosulfate
[60, 61]. In addition, sulfite generated by reverse dissimilatory
sulfite reductase can be oxidized to sulfate via adenylylsulfate
reductase and sulfate adenylyltransferase (aprBA-sat) operat-
ing in the reverse direction or by the cytoplasmic sulfite
oxidizing enzyme soeABC. Rhodocyclaceae and Side-
roxydans contained both aprBA-sat and soeABC in their
genome (Fig. 2). Rhodocyclaceae expressed AprBA-Sat
indicating this sulfide oxidizer reduces sulfite to sulfate via
the two-step (sulfite to APS and APS to sulfate) pathway.

The Sox pathway, a multienzyme system that oxidizes
the sulfur compound stepwise, finally producing sulfate
[58, 62], is also a prominent form of sulfide oxidation.
Rhodocyclaceae, Sideroxydans, and Rhizobiaceae all har-
bored genes for the oxidation of reduced sulfur compounds
catalyzed by the Sox pathway. The complete Sox pathway
was expressed in the proteome of Rhizobiaceae (Fig. 2)
indicating that Rhizobiaceae produces sulfate. Rhodocy-
claceae and Sideroxydans harbor an incomplete Sox path-
way (soxXAYZB) and lack the sulfur dehydrogenase
(soxCD), as observed for other Betaproteobacteriales [63].
In organisms where sulfur dehydrogenase (soxCD) is
absent, elemental sulfur deposits accumulate, which can be
subsequently oxidized via the reverse dissimilatory sulfate
reduction pathway, generating sulfite [64]. There was no
proteomic evidence for active Sox-dependent sulfide oxi-
dation by these two bacteria, only genome-based potential.

Sulfite oxidation can also be catalyzed directly by the
sulfite:cytochrome c oxidorectase (sorAB) [65]. Both sub-
units of this gene were detected in Sulfurimonas MAG, but
they were not expressed in the proteome (Fig. 2). Sulfur-
imonas did express sulfide:quinone oxidoreductase (sqr),
which catalyzes the oxidation of sulfide to elemental sulfur.
The produced sulfur can be stored intracellularly or
deposited outside of the cell [66]. This gene was also
detected in eight other MAGs (Fig. 2), seven of which
contained no other sulfide-oxidizing genes. In some species
that harbor only sqr, such as the Propionicimonas MAG,
sulfide may be oxidized to sulfur either as a strategy to
detoxify sulfide, or as a sulfur assimilation strategy [67, 68].

Desulfurivibrio alkaliphilus can grow by coupling sul-
fide oxidation to dissimilatory reduction of nitrate to

Fig. 2 Metabolic analysis of metagenome-assembled genomes
(MAGs) and single amplified genomes (SAGs) uncovered from
Olkiluoto groundwater. Percent (%) reads mapped to MAG is the
mean read coverage from separate assemblies (Table S3). Percent (%)
of proteins assigned to MAG is the mean number of proteins identified
per MAG as a percentage of the total metaproteome (Table S3).
Subunit completeness refers to the presence of genes encoding all
subunits for a given protein. Abbreviations: Disproportionation (Disp),
S metabolism (S met.), oxidative phosphorylation (Ox P), hydrogen
oxidation (H Ox.), organic carbon (Org. C), central carbon metabolism
(CCM), motility (Mot.), dissimilatory nitrate reduction to ammonia
(DNRA). Refer to Tables S5 and S6 for further detail of genes
included in the metabolic analysis and Supplementary Information for
additional discussion on carbon metabolism.
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ammonium [47]. In D. alkaliphilus, the only known gene
associated with sulfide oxidation detected in the genome
was sulfide:quinone oxidoreductase (sqr) [47]. Similar to D.
alkaliphilus, the Desulfurivibrio MAG uncovered here also
contained sqr as well as the gene repertoire for dissimilatory
sulfate reduction (Fig. 2). Thus, it is possible that Desul-
furivibrio may also be involved in oxidative sulfur cycling
here, although this cannot be unambiguously distinguished
from genomic features.

The detection of multiple pathways catalyzing sulfur
transformations in the metaproteome (Figs. 2 and 3) sug-
gests that the sulfur isotopic signature of the groundwater
reflects isotope fractionation controlled by reduction, dis-
proportionation, and oxidation. Like sulfate reduction, the
disproportionation of sulfur also generates 34S-enriched
sulfate whereby 32S is preferentially used for the formation
of sulfide and 34S is preferentially used for sulfate produc-
tion [69], although the extent of the fractionation can be
variable depending on the enzymatic pathway and envir-
onmental conditions [70, 71]. While the fractionation
associated with sulfide oxidation can be relatively small
[71], the oxidation of sulfide to sulfate by sulfide-oxidizing
bacteria would transfer the light isotopic signature of sulfide
produced by sulfate-reducing bacteria back to the sulfate
pool [24]. Over 2 years of sampling (2016–2018), there was
no isotopic enrichment of sulfur in sulfate. The oxidative
and reductive cycling of sulfur compounds may explain
why the expected isotopic depletion of 32S associated with
sulfate reduction was not readily detected. An alternative
interpretation is that the rate of activity (both oxidative and
reductive) may be extremely low. In the marine subsurface,
mean generation times can reach thousands of years and
nutrient turnover may take hundreds of years [72]. This
could also make it difficult to detect activity by geochemical
and isotopic methods.

Linking nitrogen and sulfur cycles

The sulfide-oxidizing bacteria identified are facultative
anaerobes. Their genomes contained terminal oxidases for
oxygen reduction and reductases for nitrate reduction to N2,
nitrite, (Fig. 3) or ammonium (Fig. 2). Nitrate reductase
(napAB) was detected in the proteome of Rhodocyclaceae
as was a cbb3-type oxidase, suggesting Rhodocyclaceae is
actively respiring nitrate and oxygen. This periplasmic
nitrate reductase (nap) has a high affinity for nitrate [73] and
may be advantageous in a nitrate-limited environment, like
Olkiluoto. The presence of high-affinity cbb3-type oxidase
suggests that electrons from the oxidation of reduced sulfur
compounds could be utilized to reduce dissolved oxygen,
if trace concentrations were present in the groundwater.
However, groundwaters at Olkiluoto with long residence
times are highly reducing and there is no evidence for

oxygen penetration [26]. Cbb3-oxidases can also be
expressed during anaerobic biological processes such as
nitrogen fixation [74] and denitrification [75]. The cbb3-type
oxidase has also been suggested to scavenge oxygen in
species not known to utilize oxygen as an electron acceptor,
preventing oxidative stress [76, 77]. Desulfocapsa expres-
sed nitrate reductase (napA) and nitrite reductase (nrfA),
which together catalyze the reduction of nitrate to ammonia
(Fig. 2). Many sulfate-reducing bacteria encode NapA and
can use nitrate as an alternative terminal electron acceptor
[78]. The nitrite reductase NrfAH is commonly found
among sulfate-reducing bacteria and is proposed to detoxify
nitrite, suppressing the inhibition of sulfate reduction by
nitrite [79, 80].

The detection of nitrate and nitrite reductases in the
proteome indicates that nitrogen compounds must be
cycled at concentrations below detection limit, as neither
nitrate nor nitrite were detected in the groundwater
(limit of quantification 8 and 11 µM, respectively). The
source of nitrate/nitrite in the groundwater is unknown but
given that the groundwater is not meteorically recharged,
nitrogen compounds must be generated in situ. Ammo-
nium is detected in the groundwater (~5 µM) and could
possibly be oxidized through coupling to the reduction of
sulfate, iron, or manganese [81–83]. The produced oxi-
dized nitrogen compounds would then be rapidly utilized
and thus not accumulate in the groundwater. However, the
enzymes required for this anaerobic ammonium oxidation
are not well understood and we could not determine this
metabolism from any genomes recovered. There also was
no evidence for anammox (nitrite-dependent anaerobic
ammonium oxidation).

Nitrate-reducing and denitrifying bacteria have been
detected elsewhere in the Fennoscandian Shield [14, 17]
and in other subsurface environments where nitrate appears
to be limited [18, 84]. Anaerobic ammonium oxidation was
proposed as a possible source of nitrate in subseafloor
sediments from the Peru margin, where transcripts encoding
nitrate reductases were detected but nitrate was not [84].
Active sulfide-oxidizing denitrifying bacteria were found to
dominate a deep groundwater from the Witwatersrand
Basin, South Africa, where only trace concentrations of
nitrate were detected (0.3 µM) [18]. In that case, the source
was proposed to be either radiolytic oxidation of ammo-
nium in the rock formation porewater, or paleometeoric
recharge.

Carbon fixation in deep groundwater

Dissolved inorganic carbon is relatively high in the
groundwater (2.6 ± 0.1 mM) and can provide a carbon
source for autotrophic microorganisms. The key enzymes of
the reductive acetyl-CoA (Wood–Ljungdahl) pathway,
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anaerobic carbon monoxide dehydrogenase (cooS), and
acetyl-CoA synthase (acsB) were detected in all Deltapro-
teobacteria MAGs, and corresponding peptides were
detected in the proteomes of Desulfocapsa and Desulfoba-
cula (Fig. 2). Deltaproteobacteria were missing the genes
of the CO2-reducing formate dehydrogenase (fdhAB,
EC:1.17.1.10), which catalyzes the two-electron reduction
of CO2 to formate, the first step in the methyl branch of
the Wood–Ljungdahl pathway, but analogous subunits
from another formate dehydrogenase were present (fdoG,
EC:1.17.1.9).

Two carbon fixation pathways were identified among
sulfide-oxidizing MAGs, the reductive pentose phosphate
pathway and the reductive tricarboxylic acid cycle (Fig. 2).
Peptides from key enzymes of the reductive pentose
phosphate pathway, ribulose-1,5-biphosphate carboxylase
(RubisCO) and phosphoribulokinase, were detected in
the proteomes of Rhodocyclaceae, Sideroxydans, and
Rhizobiaceae (Fig. 2). Sulfurimonas harbored the reduc-
tive tricarboxylic acid cycle and the key enzyme ATP-
citrate lyase (aclAB) was detected in the proteome (Fig. 2).
These microorganisms are thus inferred to fix inorganic
carbon.

Sulfurimonas oxidizes sulfide to sulfur

Metaproteogenomics revealed active autotrophic sulfide-
oxidizers using oxidized nitrogen species as electron
acceptors in a sulfide-poor environment (Figs. 2 and 3). To
provide direct evidence for this metabolism, groundwater
was amended with sulfide and stoichiometric amounts of
nitrate or nitrite in the laboratory under anoxic conditions.
Within 10 days of incubation, the amended sulfide was
completely oxidized (Fig. 4a, b). DAPI (4′6-diamidino-2-
phenylindole) stained cell images from 14 days incubation
confirmed enrichment in biomass. To further enrich sulfide-
oxidizing bacteria, the incubations were spiked with sulfide
and nitrate or nitrite again after 27 days of incubation.
Sulfide was again completely oxidized (Fig. 4a, b). After
49 days of incubation, a total of 1.01 ± 0.11 mM sulfide had
been oxidized and 0.40 ± 0.07 mM nitrate reduced (Fig. 4a).
The stoichiometry indicates that sulfide is oxidized to sulfur
when coupled to denitrification (Eq. 1). Sulfate did not
accumulate in the enrichments, consistent with the oxida-
tion of sulfide to an intermediate oxidation state species.

2NO3
� þ 5HS� þ 7Hþ ! N2 þ 5S0 þ 6H2O: ð1Þ

Fig. 3 Sulfur cycling in Olkiluoto groundwater. Solid colored
arrows indicate oxidation/reduction reactions that were expressed in
the proteome. Dashed colored arrows indicate that only genomic

potential for that reaction was found. Genes involved in each reaction
are indicated for each MAG. Putative processes are indicated by a
dashed gray line. SCFA short chain fatty acids.
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In incubations amended with nitrite, a total of 0.88 ±
0.07 mM sulfide was oxidized and 1.07 mM ± 0.08 mM
nitrite reduced (Fig. 4b). Sulfate also did not accumulate in
incubations with nitrite (0.16 ± 0.09 mM increase in sulfate)
showing that the sulfide is not fully oxidized to sulfate.
However, a greater concentration of nitrite was consumed
than the requirement to oxidize sulfide to sulfur (Eq. 2), and
it was neither consistent with the oxidation of sulfide to
sulfite nor to thiosulfate.

2NO2
� þ 3HS� þ 5Hþ ! N2 þ 3S0 þ 4H2O: ð2Þ

The concentration of nitrite continues to decrease after
sulfide is depleted, suggesting a secondary process is
occurring. If sulfide is oxidized to elemental sulfur, this may
fuel further nitrite consumption via denitrification. Or per-
haps there is another sink for nitrite, such as abiotic reaction
with iron(II) [85], although the iron(II) concentration in the

groundwater was low (<1 µM) and nitrite was not reduced
in sterile control incubations (Table S7).

16S rRNA gene amplicon libraries generated from the
enrichments showed an abundance of the genus Sulfurimonas,
accounting for ~80% of the amplicon relative abundance
(Fig. 4c). Multiple OTUs of Sulfurimonas were detected in
the enrichments (Table S8). The same OTUs were detected by
16S rRNA gene amplicon sequencing of the groundwater in
2016 and 2018 (Table S8). There was no 16S rRNA gene
sequence in the SulfurimonasMAG recovered in 2016 so it is
not possible to conclude if the MAG corresponds to one of
the Sulfurimonas OTUs detected.

The genus Sulfurimonas consists of a group of sulfur-
oxidizing bacteria that can grow with a broad range of
reduced sulfur compounds [76, 86, 87]. Published genomes
of Sulfurimonas isolates encode sulfide:quinone oxidor-
eductase (sqr), which catalyzes sulfide oxidation, as well as
the Sox multienzyme complex (soxXYZAB) that oxidizes

Fig. 4 Enrichment of sulfide-oxidizing bacteria from Olkiluoto
groundwater. Groundwater amended with sulfide (HS−) and nitrate
(NO3

−) (a) or nitrite (NO2
−) (b). Abundant genera enriched

following incubation are shown relative to in situ abundance (c).
Error bars show standard deviation (SD) (N= 3). All OTUs are pro-
vided in Table S8.
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reduced sulfur compounds to sulfate [65]. The Sulfurimonas
MAG recovered in 2016 encoded three sulfide:quinone
oxidoreductases (sqr) but lacked the Sox gene cluster
(Fig. 2), suggesting it is unable to completely oxidize sul-
fide to sulfate. Experimental data indicate that in enrich-
ments dominated by Sulfurimonas, sulfide is oxidized
primarily to sulfur under nitrate- and nitrite-reducing con-
ditions (Fig. 4a–c). This is consistent with the genetic
capacity of the Sulfurimonas MAG recovered.

The Sulfurimonas MAG encoded the nitrate reductase
napAB, which has a high affinity for nitrate, and may
represent an adaptation to low nitrate environments [65].
This would be advantageous in Olkiluoto groundwater
where nitrate is below the detection limit. Unusually, the
Sulfurimonas MAG lacked genes for complete denitrifica-
tion (Fig. 2) and the only nitrite reductase found was an
assimilatory type, despite being clearly enriched in incu-
bations with nitrite (Fig. 4c). One explanation is that the
genes for nitrite reduction were not binned, although no
nitrite reductases belonging to Campylobacteria were found
in the metagenome. An alternative explanation is that dif-
ferent genotypes of Sulfurimonas exist in the groundwater
and the MAG recovered in 2016 does not represent the
Sulfurimonas OTUs detected by 16S rRNA gene amplicon
sequencing in groundwater incubations from 2018.

The concentrations of sulfide and nitrate/nitrite added to
these groundwater incubations exceed the concentration that
would be encountered in situ, nevertheless it demonstrates
the metabolic capacity for active coupling of sulfur and
nitrogen cycles in Olkiluoto groundwater. Clearly, these
incubations artificially enrich a single genus (Fig. 4c) and
sulfide is incompletely oxidized to sulfur. Under natural
conditions, intermediate oxidation state sulfur compounds
generated by one genus can be further oxidized to sulfate by
other genera (perhaps unable to grow in laboratory condi-
tions) with the metabolic capacity for complete oxidation or
provide an energy source for disproportionating sulfate
reducers (Fig. 3).

Conclusion

The deep terrestrial subsurface remains an environment
where there is a limited understanding of the extant meta-
bolisms, despite the reported large contribution of the deep
subsurface to the overall biomass on this planet. The
hydrological isolation of this environment suggests that
extensive elemental (re)cycling should occur in order to
support microbial processes. Here we show that, even in the
absence of hydrogeochemical evidence for sulfur and
nitrogen transformation, an extensive sulfur cycle coupled
to nitrate reduction can be unveiled by a combination of
metagenomic and metaproteomic approaches. The main

driver of the sulfur cycle is microbial sulfate reduction
primarily by Deltaproteobacteria, which ultimately pro-
duces sulfide. Due to the lack of the expected metabolic end
product and a stable isotopic signature that was not depleted
in 32S, active sulfate reduction was only revealed by prob-
ing the metagenome and the metaproteome. This also
revealed the activity of autotrophic, sulfide-oxidizing bac-
teria, which are able to recycle sulfide making sulfate
reduction difficult to detect. Metagenomic and metapro-
teomic evidence of disproportionation and experimental
evidence for sulfide oxidation to sulfur also indicate that
intermediate oxidation state sulfur species, which are also
below detection limit in the groundwater, may also play an
important role in the biogeochemical cycling of sulfur in
Olkiluoto groundwater.

The results have implications in terms of nuclear waste
repository construction at this site. The generation of
sulfide is a concern as it has the potential to corrode copper
canisters used to store spent nuclear fuel. The activity of
sulfide oxidizers could therefore provide a beneficial sink
for sulfide in Olkiluoto groundwater, which could limit the
accumulation of sulfide after repository closure. Presently,
the rate of sulfate reduction may be relatively low due to
limited electron donor availability. Similarly, sulfide oxi-
dation is presumably limited by the availability of nitrate
but still sufficient to maintain a low concentration of sul-
fide in the groundwater. These results shed light on sulfur
cycling in the terrestrial deep subsurface and show
that limited hydrogeochemical evidence for sulfate
reduction need not be interpreted as a lack of microbial
sulfur cycling.

Data availability

16S rRNA gene amplicon data are available at the National
Centre for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under BioProject PRJNA472445.
Metagenomic data were deposited at the NCBI SRA;
accession numbers PRJNA404452, PRJNA404453,
PRJNA444021, and PRJNA472439. MAGs are available
under accessions SAMN12221356–SAMN12221381.
SAGs are available at the JGI Genome Portal, GOLD Study
ID’s Ga0214289 and Gs0127568.
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