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Taxonomically and functionally diverse microbial
communities in deep crystalline rocks of the
Fennoscandian shield

Mari Nyyssönen1,5, Jenni Hultman2,4,5, Lasse Ahonen3, Ilmo Kukkonen3, Lars Paulin2,
Pia Laine2, Merja Itävaara1,6 and Petri Auvinen2,6

1VTT Technical Research Centre of Finland, Espoo, Finland; 2Institute of Biotechnology, University of
Helsinki, Helsinki, Finland and 3Geological Survey of Finland, Espoo, Finland

Microbial life in the nutrient-limited and low-permeability continental crystalline crust is abundant
but remains relatively unexplored. Using high-throughput sequencing to assess the 16S rRNA gene
diversity, we found diverse bacterial and archaeal communities along a 2516-m-deep drill hole in
continental crystalline crust in Outokumpu, Finland. These communities varied at different sampling
depths in response to prevailing lithology and hydrogeochemistry. Further analysis by shotgun
metagenomic sequencing revealed variable carbon and nutrient utilization strategies as well as
specific functional and physiological adaptations uniquely associated with specific environmental
conditions. Altogether, our results show that predominant geological and hydrogeochemical
conditions, including the existence and connectivity of fracture systems and the low amounts of
available energy, have a key role in controlling microbial ecology and evolution in the nutrient and
energy-poor deep crustal biosphere.
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Introduction

Independent of photosynthetic carbon fixation and
energy production, formation waters in low-porosity
continental crust form a nutrient-poor environment
where autogenic chemical energy sources are also
scarce. Yet, studies conducted in mines and deep
drill holes have documented that microbial life
extends several kilometers into the Earth’s crystalline
crust with diverse microbial communities detected in
a variety of continental areas (Havemann et al., 1999;
Zhang et al., 2005; Gihring et al., 2006; Sahl et al.,
2008; Onstott et al., 2009; Itävaara et al., 2011a;
Nyyssönen et al., 2012). Culture-based studies
under laboratory conditions show that these micro-
bial communities include both autotrophic and
heterotrophic members with variable modes of

metabolism including sulfate and iron reduction,
methanogenesis and acetogenesis (Haveman et al.,
1999; Haveman and Pedersen, 2002). However,
low rates of microbial metabolism in situ and
inability to culture most of these microbes using
conventional techniques limit our understand-
ing on the mechanisms that drive and sustain
such diversity in this nutrient- and energy-limited
environment.

Recent advances in culture-independent techni-
ques such as metagenomics have enabled more
straightforward investigation of the deep crustal
microbiome in its geological and geobiochemical
context (Chivian et al., 2008; Brazelton et al., 2012).
It is now postulated that the long-term survival of
these microbial communities in the deep subsurface
relies on diverse modes of hydrogen-driven carbon
cycling, reduced carbon compounds and complex
microbial interactions (Lin et al., 2006; Pedersen,
2006; Chivian et al., 2008; Brazelton et al., 2012).
However, our understanding on the metabolic diver-
sity, activity and extent of these processes continues
to be limited by the scarcity of suitable study sites,
technical difficulties in sampling the deep crystalline
rock environment and lack of comprehensive data
sets combining metagenomic sequence data with
geochemical features.
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The Outokumpu deep drill hole located in
Finland provides a unique environment for studying
the deep subsurface microbiome in low-permeabi-
lity crystalline rock. The drill hole is 2516 m deep
and provides direct access to a Paleoproterozoic
sequence of metasediments, pegmatitic granodiorite
and an ophiolitic rock assemblage where old, highly
saline, poorly buffered alkaline formation water
originates from long-term water–rock interactions
in igneous rock aquifers (Ahonen et al., 2011; Västi,
2011; Kukkonen, 2011). A large amount of geo-
logical and hydrogeochemical data has been
collected from the formation through drill core
analyses, fluid samplings and in situ loggings.
Recently, a diverse bacterial community was also
detected down to 1500 m depth in the drill hole
(Itävaara et al., 2011a,b). By using 16S rRNA gene
cloning, the authors demonstrated that the bacterial
communities varied with depth and suggested a
relationship between the diversity of these commu-
nities and geochemical composition of formation
water. In this study, we extended the drill hole
sampling down to 2300 m depth and used
high-throughput sequencing of both bacterial and
archaeal 16S rRNA genes to gain deeper insight into
the microbial community structuring in the
Outokumpu deep subsurface. By combining the
comprehensive geological and hydrogeochemical

data sets, that are available from the site with
the high-throughput sequencing data, we then
evaluated how environmental conditions that
prevail in this environment shape the structure
and functionality of these microbial communities.
Finally, we used shotgun-metagenomic sequencing
to develop plausible models of metabolism and
functional adaptation that enable the long-term
stability of these microbial communities in this
low-permeability, nutrient-poor environment.

Materials and methods

Study site
The Outokumpu deep drill hole, located at
Outokumpu, Finland (E29.0621, N62.7171), extends
2516 m down from the surface (Ahonen et al., 2010,
2011; Kukkonen, 2011; Västi, 2011). The geothermal
gradient in the drill hole is 13–16 mK m�1, the
temperature ranging from 5 1C at the surface to 40 1C
at the bottom (Figure 1) (Kukkonen et al., 2011). The
upper 1300 m of the drill hole is predominantly
mica schist in which thin layers of black schist
represent organic marine sediments (Kontinen et al.,
2006; Peltonen et al., 2008). The ophiolitic rock
sequence at 1300–1500 m is mainly composed
of serpentinized, mantle-derived ultramafic rock,

Figure 1 The Outokumpu deep drill hole. Temperature and fluid electrical conductivity data are based on four separate post-drilling
logging sessions (first and fourth column from left). Sample conductivity and chemical analyses were measured from water samples
recovered in this study (second and third column from left). Lithological rock types intersected by the hole are shown in the lithology
column (blue: metasedimentary mica schists; green and orange: ophiolite-derived serpentinites, skarn rock and quartz rock; pink:
pegmatitic granite). The arrows indicate the most important inflow points of saline fluid to the drill hole. Analyses performed in this
study are shown on the right.
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which was likely an early seabed at the time of
deposition. Other typical components of the Out-
okumpu assemblage include serpentinite, black
schist, carbonate (skarn) and quartz. Below the
assemblage the drill hole is coarse-grained intrusive
pegmatitic granodiorite. The low-permeability crystal-
line rock is intersected by conductive fracture zones
with minimal hydraulic connections (Ahonen et al.,
2011). Below 39 m, the drill hole with a diameter of
22 cm provides direct access to the bedrock.

The drill hole was rotary-drilled in 2004–2005.
During drilling, purified drinking water from the
municipal water system was used for cooling the bit
and flushing the drill hole. The water was labeled
with sodium fluoresceine (500 mg m�3) in order to
trace the flushing water during future sampling
campaigns.

Repeated EC logs in 2005–2008 and drill hole
water sampling in 2007 and 2008 document the
gradual replacement of fresh drilling fluids by saline
formation waters (Figure 1). Inflow of formation
waters occurs at 967, 1400, 1460, 1600, 1720, 2250
and 2300 m, of which the three most important ones
occur at 967, 1720 and 2250 m. Fluorescein was
below the detection limit in all samples analyzed in
this study, indicating that formation water has
replaced the cooling and flushing fluids used during
and after drilling (Ahonen et al., 2011).

Sample collection
Sampling of drill hole water was performed with
a sterile pressure-tight tubing from August 20 to 21,
2008, according to the method described by Nurmi
and Kukkonen (1986). A plastic tube with a back-
pressure check valve at the lower end was lowered
into the drill hole and filled with water. When lifted,
the valve activates and the contents were held in the
tube. The polyamide tube consisted of 50-m-long
sections connected by ball valves and/or tube
fittings. During retrieval of the tube, ball valves
were closed as they emerged from the drill hole.
A 100 m section of the tube was treated as one
sample representing a 100 m interval in the drill
hole.

The gas-impermeable polyamide (PA 11) tube
(outer/inner diameter 12/9 mm, Toppi Oy, Espoo,
Finland) used was obtained directly from the
manufacturing process and sterilized by autoclaving
in 50 m lengths. The valves, connections and tools
for connecting the tubes were washed with 70%
(v/v) ethanol and autoclaved. The 50 m tubes were
connected to the valves and to each other as they
were lowered into the drill hole, and care was taken
to maintain surface sterility. These precautions
ensured that surface microbes were not introduced
to the drill hole during sampling. Negative controls
for molecular biological and microbiological
sampling were taken in the beginning and at the
end of the sampling from a 50-m section of tube that
was sterilized and filled with distilled, autoclaved

water. A total of 2350 m of tubing was inserted into the
drill hole. The tube was estimated to stretch approxi-
mately 5% of the total length due to its weight.

Samples for molecular biological and microbio-
logical analyses were recovered at 11 depths.
Sampling was performed directly from the tube
through a flame-sterilized, pressure-tight valve.
Water samples for nucleic acid analyses (500 ml)
were filtered directly with Sterivex filter units
(Sterivex GP 0.22 mm, Millipore, Billerica, MA,
USA) and immediately frozen on dry ice. Samples
for microbial cell counting were placed in sterile 100-
ml anaerobic head-space vials and transported in the
dark at 4 1C to the laboratory for fluorescence staining
the same day. Negative controls were taken as
described above from a 50 m tube that was filled with
autoclaved water and analyzed in a similar manner as
those containing deep groundwater. Samples for
geochemical analyses were taken from 19 depths.

Geochemistry
Electrical conductivity and pH were measured
directly in the field with a field analyzer
(WTW GmbH, Weilheim, Germany). Chemical
analyses were conducted by Labtium Oy
(Espoo, Finland) and are described in detail in
Supplementary Information.

Microbial density
The number of microorganisms was determined
from five milliliters of sample water by staining
with the BacLight Bacterial Viability Kit (Molecular
Probes, Invitrogen Corp., USA) as described in
Supplementary Information.

DNA isolation
Total DNA was isolated directly from the frozen
Sterivex filters in a laminar flow hood. DNA was
isolated from the filter pieces with the PowerSoil
DNA Isolation kit (MoBio Laboratories, Carlsbad,
CA, USA) according to the manufacturer’s instruc-
tions with the exception that bead beating was
performed in Ribolyser (Thermo Scientific, Waltham,
MA, USA) at 6 m s�1 for 30 s. The entire filter was
used for DNA isolation in all samples except for the
1100 m sample, which used half. To provide a
negative control, clean Sterivex filters were processed
in the same way. DNA was eluted in a final volume of
50ml. Because DNA concentration in all samples was
below the detection limit of a Nanodrop ND-1000
(Thermo Scientific, Waltham, MA, USA), an equal
volume of each sample was used in PCR (2–4ml) and
MDA (1ml) amplifications.

PCR-DGGE analysis of bacterial and archaeal
communities
In order to select samples for high-throughput
sequencing, denaturing gradient gel electrophoresis
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(DGGE) was used for preliminary characterization of
the bacterial and archaeal communities at the
11 sampling depths. A 193 bp fragment covering
the V3 hypervariable region of the bacterial 16S
rRNA gene was PCR amplified with the P2 and P3
primers (Muyzer et al., 1993).

The archaeal 16S rRNA genes were amplified with
nested PCR. First, a 806 bp fragment of the archaeal
16S rRNA gene was PCR amplified with A109f and
Arch915R primers (Stahl and Amann, 1991;
Grosskopf et al., 1998). Second, PCR amplification
of a 227 bp fragment flanking the V3 hypervariable
region of the 16S rRNA gene was performed using
A344FGC and 519RP primers (Lane, 1991; Bano
et al., 2004). PCR conditions are described in
Supplementary Information.

Amplification products were separated on a dena-
turing gradient gel containing 8% acrylamide and
20–65% denaturing gradient at 60 V (bacteria) or 65 V
(archaea) and 60 1C for 18–20 h, and visualized with
SYBR Green I staining. Similarities between banding
patterns were analyzed with BioNumerics software
version 4.6 (Applied Maths, Austin, TX, USA) using
Dice’s coefficient of similarity, the Unweighted Pair
Group Method with Arithmetic Mean (UPGMA)
clustering algorithm and 0.5% optimization.

High-throughput sequencing and analysis of 16S rRNA
genes
In order to obtain more comprehensive sequence
coverage for further microbial community analyses,
bacterial and archaeal 16S rRNA gene pyrotags were
then prepared from eight sample depths by PCR as
described above except that sequencing adapters
and depth-specific barcode tags were attached to the
50 ends of primers. The library preparation, emul-
sion PCR and pyrosequencing were conducted with
a Genome Sequencer FLX 454 System according to
manufacturer’s protocol (454 Life Sciences/Roche
Applied Biosystems, Branford, CT, USA) as described
in Supplementary Information. The sequence reads
were quality filtered and analyzed with mothur
(Schloss et al., 2009). Reads were assigned to
operational taxonomic units (OTUs) at 97% similar-
ity and OTUs were assigned to taxonomy using
BLASTN (Altschul et al., 1990) against the Green-
genes database (version 4 February 2011, DeSantis
et al., 2006) with the best hit taken into account with
an e-value ofo0.001. For the rarefaction analysis,
Venn diagrams and alpha diversity estimates, a
number of sequences were chosen randomly to match
the same number as the sample yielding the fewest
sequence (461 in bacteria and 1936 in archaea).

Non-metric multidimensional scaling analysis
The relative abundance of bacterial and archaeal
OTUs at the genus level were exposed to non-metric
multidimensional scaling with the R software pack-
age vegan (Oksanen et al., 2006). A Bray–Curtis

distance matrix was calculated with 1000
permutations.

Metagenomic library preparation for shotgun
sequencing
In order to gain further insight to the metabolic
potential of the microbial communities, meta-
genomic libraries for shotgun sequencing were
prepared from drill hole water samples recovered
from 600, 1500 and 2300 m. In order to obtain a
sufficient amount of DNA for sequencing library
production, whole genome amplification of the total
DNA was performed with the Illustra GenomiPhi V2
DNA Amplification Kit (GE Healthcare, Pollards
Wood, UK) according to the manufacturer’s recom-
mendations. In order to reduce amplification bias
the amplification was performed in three separate
reactions that were pooled for sequencing. Negative
controls included sampling controls, DNA isolation
controls and amplification controls that contained
PCR-grade water instead of template DNA. The
amplified DNA was processed as described in
Supplementary Information and libraries were
sequenced with the 454 Genome Sequencer FLX
using GS FLX Titanium series reagents (454 Life
Sciences/Roche Applied Biosystems). Due to the
challenging nature of sample retrieval, limited
amount of sample water and low amount of
recovered DNA, replication of the metagenomes
was not possible.

Metagenomic sequence analysis
Redundant reads potentially produced during the
whole genome amplification were removed from
metagenomic sequences using mothur (Schloss
et al., 2009). Unique sequence reads were annotated
in the metagenomics RAST server (MG-RAST) and
the annotations were imported to STAMP for pair-
wise statistical comparisons (Meyer et al., 2008;
Parks and Beiko, (2010). Samples were compared
using Fisher’s exact two-sided test with Newcombe–
Wilson confidence interval and Holm–Bonferroni
correction. Results with a P-value below 0.05 and
effect size of 0.5 between proportions were analyzed
further. The effect size was used in order to focus on
the biologically relevant genes.

In order to compare the composition of microbial
communities detected by 16S rRNA gene sequen-
cing and metagenomic sequencing, 16S rRNA
sequences were analyzed from metagenomes
by comparing all metagenomic sequences to the
Greengenes database using BLASTN.

Similarity between metagenomic samples was
analyzed by pairwise BLAST that was performed
for individual sequences. All sample pairs were
compared together with best hit for each sequence
taken into account with a bit score of 440. Distance
matrix was built based on the BLAST hits. Principal
component analysis was done with the R function
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prcomp. The first two principal components were
used to generate 2-dimensional scatter plots.

Material availability
The unfiltered 16S rRNA sequence reads were
submitted to the short read archive under acces-
sion numbers ERS225199-ERS225214. The anno-
tated metagenomes are available at MG-RAST
(http://metagenomics.anl.gov; MG-RAST IDs
4453297.3, 4451761.3, 4451759.3).

Results and discussion

Geochemical composition and source of formation
water
Water in the Outokumpu drill hole was saline below
the uppermost 200 m (Figure 1). Total dissolved
solids (TDS) increased with depth to about 50 g l�1

at the bottom of the drill hole (Table 1 and
Supplementary Table S1). Sulfate concentrations
of 13–17 mg l� 1 were observed at 1200–1500 m,
whereas its concentration in all other samples
remained below the detection limit of 10 mg l� 1.
Phosphate concentrations of 0.03–0.16 mg l�1 were
detected within the upper 1200 m. Nitrate was
below the limit of detection (20 mg l�1) in all
studied samples. The most important components
of the gas phase were methane and nitrogen (average
74 vol% and 20 vol%), followed by 2 vol% helium.
The stable isotope (d2H and d13C) composition of
methane differed from its typical composition in
both microbiologically and thermogenetically
produced methane (Supplementary Table S2).

On the basis of molar Ca:Na ratio, processes
affecting the salinity varied with depth (Table 1).
The Ca:Na ratio was 0.8 in the upper 1200 m, 1.7 at
1500–2200 m and 2.4 in the deepest and most saline
samples. The molar ratio of bromide vs chloride was
uniform throughout the upper 1200 m, suggesting a
common source. Stable isotope composition of
water (2H, 18O) indicated that saline water in the
drill hole deviates distinctly from the isotopic
composition of meteoric waters and suggested that
formation fluids can be attributed to a long-term
interaction between water and rock, and likely
represent different sources (Supplementary Table
S3) (Kietäväinen et al., 2013).

Microbial diversity and community composition in
Outokumpu deep subsurface

Microbial diversity. Preliminary comparison of the
11 water samples with 16S rRNA gene-based DGGE
revealed diverse bacterial and archaeal communities
along the 2300 m sampling section, which varied
with sample depth and geochemical and isotopic
composition of water (Figure 2). On the basis of their
DGGE profiles and hydrogeological characteristics,
eight samples were selected for further investigation

by high-throughput sequencing of the hypervariable
V3 region of the 16S rRNA gene. The 11 616
bacterial and 53 748 archaeal sequences, obtained
after quality filtering (Huse et al., 2007), represented
26–60% of the estimated bacterial diversity
and 21–60% of the estimated archaeal diver-
sity (Supplementary Figure S2, Supplementary
Table S4).

The additional resolution achieved with the
pyrosequencing revealed an unexpectedly high
number of bacterial and archaeal OTUs
(97% sequence similarity). Previous studies using
16S rRNA gene cloning have reported up to 42
bacterial OTUs in continental crystalline rocks
(Gihring et al., 2006; Sahl et al., 2008; Onstott
et al., 2009), whereas analysis of rarefied pyrotag
data obtained from Outokumpu in this study
inferred 48–110 bacterial OTUs per sample
(Supplementary Table S4). Archaeal OTU richness
also greatly exceeded expectations based on earlier
studies, with up to 112 OTUs detected in samples
recovered above 1500 m (Takai et al., 2001; Sahl
et al., 2008). Bacterial OTU richness peaked at
1300 m depth, which coincides with ophiolitic
sequence of altered ultramafic rocks (that is,
serpentinite, skarn and quartz). This depth also
contains graphite- and sulphide-rich layers derived
from ancient organic material deposits, is character-
ized by a higher concentration of permeable fracture
zones as well as an active fracture system at 1460 m,
and was shown to harbor high bacterial diversity
during the first characterization of drill hole micro-
bial communities and in DGGE analysis performed
in this study (Itävaara et al., 2011a). The highest
number of archaeal OTUs was observed at 1000 m
and at 1300 m. At 1000 m, the drill hole hydro-
geochemistry is affected by methane-rich saline
water that discharges from an active fracture zone
at 967 m.

Microbial community composition. Most abundant
bacterial phyla included Proteobacteria, Firmicutes
and Tenericutes (Figure 3). Proteobacteria were
represented by Comamonadaceae, which at 200 m
accounted for 51.7% of all sequences. Chemoheter-
otrophic Acholeplasma were also most prominent at
200 and 600 m at 31.7 and 32.5% relative abundance,
respectively, and decreased with increasing sampling
depth. The highest Clostridiales diversity was
detected between 1000–1500 m, and associated with
genera such as the chemolithoheterotrophic Dehalo-
bacter, thiosulfate-reducing Dethiosulfatibacter,
fermentative or sulfite- and thiosulfate-reducing
Desulfitibacter and heterotrophic Alkaliphilus. This
high diversity occurred where saline water is
discharged to the drill hole at 976 m and also between
1300–1500 m, where a higher sulfate concentration
occurs within the graphite- and sulphide-rich black
schist and ophiolitic rocks. At 1900 and 2300 m,
sequences identified as Fusibacter, and unclassified
Comamonadaceae and Thermoanaerobacterales were
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detected in larger numbers, accounting for 44–62%
of all sequences. Archaeal communities were
dominated by hydrogenotrophic Methanobacter-
ium and other Methanobacteriaceae in almost all
samples (Figure 3). At 1100 m, 38% of reads
clustered to Methanobacterium and 62% to methy-
lotrophic Methanolobus. At this depth, the drill
hole water is mixed by methane-rich saline water
that discharges from a fracture zone at 967 m and
flows both downwards and upwards. South Africa
gold mine euryarchaeotic group 1 was detected at
200–1000 m and at 1300–1500 m. At 1900 and
2300 m, over 99% of the sequences were classified
to Methanobacteriaceae family, causing a reduc-
tion in community evenness, diversity and rich-
ness (Supplementary Table S4). The prevalence of
Proteobacteria, Firmicutes and methanogenic
archaea in Outokumpu was consistent with the
detection of these taxa in geographically distant
continental crustal areas (Gihring et al., 2006; Sahl
et al., 2008).

Sample validation and endemic Outokumpu deep
biosphere
The low proportion of shared bacterial (35–55%)
and archaeal (11–44%) OTUs between samples
(Figure 4), the high number of OTUs unique to
each sample and the correspondence between
microbial community composition and depth
(Supplementary Figure S3) demonstrated that the
detected microbial communities describe the true
diversity of the endemic microbiome at Outo-
kumpu. This was also supported by the consistent
detection of high proportion of Proteobacteria close
to the surface and higher clostridial diversity
between 1000–1500 m in this study (Figure 3) and
by Itävaara et al., (2011a,b). Together with the similar
electrical conductivity measurements obtained
in situ and from the sampled water, our results
verify that the tube sampling method provided
representative samples at each depth without
cross-contamination.

Drilling required to access the deep biosphere
always involves a risk of surface-derived contamina-
tion. In Outokumpu, drill hole contamination with
drilling fluids and surface-derived microbes can be
assumed negligible due to several reasons. Repeated
in situ loggings and water sampling campaigns
document the replacement of fresh drilling fluids
by saline formation waters (Figure 1). The isotopic
composition of sample water deviates distinctly
from the isotopic composition of meteoric waters
(Kietäväinen et al., 2013), and no tritium or drilling
water tracer (sodium fluorescein) could be detected
in the water samples (Ahonen et al., 2011). Distinct
and separate bacterial and archaeal communities
that were independent of changes in cell density
were also detected at different depths of the
drill hole.T
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Linking microbial community composition to
hydrogeochemistry
Comparison of bacterial and archaeal OTU cluster-
ing with environmental variables via non-metric
multidimensional scaling analysis grouped the
samples into three distinct clusters based on the
sample depth (Figure 5 and Supplementary
Table S5), in accordance with the UPGMA clustering
of DGGE profiles and 16S rRNA gene sequences
(Figure 2 and Supplementary Figure S3). At 200 m,
ten-times higher cell density than other samples
correlated positively (Po0.01) with OTU clustering.
At this depth, an active fracture system mixes
drill hole water and potentially stimulates the
locally abundant chemoorganotrophic Proteobacteria.
At 1100 and 1300 m, a positive correlation was

observed with an increased concentration of
manganese and magnesium, whereas below 1500 m
temperature (25–37 1C) and pressure (150–230 bar)
had a significant effect (Po0.01) on the structure of
microbial communities. High salinity (TDS 28 and
48 g l�1) and Ca:Na molar ratio also correlated
significantly (Po0.05) with OTU clustering in the
three deepest samples. In general, bacterial OTU
clustering correlated more strongly with chemical
composition of drill hole water, whereas archaeal
OTU clustering was more dependent on sampling
depth and changes in pressure and temperature
(data not shown). This indicates that bacterial
communities in the Outokumpu deep subsurface
respond to distinct environmental factors than
the archaeal communities. In addition, although

Figure 2 Bacterial (a) and archaeal (b) community composition in the Outokumpu drill hole determined with DGGE. Similarity of
DGGE profiles was calculated with the Dice’s coefficient of similarity using 0.5% optimization. Clustering was performed with the
UPGMA algorithm. Significant clusters (black lines) were determined by the cluster cut-off method. The scale bar represents the
percentage similarity between DGGE banding patterns. Samples analyzed by 16S rRNA gene sequencing are indicated with asterisks.
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Figure 3 Bacterial (a, b) and archaeal (c, d) community composition in the Outokumpu deep drill hole as determined by 16S rRNA gene
sequencing (a, c) and metagenomic sequencing (b, d). Clusters denote taxonomically assigned reads on family (bacteria) and genus
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decreasing cell density with increasing sampling
depth with the concomitant increase in osmotic
stress due to pressure and salinity has an important
role in structuring bacterial and archaeal commu-
nities in the Outokumpu subsurface, the composition
of the communities is also dependent of the source
of drill hole water and its formation mechanisms,
which are determined by local geology. For instance,
according to Ca:Na and Br:Cl molar ratios and stable
isotope composition, water below 1500 m originates
from a different source than that above 1200 m,
where methane-rich saline water that discharges
from a fracture zone at 967 m controls the water
composition. At 1300 m, increased levels of manga-
nese and magnesium coincide with manganese- and
magnesium-bearing ophiolitic rocks.

Most importantly, microbial diversity did not
correlate with cell density or sampling depth
(Supplementary Figure S4). Instead, bacterial and
archaeal communities remained diverse and even
along the drill hole despite a 100-fold decrease in the
cell density (Supplementary Figure S4). A possible
explanation for this is that more diverse communities
can utilize the limited amount of available nutrients
more efficiently via niche partitioning (Cardinale
2011). Mutualistic interactions among community
members or emergent properties resulting from slow
reproduction rates may also promote diversity and
resilience of the entire community.

Functional diversity and adaptation of the drill hole
microbial communities
To investigate the factors that sustain such microbial
diversity in the nutrient-limited crystalline rock,
shotgun-metagenomic sequencing with 454

technology was used to examine the functional,
potential and survival strategies of the microbial
communities at 600, 1500 and 2300 m, that is, at
depths where sample water distinctly deviated from
meteoric water but no significant trends between
community composition and local hydrogeology
were observed (600 m), where high microbial diver-
sity coincided with graphite- and sulfide-rich rock
layers derived from ancient organic material deposits
(1500 m), and where the communities were
structured by high salinity (2300 m).

Due to low yield, DNA isolated from the water
samples was amplified using whole genome ampli-
fication. Although amplification of nanogram quan-
tities of DNA with whole genome amplification has
made it possible to study microbial communities in
environments where the amount of microbial
biomass would otherwise be limiting (for example,
Mason et al., 2010), the technique can introduce bias
in the distribution of the amplified DNA (Pinard
et al., 2006). In order to minimize this bias, whole
genome amplification was performed in replicate
reactions and the metagenomic sequences were
filtered for redundant sequences (Supplementary
Table S6). Comparison of the taxonomic distribution
in 16S rRNA gene amplicons and metagenomic
sequences showed that the most abundant bacterial
families were detected with both sequencing
approaches (Figure 3). However, 16S rRNA gene
sequencing detected higher relative abundance
of Comamonadaceae and lower relative abundance
of Clostridiales than metagenomic sequencing at all
three sample depths, whereas according to metage-
nomic sequencing, Peptococcaceae were more abun-
dant at 600 m, and Erysipelotrichaceae at 1500 and
2300 m. These differences in relative abundance are
most likely due to different number of 16S rRNA
gene sequences analyzed and coverage of sampling.
461–2244 sequences were obtained from bacterial
16S rRNA gene sequencing but only 93–202 16S
rRNA gene sequences were identified from the three
metagenomic libraries. In addition, while the 16S
rRNA gene fragments were PCR amplified from V3
variable region of the gene, the 16S rRNA genes
identified from metagenomic sequences can cover
any region of the 16S rRNA gene. This can result in
differences in taxonomic resolution (Ward et al.,
2012). Possible PCR bias through primer selection
should also not be ignored. Archaeal 16S rRNA gene
sequences were detected only in the 2300-m
metagenome, and were all assigned to Methano-
bacteriaceae in agreement with the 16S rRNA gene
sequence data obtained from the same depth
(Figure 3). Altogether, these results showed that
the metagenomic libraries obtained in this study are
representative of the endemic Outokumpu microbial
communities.

In order to further demonstrate that the metage-
nomic libraries represented distinct microbial
communities, metagenomic sequences from the
three sample depths were compared using pair-wise
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abundance of bacterial and archaeal OTUs clustering at the genus
level. Environmental variables with P-values 40.05 are noted on
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BLAST and principal component analysis. All three
samples clustered separately confirming that there
was minimal overlap in gene content between the
analyzed depths (Supplementary Figure S5).

Individual metagenomic sequences were then
annotated in MG-RAST. Based on their phylogenetic
affinities, over 78% were of bacterial origin at all
sample depths, whereas the proportion of archaeal
sequences increased from o2% above 1500 m to
12% at 2300 m (Supplementary Table S7).

Carbon cycling. Annotation of the metagenomic
sequences to functional subsystems indicated that
microbial communities in Outokumpu have
various mechanisms of carbon assimilation and
cycling (Figure 6). Identification of the incomplete
reductive TCA cycle and the reductive acetyl-CoA
cycle in addition to several genes from Calvin and
3-hydroxypropionate cycles in all three metagen-
omes demonstrated that the drill hole microbes can
fix CO2 in several ways. The reductive TCA cycle is
often found in methanogenic archaea that use this
pathway for producing biosynthetic precursors.
Detection of this pathway is in agreement with
16S rRNA gene sequencing, which displayed a
dominance of methanogenic archaea in Outokumpu.
Evidence of autotrophic acetate production via the
reduction CO2 and oxidation of hydrogen was also
present in all metagenomes, whereas autotrophic
methanogenesis from CO2 and H2 was detected only
at 2300 m. The metagenome from 2300 m was
also significantly enriched with hydrogenases that
couple hydrogen oxidation to autotrophic CO2

fixation (Major et al., 2010).
The resulting reduced C-1 compounds can

provide a carbon source for a variety of methylo-
trophic microbes (Figure 6). Genes required for
both methylotrophic and acetoclastic methano-
genesis were detected at all three sample depths.
However, substrates for methylotrophic methano-
genesis changed from methylamines and dimethyl-
sulfide at 600 and 1500 m to methanol at 2300 m.
Reduced C-1 compounds are also metabolized via
formaldehyde that is assimilated through serine
and hydroxyacetone pathways at all three depths.
Mechanisms of formaldehyde oxidation, in
contrast, depend on sample depth. At 600 and
1500 m, formaldehyde is converted to formate via
tetrahydrofolate pathway, whereas at 2300 m tetra-
hydromethanopterin and ribulose monophosphate
pathways are used. The drill hole microbes also
have the ability to assimilate more complex
carbon substrates through fermentation. Genes
involved in lactate fermentation were detected in
all three metagenomes, whereas genes involved
in the fermentation of acetyl-CoA to butyrate,
acetone–butanol–ethanol synthesis and butanol
biosynthesis were found to be more abundant
at 1500 m where black schist forms a typical
component of ophiolitic rocks. High microbial
diversity with a particularly high proportion of

chemoorganoheterotophic Clostridia (38%) in
comparison with the other two depths (21–23%),
many of which ferment ethanol and acetate
(Kim and Gadd, 2008), were also detected at this
depth.

Hydrogen. In line with the earlier proposals
(Pedersen 1997), our results demonstrate that the
deep hydrogen-driven biosphere of the Fennoscan-
dian shield relies on homoacetogenesis and auto-
trophic methanogenesis. Up to 3.1 mmol l�1 of
hydrogen has been detected in the Outokumpu
deep drill hole water (Kietäväinen et al., 2013), but
its primary origin and availability are unclear. It
has been suggested that hydrogen in deep crystal-
line rocks could be generated by the radiolysis of
water as a result of uranium decay (Lin et al., 2005;
Pratt et al., 2006). Hydrogen may also be produced
as a result of mineral reactions including serpenti-
nization or oxidation of sulfide-containing miner-
als such as black schist (Hoffman 1992; Sleep et al.,
2004).

Nutrient uptake and metabolism. Nutrients are
mainly obtained via active uptake (Figure 6).
The main source of nitrogen is ammonium that is
assimilated via glutamine and glutamate. Denitrifi-
cation and nitrate respiration are negligible in all
three samples, which is in accordance with the low
levels or absence of nitrate in the sample water.
Also nitrogen fixation has a minor role at 600
and 1500 m. However, at 2300 m the number of
nitrogenase reads increased 10- to 100-fold
indicating that the reduction of dissolved nitrogen
gas has a key role in ammonium production at this
depth.

Phosphate is obtained through organic and inor-
ganic phosphate mineralization and phosphate
uptake at all three sample depths despite dissimilar
phosphate concentrations measured in the drill hole
water (Figure 6). However, phosphate uptake occurs
through different mechanisms at various depths.
Sodium-dependent phosphate transporters are
especially abundant at 1500 m, whereas at 2300 m
phosphate uptake occurs via active transport that
requires adenosine triphosphate.

Genes involved in the assimilation of organic
sulfur and complete pathways for both assimilatory
and dissimilatory sulfate reduction were present in
all three metagenomes (Figure 6). However, there
was no difference in the relative abundance of
sequence reads between the three samples despite
different amounts of sulfur. Because many sulfur-
cycling bacteria are also fermentative, it is possible
that these bacteria are not dependent on sulfur
availability.

Iron reduction was not apparent in any of the
metagenomes, in agreement with the low amount of
iron in all samples.
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Adaptation. In accordance with a significant
positive correlation between water salinity
and both bacterial and archaeal community
structure in non-metric multidimensional scaling,
the metagenomic-shotgun sequencing revealed
functional adaptation of the drill hole microbial
communities to high salinity. Genes involved in the
uptake and biosynthesis of compatible solutes
such as proline and glycine betaine were signifi-
cantly more abundant at 2300 m, where high
salinity correlates positively with both bacterial
and archaeal OTU clustering (Figure 5). Signifi-
cantly higher amounts of cation efflux and
metal resistance systems were also detected at
2300 m. These systems may increase the resilience

of the deep microbial communities to high osmotic
stress.

Viral communities and CRISPRs. We also detected
small amounts of various phage-related sequences
and clustered regularly interspaced short palindro-
mic repeat (CRISPR)-associated genes in the three
metagenomes (Supplementary Table S8 and S9)
(Makarova et al., 2011). Although the low abun-
dance of viral sequences (o0.0002% of sequences)
is most likely caused by our sampling method that
was not designed to capture intact virus particles,
the presence of prokaryotic viral defense systems
suggests that host–phage interactions may have a
role in the diversification of microbial life in deep
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granitic groundwater (Kyle et al., 2008). In soil,
fluctuating selection dynamics resulting from such
host–phage interactions have been proposed to
sustain microbial community diversity (Gomez and
Buckling, 2011).

Conclusions

Geological and hydrogeochemical conditions have
been proposed to have a key role in the structuring
and functional adaptation of microbial communities
in deep continental crystalline rock (Pedersen,
1997). Our analyses show that, in the deep subsur-
face at Outokumpu, the lack of hydraulic connec-
tions, very low or negligible exchange of fluids
among adjacent fracture systems, long residence
times, unique geochemical characteristics and low
amount of available energy have resulted in highly
diverse bacterial, archaeal and viral communities
with various metabolic strategies for hydrogen-
driven carbon cycling, assimilation of reduced
carbon compounds and nutrient cycling. Distinct
signatures at the community level, predicted meta-
bolic pathways and adaptations at different sample
depths suggest that the phylogenetic and functional
diversity of microbial communities confer them
with a selective advantage and resilience over
geological time scales. Co-evolution with viruses
may have an important role in the long-term
survival and stability of these communities possibly
also contributing to genomic plasticity.
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