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The deep subsurface is, in addition to space, one 
of the last unknown frontiers to human kind. A 
significant part of life on Earth resides in the deep 
subsurface, hiding great potential of microbial 
life of which we know only little. The conditions 
in the deep terrestrial subsurface are thought 
to resemble those of early Earth, which makes 
this environment an analog for studying early 
life in addition to possible extraterrestrial life in 
ultra-extreme conditions. 

Early microorganisms played a great role in 
shaping the conditions on the young Earth. Even 
today deep subsurface microorganisms interact 
with their geological environment transforming 
the conditions in the groundwater and on rock 
surfaces. Essential elements for life are richly 
present but in difficultly accessible form. The 
elements driving the microbial deep life is still 
not completely identified. Most of the microor-
ganisms detected by novel molecular techniques 
still lack cultured representatives. Nevertheless, 

using modern sequencing techniques and bioinformatics the functional roles of these microor-
ganisms are being revealed. We are starting to see the differences and similarities between the life 
in the deep subsurface and surface domains. We may even begin to see the function of evolution 
by comparing deep life to life closer to the surface of Earth. Deep life consists of organisms from 
all known domains of life. This Research Topic reveals some of the rich diversity and functional 
properties of the great biomass residing in the deep dark subsurface.
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Editorial on the Research Topic

Geomicrobes: Life in Terrestrial Deep Subsurface

INTRODUCTION

The deep terrestrial biosphere is an intriguing research field linking to astrobiology and evolution
of life on early Earth (Grosch and Hazen, 2015). Living in the deep, dark, anoxic, oligotrophic,
saline, highly pressurized and often hot subsurface requires some striking characteristics of the
inhabitants (Kieft, 2016). We still know only little about the biochemical processes actually taking
place deep in the Earth’s crust, or about the interactions within microbial communities residing in
the isolated aquifers. Nevertheless, the deep subsurface is planned to serve as geological repository
for e.g., nuclear and other hazardous wastes and carbon dioxide (De Coninck and Benson, 2014;
Russell et al., 2015). We still do not know how the long isolated deep bedrock environments will
respond to these intrusions, or what the fate of the repositories will be. With this Research Topic
we aimed to collect new knowledge about the roles and functions of microbial communities in
the undisturbed or disturbed subsurface and called upon our colleagues to step up to the task. The
deep subsurface is of interest worldwide and we received contributions fromAsia, Australia, Africa,
North America, and Europe!

WHAT DID WE LEARN?

The deep terrestrial subsurface is difficult to access, but can be reached through drillholes in the
rock that reach the aquifers (Sohlberg et al.), cave streams (Brannen-Donnely and Engel), water
seeping through mine walls (Borgonie et al.), drillholes in mines and caves (Miettinen et al.; Rajala
et al.; Bonis and Gralnick; Kutvonen et al.) and by collecting rockmaterial and scrapings from caves
(Wu et al.) and mines (Dziewit et al.). The deep subsurface microbial communities are very diverse,
spanning all domains of life (Borgonie et al.; Miettinen et al.; Sohlberg et al.).

Metals are important factors driving deep subsurface life (e.g., Parnell et al., 2016). Iron, one
of the most common compounds in the Earth’s crust, plays an important role and is part of many
biomolecules. Reduced iron may serve as electron source for iron-oxidizing microorganisms, such
as Marinobacter subterrani (Bonis and Gralnick) living in the iron-rich calcium chloride brine in
the Soudan iron mine at more than 700m depth. Iron redox reactions may support vast microbial
communities in various environments. Iron oxidation occurs in many microbial species, which
may affect the corrosion of e.g., carbon steel in deep geological repositories for radioactive waste.
Radioactive metallic wastes originate from decommissioning activities in nuclear power plants. In
Olkiluoto nuclear power plant, Finland, the decommissioning wastes are stored in an underground
bedrock repository at 60–100m depth. The temperature of the surrounding groundwater affects
the communities causing microbially induced corrosion of carbon steel.
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In the Lubin copper mine, Poland, microorganisms are
exposed to high levels of heavy metals (HM) and diverse
resistance strategies are employed. Dziewit et al. isolated HM
resistant bacteria from the mine and found several plasmids and
broad-host-range transposons carrying various HM resistance
markers. HM tolerance genes located on extra chromosomal
elements can play a key role in the adaptation of microbial
communities to HM stress, due to possible horizontal gene
transfer.

Pyhäsalmi mine in Finland, one of Europe’s deepest mines,
provides an opportunity for sampling deep groundwater
fractions through underground drillholes reaching more than 2
km below ground. Only low numbers of microbial cells were
found in these deep, saline and high-pressure fluids (Miettinen
et al.). However, the microbial diversity was surprisingly high,
including bacteria, archaea and fungi. Borgonie et al. managed to
reach even deeper, down to 3.4 km depth, in the South African
Tona Tau gold mine. Sampled stalactites revealed life forms,
even nematodes, trapped in the stalactite since its formation,
displaying a signature for the origin of the deep groundwater and
earlier conditions on Earth.

In an epigenic carst stream with fast turnover rates and
seasonal variations in water volumes and nutrient flow,
Brannen-Donnelly and Engel showed microbial lineages that
were specific to the different stream habitats but did not
appear between the habitats (running water or static sediment).
Rajala et al. reported similar results as biofilm on carbon steel
surfaces differed distinctly from the planktonic community in
Fennoscandian groundwater. Wu et al. showed that the bacterial
community colonizing the walls of the limestone Jinjia Cave,
China, changed with growing distance from the cave mouth. The
authors suggested that the deepest end of the cave was inhabited
by obligate cave-colonizing Gammaproteobacteria often detected
from caves world-wide.

Nitrogen compounds, such as nitrate and ammonia, are
generally in short supply in deep groundwater, but may enter
the depths through explosives used in the bedrock or through
infiltration from the surface. The bacterial numbers increased
significantly when these compounds were available and radically
changed the microbial community structure (Kutvonen et al.).

The bacteria that used these compounds as energy source were
distinct from those using them as nitrogen source. Many of the
bacteria detected were methylotrophs, which may be able to
utilize nitrate for the oxidation of methane. Methane is one of
the most common carbon sources in the Fennoscandian deep
subsurface. It is synthesized both biotically and abiotically, and
distinguishing between the two is difficult in deep subsurface
environments (Kietäväinen and Purkamo). The versatility of
ways for biological methanogenesis in deep subsurface and
the syntrophic/co-existing networks of unusual metabolisms
involved in this process is fascinating. Ancient carbon stored in
the bedrock may be recycled by fermenters in to building blocks
for methane or other compounds, which makes the isotopic
determination of methane as biotic or abiotic challenging.

CONCLUSIONS

The deep biosphere has the potential to reveal novel factors
about the evolution of life on Earth. There is still much to learn
about the size of the microbial communities, the genetic variation
and metabolic functions in the deepest part of the biosphere.
For example, microorganisms tend to attach to surfaces forming
biofilms, thus altering the impact of the microorganisms in deep
subsurface environments, and these biofilms with their impact
on the whole microbial community are yet near impossible to
replicate in the laboratory. We also get a good idea only of the
microorganisms resembling already known ones, leaving much
of our obtained sequence data as part of the dark matter. In order
to find out how the deep subsurfacemicrobial communities really
work and interact with their biotic and abiotic environment and
their impact on globally important phenomena, such as climate
change, we need to be able to study them in situ as well as improve
the databases against which we compare our sequence data. These
are some of the biggest challenges the deep biosphere research
community faces to date.
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China

Bacteria and archaea sustain subsurface cave ecosystems by dominating primary
production and fueling biogeochemical cyclings, despite the permanent darkness
and shortage of nutrients. However, the heterogeneity and underlying mechanism of
microbial diversity in caves, in particular those well connect to surface environment are
largely unexplored. In this study, we examined the bacterial abundance and composition
in Jinjia Cave, a small and shallow limestone cave located on the western Loess
Plateau of China, by enumerating and pyrosequencing small subunit rRNA genes.
The results clearly reveal the contrasting bacterial community compositions in relation
to cave habitat types, i.e., rock wall deposit, aquatic sediment, and sinkhole soil,
which are differentially connected to the surface environment. The deposits on the
cave walls were dominated by putative cave-specific bacterial lineages within the
γ-Proteobacteria or Actinobacteria that are routinely found on cave rocks around
the world. In addition, sequence identity with known functional groups suggests
enrichments of chemolithotrophic bacteria potentially involved in autotrophic C fixation
and inorganic N transformation on rock surfaces. By contrast, bacterial communities
in aquatic sediments were more closely related to those in the overlying soils. This is
consistent with the similarity in elemental composition between the cave sediment and
the overlying soil, implicating the influence of mineral chemistry on cave microhabitat
and bacterial composition. These findings provide compelling molecular evidence of the
bacterial community heterogeneity in an East Asian cave, which might be controlled by
both subsurface and surface environments.

Keywords: bacterial diversity, cave, rock surface, pyrosequencing, elemental composition, 16S rRNA

Introduction

Most biological communities are dependent on the energy and carbon fixation of photosynthe-
sis. However, perpetual darkness prevents the colonization of phototrophs in subterranean cave
environments. Limited energy and nutrients can enter caves via entrance, sinkholes, underground
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hydrology, and drip waters (Barton and Jurado, 2007), and
the aphotic and oligotrophic environments only allow for the
survival and functioning of species adapted to the oligotrophic
conditions. This is clarified by the dominance of microbial
chemoautotrophic production in some cave ecosystems (Sarbu
et al., 1996; Chen et al., 2009), which fixes carbon and imports
energy into cave food web.

Bacteria and archaea constitute the vast majority of biodiver-
sity in caves and are ubiquitous in various cave habitats such as
soils, sediments, stream waters, and rock surfaces (Engel et al.,
2004; Barton and Jurado, 2007). Many known bacterial phyla
have been detected in cave environments by sequencing of 16S
rRNA genes (Engel et al., 2004; Barton et al., 2007; Ortiz et al.,
2013b), greatly advancing our understanding of bacterial diver-
sity since its introduction to microbial ecology (Roesch et al.,
2007). For example, the dominant taxa on cave walls are largely
affiliated with a few phyla such as Proteobacteria, Acidobacteria,
and Actinobacteria (Barton et al., 2007; Pašić et al., 2010; Cuezva
et al., 2012). Bacterial richness in cave sediments could be com-
parable to that in overlying soils (Ortiz et al., 2013b), but the rock
surfaces are normally colonized by the lowest diversity natural
microbial communities (Macalady et al., 2007; Yang et al., 2011).
By comparison of geographically distinct caves, which mostly
locate in Europe and America, it was supposed that rock surfaces
could be colonized by common phylotypes that were rarely found
in other habitats (Porca et al., 2012), suggesting the presence of
specific cave bacterial lineages. However, whether they are present
in caves in other area, e.g., East Asia merits further study.

Mounting evidence indicates that microbes may sustain cave
ecosystems by dominating primary production and fueling bio-
geochemical cyclings. This has been revealed in some deep caves
that are well isolated from the surface environment, includ-
ing the Movile cave (Romania; Sarbu et al., 1996), the Frasassi
cave (Italy; Desai et al., 2013), and the Kartchner Caverns (US;
Ortiz et al., 2013a). In these caves, chemoautotrophic microbes
are largely responsible for CO2 fixation and potentially partici-
pate in inorganic nitrogen (Desai et al., 2013; Tetu et al., 2013)
and sulfur transformation (Chen et al., 2009). Moreover, inter-
actions between microorganisms and rock may contribute to
speleogenesis, the process of cave development that was pre-
viously viewed as abiotic and often attributed to the erosion
of bedrock by water containing dissolved CO2 (Engel et al.,
2004). For example, in sulfidic caves, the microbial oxidation
of H2S produces sulfuric acid, which reacts with carbonate and
causes rock dissolution (Engel et al., 2004; Macalady et al., 2007).
Bacteria are able to modify rock surfaces through the oxida-
tion of some metal elements [e.g., Fe(II) and Mn(II)], which
causes ferromanganese depositing on cave walls (Carmichael
et al., 2013).

Cave microbial communities are often highly variable depen-
dent on the microhabitats. Significantly different bacterial diver-
sity and composition were observed on rock walls within one
single cave, possibly related to the host rock geochemistry
(Barton et al., 2007). Nutrient inputs and disturbances may
also contribute to cave microbial diversity. Organic matter and
microbes could be carried into caves by air current, seepage water
(Shabarova et al., 2013) and animal and human activities. The

latter is a serious issue especially for caves open for tourism,
which may introduce unwanted species and cause deterioration
of paleolithic paintings (Ikner et al., 2007; Diaz-Herraiz et al.,
2013). As such, cave bacterial diversity could be shaped by both
interior (e.g., the rock geochemistry) and exterior (natural or
anthropogenic) environments, and the influence of the latter
is likely dependent on the cave’s connectivity to outside world.
However, the heterogeneity and mechanism of microbial diver-
sity inside of caves, in particular in those easily exposed to the
surface are still poorly understood.

In this study, we focused on the bacterial communities in
Jinjia Cave, a limestone cave in the semi-humid western Loess
Plateau of China. The cave is short and shallow in contrasting
to those studied previously, and was supposed to be influenced
by the surface due to the limited depth. By using next gener-
ation sequencing of 16S rRNA genes, we profiled the bacterial
communities colonizing different habitats including rock wall
deposits, sediments in small pool and sinkhole, and overlying
soils. Meanwhile, the microhabitat characteristics were exam-
ined by a detailed analysis of the elemental composition of the
sample. The aims of the study were therefore to explore the bac-
terial heterogeneity within a single cave in relation to habitat type
and to evaluate the linkage between inside and outside bacterial
communities.

Materials and Methods

Cave Description and Sampling
Jinjia Cave (34◦35.80′N, 104◦30.05′E, 2443 m a.s.l.) is located
approximately 25 km southeast of Zhang County, east Gansu
Province, China (Figure 1A). This area is in the western Loess
Plateau, with an annual precipitation of ∼440 mm and average
temperature of ∼7.4◦C. Most of the rainfall (>80%) occurred in
the monsoon season. Modern vegetation overlying the cave was
composed of temperate scrub and grass (Tan, 2008).

The cave, formed of Permian limestone, has an entrance of
∼6 m × 7 m with ∼200 m in length and 40 m-thick ceiling rock.
The underground river was dry upon sampling, but a few small
and shallow pools with a water depth of ∼5–10 cm were present
(Figure 1B). The cave was not open for tourism, and hence was
less exposed to human activity.When sampling from the entrance
to the end of the cave in January 2013, the temperature increased
from −5.5◦C at the entrance to 7◦C at the deepest passage.

To avoid the possible anthropogenic influence at the entrance
and twilight zones, seven samples from the dark zone of the cave
were collected, including four deposits on cave wall and two sedi-
ments in pools and in the soil at the bottom of a sinkhole. Among
them, two cave wall deposits (E/F) and one sediment (G) were
collected in the chamber ∼60 m from the main entrance (outer
chamber), and the other two deposits (A/B) were obtained from
the accessible deepest part of the cave (inner passage, Figure 1B).
During sampling, the loose minerals were collected by scraping
the rock surface with a sterile spatula. Two sediment samples
(C/D) were collected from pools in the outer chamber and a pas-
sage approximately 3/4 of the way into the cave, respectively.
In addition, three overlying soils (H/I/J) were also collected. It
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FIGURE 1 | Location (A) and plan view (B) of Jinjia Cave. Arrows in
(A) indicate the directions of the east Asian summer monsoon, Indian summer
monsoon, east Asian winter monsoon, and westerlies. The letters A and B (cave

wall deposit), C and D (pool sediment), E and F (cave wall deposit), and G
(sediment) in (B) mark the sampling sites inside the cave. Samples H, I, and J
were from soils overlying the cave and were not shown in (B).

should be noted that sample G and H were located on the bot-
tom and the top of a small sinkhole, respectively. All the samples
were put in sterile tubes, transported under the refrigeration to
the laboratory and stored at −20◦C until use.

Elemental Analysis
The samples were freeze-dried, finely ground to 200 mesh size
(<74 μm) and homogenized in an agate mortar. Five grams of
the powdered sample was compressed into a thin compact disk.
Concentrations of major (e.g., Si, Al, and Ca) and trace elements
(e.g., Rb, Sr, and Ba) were analyzed using a Philips PW4400 X-
ray fluorescence (XRF) spectrometer at the Institute of Earth
Environment – Chinese Academy of Sciences (Sun et al., 2008).
Calibration was performed with Chinese national soil reference
samples. Analytical precision was better than 1% for major ele-
ments and better than 5% for trace elements. The Student’s t-test
and principal component analysis (PCA) were carried out with
SPSS 13.0 to inform the difference between rock deposit and
soil/sediment samples and the similarity in sample elemental
composition, respectively.

DNA Extraction and Quantitative PCR
(q-PCR) of Bacterial 16S rRNA Genes
DNA was extracted from approximately 0.5 g samples (fresh
weight) with the FastDNA SPIN Kit for Soil (MP Biomedicals)
following the manufacturer’s instructions. Ten-fold diluted DNA
did not significantly inhibit the PCR reaction by calculating the
q-PCR amplification efficiency of bacterial 16S rRNA gene with
serial dilutions of extracts, therefore was used in all downstream
molecular analysis.

Quantitative-PCR was performed on an iCycler instrument
(Bio-Rad). The primer sets of 515f and 907r (Stahl and Amann,
1991; Muyzer et al., 1995) were used for the quantification of bac-
terial 16S rRNA genes with the SYBR green-based reactions per-
formed in triplicate for each sample. The 20-μL reaction mixture
contained 10-μL TransStart Green qPCR SuperMix (Transgen,
Beijing, China), 0.2 μmol L−1 of each primer, and 2-μL template

DNA. Reactions were run with 3 min at 95◦C, 40 cycles of 15 s at
95◦C, 30 s at 55◦C, 30 s at 72◦C, following by a plate read. The
amplification specificity was checked by melting curve analysis
and electrophoresis. The q-PCR standards were generated using
plasmid DNA from one clone containing bacterial 16S rRNA
gene. A dilution series of the standard template across seven
orders of magnitude (101–107) was used per assay. The control
was run with water as the template instead of DNA extract. The
q-PCR amplification efficiency for the standards was 97.7% with
r2-value of 0.997.

454 Pyrosequencing
Pyrosequencing of 16S rRNA genes was performed on a
Roche 454 GS FLX Titanium sequencer (Roche Diagnostics
Corporation, Branford, CT, USA) as previously described (Wu
et al., 2013). Briefly, the V4 region of the 16S rRNA gene
was amplified from all samples with the tagged 515f and
907r primers. The triplicate PCR amplicons for each sam-
ple were pooled, gel purified, and combined in equimo-
lar ratios into a single tube for pyrosequencing analysis.
Sample information and sequences were deposited in the
Sequence Read Archive of NCBI under accession number
PRJNA268982.

Sequence Analysis and Community
Comparison
Analysis of 454 pyrosequencing data was conducted using the
Mothur software v1.30.21 (Schloss et al., 2009) combined with
RDP II2 for taxonomic identification. All reads obtained were
processed by removing tags and primer, with only reads with
an average quality score above 30 and read lengths above
250 nt deemed acceptable. The trimmed sequences were aligned
against the SILVA bacterial 16S rRNA gene databases using the
Needleman algorithm. Chimeric sequences were identified and
removed using the implementation of Chimera-uchime (Edgar

1http://www.mothur.org/
2http://rdp.cme.msu.edu/
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et al., 2011). Potential chloroplasts and mitochondria sequences
were identified and discarded by an assignment against respective
sequence references. The high quality sequences were aligned to
generate a distance matrix and clustering with the average neigh-
bor algorithm. Representative sequences for each operational
taxonomic unit (OTU), as defined by a 97% sequence iden-
tity, were obtained for further taxonomic analysis. Taxonomic
placement of each OTU was carried out with RDP Classifier
(Wang et al., 2007) with a confidence threshold of >80%
selected.

Operational taxonomic unit richness and Shannon and
Simpson diversity of each library were calculated at the cut-
off of 0.03. Principal coordinate analysis (PCoA) was per-
formed based on Bray–Curtis dissimilarity distances between
the libraries with Mothur. Maximum likelihood (M-L) trees
were calculated based on the Jukes–Cantor correction with
Mega version 5.2 (Tamura et al., 2011) with representative
cave sequences and the closest relatives deposited in the
Genbank database. Bootstrap support was calculated (1000 repli-
cations).

Results

Elemental Compositions
Themajor and trace element concentrations of cave wall deposits,
sinkhole and surface soils, and one limestone bedrock sample
are shown in Table 1. PCA analysis indicates that the elemen-
tal compositions of deposits on the cave wall (A/B/E/F) showed
broad similarities with that of the limestone bedrock (Figure
S1). In contrast, the elemental composition of sinkhole soil
(G) was highly similar to that of the soil overlying the cave
(H). Significant enrichments (P < 0.05 or 0.01, t-test) of Ca

and deficits of Na, Al, Si, K, Ti, and Rb in deposits from the
cave walls and limestone bedrock were in contrast to those of
the sinkhole soil. Notably, Mn and Fe in some deposits were
especially enriched. For example, Fe in sample A was by far
the most abundant element (51.9%) and was more than 5-fold
higher than in limestone bedrock (9.06%), while Mn in B/F
(>15%) was approximately three times higher than in bedrock
(4.16%).

q-PCR of Bacterial 16S rRNA Genes
Bacterial 16S rRNA genes were recovered from all samples with
q-PCR (Figure 2A), with a high variation in copy number across
two orders of magnitude observed. In the surface soils, 16S rRNA
gene copies ranged from 3.18× 108 to 8.34× 108 g−1 d.w., which
were 1–2 orders of magnitudemore than for samples inside in the
cave. The highest 16S rRNA gene abundance in sample E inside
the cave was 7.82× 107 copies g−1 d.w., approximately 12.6 times
higher than the lowest copy number (6.21 × 106 g−1) found
in sample F. No sample type or location-associated abundance
pattern was observed.

Bacterial Diversity
After quality filtering and removal of chimera, chloroplasts, and
mitochondria sequences, 76532 reads (representing 50.5% of
the original dataset) with an average length of 368.5-bp were
extracted. The library size for each sample ranged from 6265 to
10481 reads (Table 2), and a total of 8127 OTUs at a 97% cut-
off for sequence identity were observed. Observed OTU number
and diversity index calculations for each sample were based upon
randomly subsampling down to the lowest reads number (i.e.,
6265) to avoid bias associated with library size (Gihring et al.,
2012).

TABLE 1 | Major and trace element concentrations of samples collected inside in and outside Jinjia Cave.

Sample type Sample
ID

Na∗
(%)

Mg
(%)

Al∗∗
(%)

Si∗∗
(%)

P
(�)

K∗∗
(%)

Ca∗∗
(%)

Sc
(ppm)

Ti∗
(�)

V
(ppm)

Cr
(ppm)

Mn
(%)

Fe
(%)

Co
(ppm)

Cave wall deposits A 0.30 0.50 0.62 1.68 9.21 0.07 6.56 104 0.36 79.7 24.2 0.30 51.9 49.1

B 0.61 0.77 1.62 6.16 1.67 0.45 5.02 0.79 0.20 185 22.1 15.0 17.0 67.6

E 0.99 1.25 3.60 9.84 2.16 1.09 6.91 6.51 2.97 218 66.5 10.9 12.0 75.7

F 0.59 0.70 1.53 2.96 4.46 0.30 6.24 4.74 0.33 172 59.3 15.4 32.1 16.6

Sediment G 1.36 1.06 5.84 28.4 0.74 1.85 0.97 11.9 4.06 138 75.5 0.09 3.79 19.9

Surface soil H 1.24 1.09 6.06 28.5 0.60 1.97 0.76 12.4 3.97 136 71.9 0.08 3.74 15.9

Limestone bedrock – 0.23 0.35 1.00 2.15 1.44 0.20 28.7 9.33 0.52 139 14.8 4.16 9.06 29.4

Sample type Sample
ID

Ni
(ppm)

Cu
(ppm)

Zn
(ppm)

Ga∗∗
(ppm)

As
(ppm)

Rb∗∗
(ppm)

Sr
(ppm)

Y
(ppm)

Zr∗
(ppm)

Nb∗
(ppm)

Ba
(�)

Hf∗
(ppm)

Pb
(ppm)

CO3
−

(%)

Cave wall deposits A <10 <10 <10 2.80 622 10.0 300 7.44 26.1 2.03 0.18 0.73 12.4 36.8

B 181 76.2 85.2 0.42 117 15.0 990 32.1 83.8 7.49 11.6 3.95 29.7 51.7

E 141 70.5 149 6.89 105 45.3 330 48.6 189 11.7 5.59 5.78 36.1 51.8

F 223 <10 17.9 3.30 430 15.5 262 36.1 67.6 6.68 4.29 0.24 30.6 39.6

Sediment G 35.5 31.6 89.9 17.0 19.0 110 144 30.6 316 16.4 0.48 9.68 39.8 55.9

Surface soil H 34.9 30.5 90.6 17.6 15.9 119 133 27.5 240 15.8 0.50 7.71 27.9 55.9

Limestone bedrock – 35.6 <10 9.97 3.47 139 10.9 250 11.2 55.5 4.28 1.68 0.60 11.6 53.6

∗ and ∗∗ represents the values for cave wall deposits and sediment/soil that are significantly different (P < 0.05 or 0.01, respectively). A bedrock sample was not included
in the t-test.
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FIGURE 2 | Abundance of bacterial 16S rRNA genes (A), principal
coordinate analysis (PCoA) plot based on Bray–Curtis distances (0.03
cutoff) between samples (B), and the relative abundance of dominant
phyla in Jinjia Cave and related surface soils (C). Samples A, B, E, and F
are from cave wall deposits, C and D are from pool sediments, G is a sinkhole
soil and H–J are overlying soils.

A large variability in OTU richness among the samples was
observed, with comparable values in relation to sample type
or collection location. The lowest OTU number was observed
on deposits on the cave wall in the inner passage (A/B, with

TABLE 2 | Summary of 454 pyrosequencing and calculated diversity
indices for each samplea.

Sample
type

Sample No. of
qualified
reads

Observed
OTUs

Shannon
(H′)

Inverse
Simpson
(1/D)

Cave wall
deposits

A 8750 687 4.10 9.43

B 7848 832 4.19 7.99

E 6280 1067 5.24 48.7

F 10481 918 5.05 30.1

Pool
sediment

C 7084 2706 7.08 407

D 9096 2499 6.85 357

Sinkhole
soil

G 7476 2120 6.46 172

H 6854 2620 7.01 378

Surface
soil

I 6410 1972 6.54 226

J 6265 2132 6.74 284

aOperational taxonomic units (OTUs), Shannon and Simpson indices are calculated
at 97% sequence identity. Random subsampling down to the lowest reads number
(6265) was performed to avoid bias associated with library size.

a mean of 759.5), followed by the deposits in the outer cham-
ber (E/F, 992.5). The sinkhole sample G was located a few
meters away from sample E and F, but the OTU number was
about two times higher than the latter. Despite the low bacterial
abundance, the two sediment samples from the pools (C/D) had
the most diverse bacterial communities, with a mean OTU num-
ber of 2602.5, which was close to surface soils (H/I/J, 2241.3)
and approximately threefold higher than deposit samples A and
B. Such a diversity pattern was confirmed by the Shannon and
Inverse Simpson Indices calculation (Table 2). Overall, the diver-
sity in soil and sediments was significantly higher than in rock
deposits (P < 0.01, t-test).

Pairwise Bray–Curtis distance between samples was calculated
based on OTU classification. PCoA analysis was performed to
reveal the relatedness among bacterial communities (Figure 2B).
The first two axes of the Bray–Curtis PCoA biplot together
explained 50.7% of the total variance in the communities. All
communities clustered into three major groups, with deposits on
cave wall forming two independent groups by their location. The
third group consisted of sediments and sinkhole soil, as well as
the three surface soil samples, suggesting more similar bacterial
compositions in these samples.

Taxonomic Patterns
All 454 reads were aligned against the SILVA bacterial ribosomal
RNA reference database to derive the phyla-level community tax-
onomic profiles (Figure 2C). In total, 21 phyla and 11 candidate
divisions were identified from 69921 out of 76532 reads, with
varied dominant phyla observed in relation to the sample type
and collection site. For example, deposit samples A and B from
the outer chamber were highly dominated by γ-Proteobacteria,
of which the relative reads abundance was almost 40% of the
libraries, while the actinobacterial reads accounted for a third
of the libraries of deposit samples from inner chamber (E and
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FIGURE 3 | Distribution matrix with the 10 most abundant taxa in each
sample. Abundances are based on DNA amplicons. Taxa were defined by
using Classifier of RDP with 80% selected as a threshold. Numbers show the

relative abundance (% of the reads) of individual operational taxonomic unit
(OTU). Sequences were deposited in the NCBI Sequence Read Archive under
accession number PRJNA268982.

F). In contrast, the relative abundances of the most dominant
phyla in the other samples were low, and there were appar-
ent differences in specific phylum between cave and surface
communities. For instance, the relative abundance of phylum
Nitrospira in the surface soils (average 0.32 ± 0.18%, n = 3)
was much lower than in subterranean samples (2.39 ± 0.82%,
n = 7).

Representative sequences from the top 10 most abun-
dant OTUs of each library were further classified with RDP
(Figure 3). For deposit samples A and B, one OTU affil-
iated with γ-Proteobacteria (OTU_01) constituted 30.8 and
34.6% of the libraries, respectively. Together with the closely
related OTU_19, OTU_01 represented the most dominant bac-
terial clade on the rock surface in the inner cave. The closest
relatives in the Genbank database (96–100% sequence identity)

to OTU_01 and OTU_19 were almost exclusively recovered
from geographically distinct caves, constituting the cave bacte-
rial lineage I (Figure 4A). The closest pure culture to OTU_01
is a chemolithoautotrophic sulfur oxidizer (Thioprofundum
hispidum, 95% sequence identity). Surprisingly, however, the
relative abundance of this clade in other two deposit sam-
ples (E/F) was minimal (<0.4%). The second most abundant
OTU in deposit A (OTU_08, 8.2% of the library; Figure 3)
was associated with environmental sequences mostly recov-
ered from cold terrestrial habitats. The closest pure culture
to OTU_08 is Methylocella tundrae of α-Proteobacteria (98%
identity). Deposit samples E and F were predominated by
Actinobacteria, Acidobacteria, and Proteobacteria (Figure 2C).
Two Actinobacterial OTUs (OTU_02 and OTU_14) together
constituted 10.2 and 16.9% of the communities, respectively,
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FIGURE 4 | Maximum likelihood (M-L) tree of two cave bacterial lineages, respectively, dominant in cave wall deposits A/B (A) and E/F (B). Sequences
retrieved from the present study are shown in bold, with the number in parentheses indicating the total reads. Bootstrap values >50% are shown in the trees.

with OTU_02 routinely recovered from cave environments (cave
lineage II, Figure 4B). Acidobacteria (OTU_03) and one unclas-
sified phylotype (OTU_05) were also abundant in samples E and
F. In addition, Bacillus-related sequences were only dominant in
sample E (OTU_04, 8.54%).

The dominance of abundant OTUs in sinkhole soil, pool sed-
iments, and surface soils was found to be much less than in
deposits on the cave wall, as indicated by the accumulated rela-
tive abundances of the top 10 OTUs, which ranged from 10.94
to 18.48% (Figure 3). The most abundant taxa in pool sedi-
ments included those within subgroup 6 (Gp6) of Acidobacteria,
which was relatively rare in rock deposits but constituted a major
fraction in overlying soil communities (OTU_07, OTU_22, and
OTU_43, Figure 3).Moreover, as has been revealed at the phylum
level, Nitrospira-related OTUs (OTU_11 and 25) were relatively
rare in the surface soils.

Discussion

Jinjia Cave, like other subterranean ecosystems, is ubiquitously
colonized by bacteria as indicated by the recovery of 16S rRNA
genes from all samples. Assuming most bacterial genomes pos-
sess 1–7 ribosomal RNA operons (Větrovský and Baldrian, 2013),
this equates to 106–107 bacterial cells per gram of sample,
much less than that in the overlying soil but still typical of
cave environments (Barton and Jurado, 2007). The low abun-
dance of bacteria might be related to the aphotic conditions
and the limited input of nutrients, which limits the proliferation
of phototrophs or copiotrophs. In contrast, the bacterial rich-
ness inside the cave was more comparable to that in the surface
soils, although the rock deposits had much lower OTU num-
bers than the cave sediments (Table 2). This and the diversity

indices indicate the distinctness of bacterial communities on rock
walls.

The rock surface might be one of the most distinct habi-
tats in caves. The similarities in elemental compositions between
the four rock wall deposits and the limestone, in particular the
significant enrichment of Ca, indicates their origin from bedrock.
The supplies of energy and nutrients on the rock surface are
exclusively dependent on the inputs through air currents or
seepage water, implying the extreme starvation, and predicting
the species sorting under these conditions. Mineral chemistry
may also impact the microbial community inhabiting the rock
surface (Hutchens et al., 2010). Consistently, all of the four rock
deposits were dominated by a few phylotypes that have been iden-
tified in geographically distinct European and American caves
and may represent cave-adapted bacterial lineages. The cave lin-
eage I within γ-Proteobacteria (Figure 4A) found in inner cave
deposit samples A and B (32.99 and 37.31% of the reads, respec-
tively) is likely an obligate cave clade, because the more similar
sequences (>96% identity) in Genbank were exclusively recov-
ered from caves. The OTU_01-related phylotypes have been
found to be a major component of yellow mats attached to rock
surfaces and was proposed as a core OTU in several caves (Porca
et al., 2012). To our knowledge, this is the first evidence of the
presence of cave-specific bacterial lineages in an East Asian cave.
Currently there is no cultivated representative of the lineage,
and the distantly related pure cultures include chemolithoau-
totrophic sulfur oxidizers T. hispidum (Mori et al., 2011) and
Thiohalomonas denitrificans (Sorokin et al., 2007). Whether this
lineage lives an obligate autotrophic and sulfur-transforming life
and what the mechanism of their adaptation to oligotrophic rock
surface may be both merit further study.

Rocks of the outer chamber shared less overlap with those
in the inner passage, suggesting different habitat traits from the
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innermost passage rock walls, despite their similarity in ele-
mental components. The most abundant bacteria in deposit
samples E and F were closely related to Pseudonocardiaceae
of Actinobacteria (OTU_02), which are common on subter-
ranean rocks (Porca et al., 2012) but also present in soils. It
has been suggested that organic carbon exposure may contribute
to the enrichment of Pseudonocardiaceae on rock surfaces
(Diaz-Herraiz et al., 2013). Consistent with this idea and in con-
trast to the deeper cave, the outer chamber is more easily acces-
sible, and thus the availability of organic C might have been
high due to the inputs through the main entrance or other con-
nections such as the nearby sinkhole (Figure 1). Nonetheless,
because of the low sequence identity of OTU_02, as well as
the other abundant phylotypes to known strains, its func-
tional traits on the rock surfaces of the inner cave are still
unclear.

In addition to the enrichment of putative cave lineages, there
were abundant putative chemolithoautotrophic taxa inside Jinjia
Cave, such as Nitrospira and Nitrosospira, for which all culti-
vated representative are capable of autotrophic C fixation (Koops
et al., 2006; Lücker et al., 2010). Nitrospira and Nitrosospira are
involved in the two-step autotrophic nitrification, suggesting the
presence of the CO2-fixation-coupled ammonia oxidation pro-
cess, which has been supposed to sustain the primary production
of some cave ecosystems (Sarbu et al., 1996; Ortiz et al., 2013a).
Chen et al. (2009) also identified the activity of ammonia and
sulfur-oxidizing bacteria in the chemolithotrophic Movile Cave
using a stable isotope approach. As such, it is very likely that
lithochemotrophy is one of the dominant bacterial life strategies
in the darkness of Jinjia Cave.

Previous studies have suggested microbial roles in the for-
mation of Mn- and Fe-rich deposits on the cave rock walls
(Spilde et al., 2005; Carmichael et al., 2013). Mn-oxidizing
bacteria mostly fall within Firmicutes, Proteobacteria, and
Actinobacteria (Tebo et al., 2005), among which Bacillus has
been well studied as a model Mn oxidizer (Francis and Tebo,
2002). By contrast, most iron-oxidizing bacteria are affiliated
with Proteobacteria (Hedrich et al., 2011). Some Methylocella of
α-Proteobacteria possess the capability of Fe(II) oxidation (Lu
et al., 2010). Interestingly, Bacillus- (OTU_04) andMethylocella-
related phylotypes (OTU_08) dominated two deposit sam-
ples in Jinjia Cave, while iron-reducing Aciditerrimonas-related
sequences (OTU_30; Itoh et al., 2011) were also enriched in all
deposit samples, implicating bacterial involvement in the ferro-
manganese deposit formation in Jinjia Cave. Further cultivation
and metabolism analysis will be helpful for revealing the geo-
chemical roles of these abundant and many other relatively rare
bacteria.

The spatial heterogeneity in bacterial communities inside
Jinjia Cave, as revealed by the broad variability of richness,
composition, and dominant phylotypes, might be related to the
substantial difference in cave habitats. This heterogeneity was
even obvious for the same sample type (e.g., deposits A/B ver-
sus E/F; Ortiz et al., 2013b). In other cases, however, samples
share common dominant phylotypes despite their considerable
spatial distance. For instance, in this study, both pool sediments
that are connected by underground hydrology revealed nearly

identical dominant OTUs. Elemental analysis provided some
clues of species sorting by microhabitats. The highly similar ele-
mental compositions of samples G and H are not surprising
(Table 1), because the sediment sample G very likely originated
from the surface materials that could be carried into the cave via
the sinkhole. This partially explains why sample G had a dis-
tinct bacterial community from the nearby rock wall deposits
(E/F).

In contrast, the community overlaps between cave sediments
and surface soils suggests an influence from surface environ-
ments. Due to the limited depth and length of Jinjia Cave,
nutrients, energy, and microbes can constantly enter through
the entrance, sinkholes, underground streams, and drip water
and can thus modify microhabitat and shape microbial com-
munity. This is highlighted by the similarities in elemental and
bacterial compositions between samples G and H that were
associated with a small sinkhole, whereas bacterial communities
in pool sediments were very likely partly controlled by under-
ground stream and seepage waters carrying dissolved organic
carbon and nutrients from the surface. Mass effect could be
another factor affecting the bacterial communities in Jinjia Cave
(Shabarova et al., 2013), because microbes on the surface may
disperse via seepage water into the subterranean environments.
This is partly supported by the fact that the pool and sinkhole
sediments had more chloroplasts contamination (0.11–0.25% of
each library) than rock deposits (0–0.04%), which was very likely
imported from the overlying soils (0.92–1.35%). Seasonal vari-
ation in temperature within the cave might contribute to the
bacterial heterogeneity too, as suggested by the difference of
12.5◦C from the entrance to the deepest passage on the sam-
pling. Overall, the external influence on cave bacterial commu-
nity structure seems not to be negligible and requires further
study.

Conclusion

In this study, we profiled the bacterial communities in a short and
shallow limestone cave, Jinjia Cave from western Loess Plateau
of China by ribo-tag pyrosequencing. Highly heterogeneous bac-
terial diversity in Jinjia Cave could be related to the habitat type
andmight be affected by interconnection between subsurface and
surface environments. The rock wall deposit communities were
less diverse and dominated by possible indigenous cave bacteria,
which is likely controlled by the rock surface geochemistry. Based
on comparison with known functional guilds, we speculate that
the bacteria on cave walls are potentially involved in CO2 fixa-
tion, N transformation, and speleogenesis. However, due to the
absence of more biogeochemical and microbial activity informa-
tion, the functions of the dominant cave bacterial lineage are still
an open question.
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Marine, M., et al. (2012). The biogeochemical role of actinobacteria in
Altamira cave, Spain. FEMS Microbiol. Ecol. 81, 281–290. doi: 10.1111/j.1574-
6941.2012.01391.x

Desai, M. S., Assig, K., and Dattagupta, S. (2013). Nitrogen fixation in distinct
microbial niches within a chemoautotrophy-driven cave ecosystem. ISME J. 7,
2411–2423. doi: 10.1038/ismej.2013.126

Diaz-Herraiz, M., Jurado, V., Cuezva, S., Laiz, L., Pallecchi, P., Tiano, P., et al.
(2013). The actinobacterial colonization of Etruscan paintings. Sci. Rep. 3, 1440.
doi: 10.1038/srep01440

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194–2200. doi: 10.1093/bioinformatics/btr381

Engel, A. S., Stern, L. A., and Bennett, P. C. (2004). Microbial contributions to cave
formation: new insights into sulfuric acid speleogenesis. Geology 32, 369–372.
doi: 10.1130/G20288.1

Francis, C. A., and Tebo, B. M. (2002). Enzymatic manganese(II) oxidation
by metabolically dormant spores of diverse Bacillus species. Appl. Environ.
Microbiol. 68, 874–880. doi: 10.1128/AEM.68.2.874-880.2002

Gihring, T. M., Green, S. J., and Schadt, C. W. (2012). Massively parallel rRNA
gene sequencing exacerbates the potential for biased community diversity com-
parisons due to variable library sizes. Environ. Microbiol. 14, 285–290. doi:
10.1111/j.1462-2920.2011.02550.x

Hedrich, S., Schlömann, M., and Johnson, D. B. (2011). The iron-oxidizing pro-
teobacteria.Microbiology 157, 1551–1564. doi: 10.1099/mic.0.045344-0

Hutchens, E., Gleeson, D., Mcdermott, F., Miranda-Casoluengo, R., and Clipson,
N. (2010). Meter-scale diversity of microbial communities on a weathered peg-
matite granite outcrop in theWicklowMountains, Ireland; evidence for mineral
induced selection? Geomicrobiol. J. 27, 1–14. doi: 10.1080/01490450903232157

Ikner, L., Toomey, R., Nolan, G., Neilson, J., Pryor, B., and Maier, R. (2007).
Culturable microbial diversity and the impact of tourism in Kartchner Caverns,
Arizona. Microb. Ecol. 53, 30–42. doi: 10.1007/s00248-006-9135-8

Itoh, T., Yamanoi, K., Kudo, T., Ohkuma, M., and Takashina, T. (2011).
Aciditerrimonas ferrireducens gen. nov., sp nov., an iron-reducing thermoaci-
dophilic actinobacterium isolated from a solfataric field. Int. J. Syst. Evol.
Microbiol. 61, 1281–1285. doi: 10.1099/ijs.0.023044-0

Koops, H.-P., Purkhold, U., Pommerening-Röser, A., Timmermann, G., and
Wagner, M. (2006). “The lithoautotrophic ammonia-oxidizing bacteria,” in The
Prokaryotes, eds M. Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer, and E.
Stackebrandt (New York, NY: Springer), 778–811.

Lu, S., Gischkat, S., Reiche, M., Akob, D. M., Hallberg, K. B., and Küsel, K.
(2010). Ecophysiology of Fe-cycling bacteria in acidic sediments. Appl. Environ.
Microbiol. 76, 8174–8183. doi: 10.1128/AEM.01931-10

Lücker, S., Wagner, M., Maixner, F., Pelletier, E., Koch, H., Vacherie, B., et al.
(2010). A Nitrospira metagenome illuminates the physiology and evolution of
globally important nitrite-oxidizing bacteria. Proc. Natl. Acad. Sci. U.S.A. 107,
13479–13484. doi: 10.1073/pnas.1003860107

Macalady, J. L., Jones, D. S., and Lyon, E. H. (2007). Extremely acidic, pendulous
cave wall biofilms from the Frasassi cave system, Italy. Environ. Microbiol. 9,
1402–1414. doi: 10.1111/j.1462-2920.2007.01256.x

Mori, K., Suzuki, K.-I., Urabe, T., Sugihara, M., Tanaka, K., Hamada, M., et al.
(2011). Thioprofundum hispidum sp. nov., an obligately chemolithoautotrophic
sulfur-oxidizing gammaproteobacterium isolated from the hydrothermal field
on Suiyo Seamount, and proposal of Thioalkalispiraceae fam. nov. in
the order Chromatiales. Int. J. Syst. Evol. Microbiol. 61, 2412–2418. doi:
10.1099/ijs.0.026963-0

Muyzer, G., Teske, A., Wirsen, C., and Jannasch, H. (1995). Phylogenetic relation-
ships of Thiomicrospira species and their identification in deep-sea hydrother-
mal vent samples by denaturing gradient gel electrophoresis of 16S rDNA
fragments. Arch. Microbiol. 164, 165–172. doi: 10.1007/BF02529967

Ortiz, M., Legatzki, A., Neilson, J. W., Fryslie, B., Nelson, W. M., Wing, R. A.,
et al. (2013a). Making a living while starving in the dark: metagenomic insights
into the energy dynamics of a carbonate cave. ISME J. 8, 478–491. doi:
10.1038/ismej.2013.159

Ortiz, M., Neilson, J., Nelson, W., Legatzki, A., Byrne, A., Yu, Y., et al. (2013b).
Profiling bacterial diversity and taxonomic composition on speleothem surfaces
in Kartchner Caverns, AZ.Microb. Ecol. 65, 371–383. doi: 10.1007/s00248-012-
0143-6
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Bacterial diversity differences along
an epigenic cave stream reveal
evidence of community dynamics,
succession, and stability
Kathleen Brannen-Donnelly * and Annette S. Engel

Department of Earth and Planetary Sciences, University of Tennessee, Knoxville, TN, USA

Unchanging physicochemical conditions and nutrient sources over long periods of time in
cave and karst subsurface habitats, particularly aquifers, can support stable ecosystems,
termed autochthonous microbial endokarst communities (AMEC). AMEC existence is
unknown for other karst settings, such as epigenic cave streams. Conceptually, AMEC
should not form in streams due to faster turnover rates and seasonal disturbances
that have the capacity to transport large quantities of water and sediment and to
change allochthonous nutrient and organic matter sources. Our goal was to investigate
whether AMEC could form and persist in hydrologically active, epigenic cave streams.
We analyzed bacterial diversity from cave water, sediments, and artificial substrates
(Bio-Traps®) placed in the cave at upstream and downstream locations. Distinct
communities existed for the water, sediments, and Bio-Trap® samplers. Throughout
the study period, a subset of community members persisted in the water, regardless
of hydrological disturbances. Stable habitat conditions based on flow regimes resulted
in more than one contemporaneous, stable community throughout the epigenic cave
stream. However, evidence for AMEC was insufficient for the cave water or sediments.
Community succession, specifically as predictable exogenous heterotrophic microbial
community succession, was evident from decreases in community richness from
the Bio-Traps®, a peak in Bio-Trap® community biomass, and from changes in the
composition of Bio-Trap® communities. The planktonic community was compositionally
similar to Bio-Trap® initial colonizers, but the downstream Bio-Trap® community became
more similar to the sediment community at the same location. These results can help in
understanding the diversity of planktonic and attached microbial communities from karst,
as well as microbial community dynamics, stability, and succession during disturbance
or contamination responses over time.

Keywords: community assembly, stream, cave, microorganisms, succession, community dynamics, Bio-Traps®
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Introduction

Caves are diagnostic dissolutional features in karst landscapes
underlain by soluble rock (e.g., limestone or dolomite) where
surface water sinks into the subsurface and flows in a
network of self-evolving underground stream passages (Ford and
Williams, 2013). Although hydrological flow regimes, watershed
geometry, aqueous geochemistry, and bedrock geology differ
between karst systems (Nico et al., 2006; Simon et al., 2007;
Bonacci et al., 2008), many have similar, stable environmental
conditions and components that contribute to habitability and
ecosystem development (Hahn and Fuchs, 2009; Griebler et al.,
2010). Microbes are important components of all subterranean
ecosystems (Chapelle, 2000) and of every type of karst habitat
(Griebler and Lueders, 2009). Although the compositions of
microbial communities (from the aspect of alpha-diversity) have
been widely evaluated from karst (Griebler and Lueders, 2009),
much still remains to be explored, including microbial diversity
trends over time (Engel, 2010). Microbes regulate chemical
reactions that cause mineral dissolution and precipitation (Engel
et al., 2004; Engel and Randall, 2011; Lian et al., 2011) and affect
contaminant remediation (Thomas and Ward, 1992). As such,
interest in microbial communities in various karst settings has
increased (Griebler et al., 2010), and attempts have been made
to understand whether microbial diversity differs throughout
distinct types of karst systems and what ecosystem conditions
control or regulate community composition. For instance, in
karst aquifers and cave pools where water residence times
are exceedingly long, from months to years, autochthonous
microbial endokarst communities (AMEC) develop (Farnleitner
et al., 2005; Pronk et al., 2008). Understanding AMEC is
important to groundwater ecology, biogeochemistry of karst
aquifers, and water resource management and conservation
(Farnleitner et al., 2005; Pronk et al., 2008; Griebler and Lueders,
2009; Zhou et al., 2012).

Previously described AMEC have been sampled as planktonic
phenomena from annual and monthly sample events of karst
springs (Farnleitner et al., 2005; Pronk et al., 2008). A
uniform definition for AMEC has not been applied, despite
other types of groundwater systems having taxonomic and
functionally distinct attached and planktonic communities
(Hazen et al., 1991; Alfreider et al., 1997; Lehman, 2007;
Flynn et al., 2008; Zhou et al., 2012). Conceptually AMEC
should be homogenized communities of planktonic and attached
microbial cells from within a karst aquifer setting. Under
elevated flow conditions during recharge events, high flow
velocities would mobilize sediment (Dogwiler and Wicks,
2004) and cause high shear stress on sediment-attached cells
(Rehmann and Soupir, 2009; Ghimire and Deng, 2013). Biofilm
development on sediments and aquifer surfaces would be
limited and attached cells would become entrained into the
water column and become part of the planktonic community
(Rehmann and Soupir, 2009). A prescribed minimum time
limit for AMEC formation in karst has not been described,
but this is not surprising because the stability and potential
AMEC successional patterns over time in most groundwater
systems are also not well understood (Farnleitner et al.,

2005). Typical AMEC bacterial compositions are apparently
comprised of Acidobacteria, Nitrospira, Gammaproteobacteria,
and Deltaproteobacteria, and AMEC comprise the majority of
the overall community abundances (Farnleitner et al., 2005;
Pronk et al., 2008). The major taxonomic groups in AMEC
are phylogenetically related to surface-derived groups, but not
identical, thereby highlighting the importance of being sourced
from within a subsurface system. Although no truly endemic
karst microorganisms have been identified (Griebler and Lueders,
2009), arguably enhanced genetic divergences between surface
communities and AMEC could result from long flow path travel
distances and longer periods of isolation between the surface and
subsurface.

As such, it is unclear whether AMEC are present or can persist
in systems where turnover rates are expected to be high, such
as in cave streams. Cave streams are dynamic, usually turbulent
underground features that form from sinking surface water.
Water is sourced from the surface and may reemerge from a
conduit some distance later as a spring. Cave stream habitats
that become established based on prevailing physicochemical
gradients may only last for hours to weeks, according to the
hydrological connection (i.e., continuous, flashy, etc.) with the
surface. Sediment suspension and deposition events caused by
recharge flooding or flushing of the system could compositionally
homogenize water and sediment microbial communities (at
the level of beta-diversity), which would hamper the ability
to detect AMEC from transported allochthonous communities.
In this study, we investigated the diversity and prevalence of
microorganisms from 16S rRNA gene sequences in stream water
and cave sediments along a continuously flowing cave stream
of fixed length but having different flow rates due to storm
events over a 6 month period. In addition to documenting
novel bacterial diversity for an epigenic cave stream, we
compared water-transported (i.e., planktonic) and sediment (i.e.,
attached) bacterial diversity to test the hypothesis that an AMEC
exists, despite storm water and sediment disturbances and
differential contribution of surface-derived bacterial groups into
the subsurface. We expected water and sediment communities to
be similar to each other after high flow events, but that sediment
communities would represent AMEC in between high flow
events that would resuspend some or all of the cave sediments.

We also hypothesized that disturbance events reveal
successional patterns between upstream and downstream
communities. Studying microbial community successional
patterns has proven difficult in many ecological systems (Shade
et al., 2013). For this study, we used the definition of succession
from Fierer et al. (2010), as the “orderly and predictable
manner by which communities change over time following
the colonization of a new environment.” During 4 months, we
seeded bacterial communities on artificial substrates (Bio-Trap R©
samplers) that were fixed in one upstream and one downstream
location in the cave system. The Bio-Traps R© were subsampled
every month so that only a portion of material was removed and
the rest remained in a sampler. This experimentally contrasted
cave stream sediment samples, which had the potential to
be redistributed and mobilized during the study. The newly
formed Bio-Trap R© communities every month were compared
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to preexisting water and sediment communities to test the
hypothesis that Bio-Trap R© communities would resemble
sediment communities over time, despite being colonized
initially by planktonic microbes. Combined, these results provide
evidence for cave stream community assembly and community
succession. Underlying drivers that could explain spatial
and temporal changes in bacterial diversity were statistically
evaluated against stream discharge, rainfall, and geochemistry,
including fluorescence spectral data for chromophoric dissolved
organic matter (CDOM) that highlighted organic matter seasonal
changes.

Materials and Methods

Site Characterization
We conducted the study from July through December, 2013,
in the Cascade Cave system within Carter Caves State Resort
Park (CCSRP) in Carter County, Kentucky (Figure 1). The
system is comprised of at least three surveyed caves that formed
within the carbonate Slade Formation (Mississippian) (Engel
and Engel, 2009). The caves are situated in the James Branch
stream watershed, which flows into Tygart’s Creek at local base-
level (Dougherty, 1985; Engel and Engel, 2009). The entire
watershed is approximately 4 km2. The surface stream flows over
Pennsylvanian and Mississippian interbedded sandstone and
shale units before it sinks underground at a waterfall called Fort
Falls (herein referred to as the surface sampling location). The
cave system has flowing water year-round. Jones Cave is the first
access point to the cave stream (herein referred to as the upstream
sampling location). There is a karst window 500m downstream
from Jones Cave where surface water enters the subsurface from
a small surface stream. The entrance to another cave, Sandy Cave,
is located at the window. Cascade Cave has several entrances,
and one is reached downstream of the karst window and Sandy
Cave. Where the cave stream emerges at the surface as a karst
spring and another entrance to Cascade Cave, we sampled at
the Lake Room (herein referred to as the downstream sampling
location). The total estimated distance of the underground
cave stream from the top of the water fall to resurgence is
approximately 1.5 km. Preliminary (i.e., unpublished) tracer tests
from Fort Falls to the Lake Room indicate a base flow travel
time of about 12 h. All of the sampling was done in less than
3 h to evaluate contemporaneous microbial communities that
could be present or established at each location, specifically
planktonic communities from water, attached communities from
sediment, and newly formed communities from the Bio-Trap R©
devices.

At each sample location and time, water flow rates were
calculated by an average of three flow readings using a Geopacks
Basic Flowmeter. Passage or channel cross-sectional area and
water depth were measured to calculate discharge (Q) as the
product of velocity, depth of the water, and channel width.
Sediment particle transport was calculated by comparing stream
velocity to the Stokes Settling Velocity for all the grain sizes
present in the sediment samples (methods describes below),
according to Ferguson and Church (2004). With no automated
meteorological station data from CCSRP, daily precipitation

FIGURE 1 | (A) Black area denotes Carter County, Kentucky. (B) Spliced
topographic maps from the United States Geological Survey showing the
location of Carter Caves State Resort Park boundaries, relative location of
Cascade Cave and Fort Falls, modified from Engel and Engel (2009). Specific
location details are withheld at the request of the park. (C) A generalized
line-plot map of the Cascade Cave system, including Cascade Cave
(downstream), Sandy Cave, and Jones Cave (upstream). Map provided by Dr.
Horton H. Hobbs, III, and the Wittenberg University Speleological Society,
Springfield, Ohio (USA).

data are measured and recorded at the Fort Falls location
by a citizen scientist who works in CCSRP (Supplemental
Figure 1).

Water and Sediment Sampling and Analyses
At each sampling location, physicochemical properties were
measured using standard electrode methods (American Public
Health et al., 2005), including pH, temperature, dissolved oxygen,
total dissolved solids, and conductivity. At least 500mL of cave
stream water were manually filtered through duplicate 0.22μm
Sterivex™ (PVDF, EMD Millipore) filters. Filters were frozen at
−20◦C until use. The filtered water was collected for anion (using
clean HDPE bottles), cation (using acid-washed HDPE bottles),
and total organic carbon (TOC) and total nitrogen (TN) analyses
(using baked glass VOA vials). Cations were preserved with trace
metal grade nitric acid. Samples were put on ice for transport and
stored at 4◦C until analysis. Alkalinity, representing bicarbonate
concentration, was measured from 0.2μm-filtered water in the
field by manual titration to an end-point of pH 4.3 with 0.1 N
H2SO4 (American Public Health et al., 2005). Major dissolved
ions were measured on a Dionex ICS-2000 ion chromatograph,
with standards checks accurate within two standard deviations.
Total inorganic carbon (TIC) and dissolved organic carbon
(DOC) concentrations were analyzed for filtered water with a
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Shimadzu Model TOC-V Total Carbon Analyzer. DOC was
reported as the difference between dissolved non-purgable
organic carbon and TIC (American Public Health et al., 2005).
The standard used for minimum detection limit was C8H5KO4,
and the precision between replicate sample injections was 2% of
the relative percent difference (RPD) for DOC > 4mg/L and
5% RPD for DOC < 4 mg/L. TN content were measured by
a high temperature catalytic oxidation with chemiluminescence
minimum detection level of 0.01mg/L (ASTM, 2008).

During some sampling times, only bare carbonate rock was
exposed at a sample location in the cave where sediment had
been present previously. If sediments were available to collect at
a sampling location, then at least 25 g were aseptically collected
from 0 to 2 cm deep and placed into sterile Falcon tubes; as such,
any one particle had to be <20mm to fit in the tube. Sediment
was stored at −20◦C until use. Sediment grain size was analyzed
in triplicate for each sample from sieving air-dried material
through sieves for >2, 1mm, 500, 250, 150, and <150μm.
Weights of each sieved aliquot were measured to ±0.0001 g at
least three times.

Fluorescence Spectroscopy
Qualitative information about organic matter sources,
composition, bioavailability, and the differences between
allochthonous and autochthonous DOM can be determined
from the natural concentration of CDOM (Coble, 1996;
McKnight et al., 2001). The relative contributions of different
CDOM sources in the filtered stream water were evaluated from
excitation emission matrices (EEMs) produced by a Horiba
Scientific Fluoromax4 spectrofluorometer with a Xenon lamp.
A total of 43 emission scans were completed for each sample
with setting of λEM = 250–550-nm, 2.5-nm steps; λEX = 240–
550-nm, and 5-nm steps. Instrument settings were PMT voltage
800V, EX/EM slits 5-nm each, and an integration time 0.1 s.
Spectral corrections for primary and secondary inner filter effects
of EEMs were made using absorbance spectra collected using
a Thermo Scientific Evolution 200 series spectrophotometer
in a 1-cm cuvette over the 200–700 nm wavelength range with
pyrogen-free deionized (DI) (>18.1 M�) water as the reference.
Raman scattering was removed from EEMs by subtracting a
DI water blank spectrum collected from each sample spectrum.
Rayleigh scattering effects were edited from each spectrum,
following correction and blank subtraction (Lakowicz, 2007).

Fluorescence data were interpreted from index analyses from
individual emission scans or extracted from EEMs usingmethods
previously described (Birdwell and Engel, 2010). We used the
Fluorescence Index (FI) to assess terrestrial and microbial
contributions to CDOM fluorescence (McKnight et al., 2001),
the Humification Index (HIX) to estimate the degree of DOM
humification (Ohno, 2002), and the Biological or Freshness Index
(BIX) to evaluate the contribution of biological or microbial
processes to CDOM fluorescence (Huguet et al., 2009).

Microbial Succession Experiment
Standard Bio-Trap R© samplers baited with 30 g of 2-mm diameter
Bio-Sep R© beads made of Nomex R© composite and powdered
activated carbon were obtained from Microbial Insights, Inc.

(Knoxville, TN, USA) (www.microbe.com). Slits on the samplers
were 0.4mm wide, and the inside of the samplers was wrapped
with 0.011mm mesh screen to reduce sediment and macrofauna
intrusion. Bio-Traps R© were suspended in triplicate (overall
weight 1.3 kg) via ropes attached to the cave wall by using
non-destructive, spring-loaded camming devices at Jones Cave
(upstream location) and in the Lake Room (downstream
location) (Supplemental Figure 1). At base-flow (i.e., low flow)
conditions, Bio-Traps R© were in contact with sediment or bare
rock at the bottom of the stream channel, but were not buried in
the sediment. The samplers were also weighted by using 0.2 kg
weights so that they would become suspended in the water
column only during exceptionally high flow events (i.e., in excess
of 0.5 m/s). The Bio-Traps R© were sampled every month for
4 months. From each Bio-Trap R©, 2.5 g beads were separated
out and frozen until extraction. During the study period, no
fine-grained or sand particles were observed in the Bio-Traps R©.
At the time of deployment (August 2013), the water column
and sediment microbial communities were sampled at Fort Falls
(surface location) and at both Bio-Trap R© sample locations. Over
the next 4 months at both Bio-Trap R© locations, water column,
surface sediment, and Bio-Trap R© microbial communities were
sampled. Only the water column and sediment microbial
communities were sampled at the Fort Falls location at those
times.

DNA Extraction and Pyrosequencing
Total environmental nucleic acids were extracted from two
Sterivex™ filters collected at each sampling location using a
method modified from Riemann et al. (2008). Briefly, sucrose
lysis buffer (0.75M sucrose, 0.5M Tris-HCl, 0.4M EDTA) and
5 mg/mL lysozyme (Fisher BioReagents) were added to each
filter prior to incubation at 37◦C for 30min. Proteinase K (100-
μg/mL final concentration; Fisher BioReagents) and 10% SDS
were added, and digestion continued at 55◦C overnight. The
lysate was drawn from the filter and combined with a 1X TE
buffer wash of the filter prior to adding 0.3M sodium acetate and
molecular grade 100% isopropanol. Lysates were centrifuged and
pellets were separated from the supernatants and resuspended in
TE buffer. Nucleic acids were precipitated from the suspensions
using 25:24:1 phenol:chloroform:isoamyl alcohol (pH 8) twice,
and 24:1 chloroform:isoamyl alcohol once, prior to pelleting by
centrifugation. Pellets were washed with 100% molecular grade
ethanol twice and then resuspended in 1X TE buffer.

MoBio PowerSoil R© Extraction kits, following manufacturer
instructions (MoBio Laboratories, Inc., Carlsbad, CA, USA),
were used to extract total nucleic acids from 0.25 g of beads
collected from each Bio-Trap R© and separately from 0.25 g of
sediments at each sampling location. Extractions for each sample
type per sample period and location were done in triplicate.

The quality and quantity of extracted DNA were verified
by examining products on TBE agarose gels with ethidium
bromide staining after electrophoresis and by measuring
the ratio of absorbance maxima at 260 and 280 nm, and
260 and 230 nm, with a Thermo Scientific Nanodrop 2000c
Spectrophotometer. Duplicate (for water) or triplicate (for
Bio-sep R© beads or sediment) extractions at a sampling
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location and month were homogenized prior to purification,
barcoding, and amplicon pyrosequencing using a Roche 454
FLX Titanium instrument and reagents, as described in Dowd
et al. (2008), at the Molecular Research LP (MrDNA) laboratory
(www.mrdnalab.com; Shallowater, Texas, USA). The V1-V3
region of 16S rRNA genes was amplified using 27F-534R primers
(Dowd et al., 2008).

qPCR Analyses
Bacterial biomass was estimated for all samples by quantitative
PCR (qPCR) using a CFX96 Real-Time PCR System (Bio-Rad
Laboratories, Hercules, CA, USA), according to the approach
described by Ortiz et al. (2014). Briefly, for a 10-ml qPCR
reaction with a 2x SensiFAST™ SYBR R© No-ROX Kit (Bioline
Meridian Life Science Company, Tauton, MA), 400 mg/mL
bovine serum albumin solution, 400 nM of each primer, and 400
pg DNA extract were used. Primers used for bacterial 16S rRNA
amplification were 338F and 518R (Ortiz et al., 2014). A standard
curve was used to calculate the number of 16S rRNA amplicons
(Zhu et al., 2005):

N = [(A/B)× d]× (V/C)

N is the total number of cells in the initial sample; A is the
number of 16S rRNA amplicons per PCR tube, as calculated
from the standard curve; B is the number of μL of cell lysate in
the PCR tube, and d the lysate dilution factor; V is the initial
lysate volume expressed in μL, and C is the average number
of 16S rRNA copies per bacterial cell. Based on the retrieved
bacterial diversity from our samples, and specifically of the
predominance of Proteobacteria, we used the value 4.2 based on
the genome assessment work of Vetrovsky and Baldrian (2013).
N was divided by the amount of water filtered for each sample,
or the amount of sediment or Bio-Trap R© beads used during
the extractions, to find the number of cells per mL of water,
or the number of cells per gram of sediment or Bio-Traps R©,
respectively.

Sequence Analyses
Amplicon sequence data were quality screened and chimera
checked prior to clustering into operational taxonomic units
(OTUs) based on 95% sequence similarity using QIIME
(Crawford et al., 2009; Caporaso et al., 2010; Edgar et al., 2011).
A 95% cut-off was used to cluster OTUs at the genus level
because of the short length of the pyrosequences (Kunin et al.,
2010). The greengenes 13_8 database (Desantis et al., 2006) was
used as the reference for the usearch61 method for chimera
checking (Edgar et al., 2011) and for pickingOTUs using the open
reference method (Desantis et al., 2006). From the 18,177 OTUs
generated for the full dataset (397,144 amplicons; Supplemental
Table 1), representative sequences were chosen for classification
by the RDP Classifier at 80% confidence intervals using QIIME
(Wang et al., 2007). Alpha-diversity was calculated in QIIME to
generate rarefaction curves (Supplemental Figure 3) (Crawford
et al., 2009; Caporaso et al., 2010) and Shannon diversity (H’) and
Chao1 indices were calculated in the computer program R using
the package phyloseq (version 1.10.0) (McMurdie and Holmes,

2013). Higher numbers for both indices indicate greater OTU-
level richness. All OTUs shared between samples were compared
for presence/absence. Details regarding data processing are
provided in the Supplemental Materials and Methods in R
markdown format.

All raw amplicons obtained from this study were submitted
to the NCBI Sequence Read Archive (SRA) under the Bioproject
PRJNA283038, with the accession numbers SAMN03451533–
SAMN03451581 (http://www.ncbi.nlm.nih.gov). Summaries for
the amplicon data, including SRA Accession Numbers for each
sample, are included in Supplemental Table 1.

Statistical Analyses
The significance of changes in geochemical variables over time
and between sampling months, as well as in microbial diversity
data, were analyzed statistically using several approaches.
Analysis of variance (ANOVA), reported as the F-test value
with significance evaluated from a p-value of < 0.05, was done
with geochemical data between month, season, and location
using the car package in R (Fox and Weisberg, 2011). Summary
code completed in R is included in the Supplemental Materials
and Methods. Sediment grain size comparisons were done
using the G2Sd package for sediment size analysis (Gallon and
Fournier, 2013). Permutational multivariate analysis of variance
(PERMANOVA), calculated with the Adonis function in the
vegan package for R, was used to detect similarities in the
means of multivariate groups described by material type (i.e.,
water, sediment, Bio-Trap R©), location (i.e., surface, upstream,
and downstream), and month, such that community OTU
representation would be equivalent for all groups. PERMANOVA
was also used to detect similarities in the composition and/or
relative abundances of different OTUs based on geochemical
variable (i.e., Cl, Ca, HIX, etc.). PERMANOVA was performed
with the Adonis function from the vegan package for community
ecology on a Bray-Curtis dissimilarity matrix and significance
was assessed with 9999 permutations (Oksanen et al., 2013). Non-
metric multidimensional scaling (NMDS) was used on a Bray-
Curtis dissimilarity matrix to represent the pairwise dissimilarity
graphically between OTUs in each sample. Statistically significant
environmental variables (p-value < 0.05) were plotted as vectors
representing the average of factor levels using envfit, from the
vegan package (Oksanen et al., 2013).

To investigate any linear relationships between the
distribution of OTUs among samples and any redundant
geochemical gradients, a redundancy analysis (RDA) was
performed. The significance of RDA axes was calculated by
the PCAsignificance function in the BiodiversityR package
(Kindt, 2014). To evaluate the relationship between OTU
distribution among sediment samples and sediment size, another
RDA was performed on only sediment samples. RDAs were
performed with the RDA function from the vegan package
on a Bray-Curtis dissimilarity matrix (Oksanen et al., 2013),
which was produced using a culled dataset of only OTUs
present more than three times in at least 20% of the samples
(McMurdie and Holmes, 2013). Only 313 of the original 18,177
OTUs remained and application of a 2.0 CV cutoff resulted in
178 OTUs.

Frontiers in Microbiology | www.frontiersin.org July 2015 | Volume 6 | Article 729 | 21

http://www.mrdnalab.com
http://www.ncbi.nlm.nih.gov
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Brannen-Donnelly and Engel Cave stream bacterial diversity changes

TA
B
LE

1
|G

eo
ch

em
ic
al

an
d
hy

d
ro
lo
g
ic
al

d
at
a
fr
o
m

ea
ch

sa
m
p
le
.

S
am

p
le

S
am

p
le

S
am

p
le

Te
m
p

◦ C
p
H

A
lk
al
in
it
y

D
O
C
a

To
ta
l

C
l

S
O
2− 4

N
O

− 3
N
a

M
g

C
a

Fl
o
w

ra
te

D
is
ch

ar
g
e

FI
e

H
IX

f
B
IX

g

m
o
nt
h

lo
ca

ti
o
n

na
m
e

m
g
/L

m
g
/L

N
b
m
g
/L

m
g
/L

m
g
/L

m
g
/L

m
g
/L

m
g
/L

m
g
/L

m
/s

c
m
3/
sd

Ju
ly

S
ur
fa
ce

C
C
R
W
.1
3J

B
1

17
.1

7.
1

56
.8
5

3.
08

0.
46

10
.1

30
.1

B
D
L

5.
99

2.
71

9.
23

B
D
L

N
C

1.
97

6.
97

0.
63

Ju
ly

D
ow

ns
tr
ea

m
C
C
R
W
.1
3J

A
1

21
.5

7.
4

58
.0
7

6.
62

0.
46

5.
61

19
.0
9

B
D
L

5.
23

4.
81

17
.4
5

B
D
L

N
C

2.
0

10
.3
3

0.
58

Ju
ly

S
ur
fa
ce

C
C
R
W
.1
3J

B
3

21
.5

7.
5

84
.6
6

N
M

N
M

25
.5
8

33
.3
4

B
D
L

12
.2
4

10
.2
5

8.
34

0.
78

0.
21

2.
01

11
.0
8

0.
61

Ju
ly

D
ow

ns
tr
ea

m
C
C
R
W
.1
3J

A
3

17
.3

7.
3

84
.4
2

N
M

N
M

18
.6
8

27
.0
5

1.
09

8.
93

7.
66

20
.6
7

2.
23

0.
6

2.
0

10
.3
3

0.
58

A
ug

us
t

S
ur
fa
ce

C
C
R
W
.1
3A

3
24

7.
2

84
.4
2

3.
0

0.
77

17
.8
4

31
.0
3

1.
41

8.
11

8.
50

10
.2
2

5.
25

0.
82

2.
01

8.
51

0.
65

A
ug

us
t

U
ps

tr
ea

m
C
C
R
W
.1
3A

2
20

.3
7.
3

93
.6

5.
2

0.
99

11
.6

24
.3
1

1.
28

7.
74

6.
89

14
.7
8

4.
4

0.
69

1.
99

8.
29

0.
64

A
ug

us
t

D
ow

ns
tr
ea

m
C
C
R
W
.1
3A

1
18

.3
7.
3

87
.8
4

N
M

N
M

10
.5
9

17
.0
1

1.
03

6.
69

5.
56

15
.3

6.
23

1.
68

1.
96

8.
88

0.
64

S
ep

te
m
be

r
S
ur
fa
ce

C
C
R
W
.1
3S

F3
22

7.
4

10
7.
36

3.
0

0.
31

24
.2
3

28
.6
2

0.
27

12
.5
3

10
.4
6

41
.4
8

B
D
L

N
C

2.
1

0.
93

0.
68

S
ep

te
m
be

r
U
ps

tr
ea

m
C
C
R
W
.1
3S

3
17

.9
7.
5

11
0.
28

2.
85

0.
55

34
.6
6

32
.6
1

B
D
L

10
.4

8.
93

40
.7
9

B
D
L

N
C

2.
14

0.
93

0.
66

S
ep

te
m
be

r
D
ow

ns
tr
ea

m
C
C
R
W
.1
3S

L3
18

7.
4

12
7.
36

1.
79

0.
65

19
.0
7

21
.6
9

1.
55

9.
52

7.
39

47
.0
9

B
D
L

N
C

2.
11

0.
91

0.
66

O
ct
ob

er
S
ur
fa
ce

C
C
R
W
.1
3O

3
16

.9
7.
7

12
5.
41

0.
27

0.
28

30
.1
2

29
.3
7

B
D
L

11
.3
4

10
.2
4

38
.6
2

B
D
L

N
C

2.
11

0.
92

0.
69

O
ct
ob

er
U
ps

tr
ea

m
C
C
R
W
.1
3O

2
15

.2
7.
7

15
2.
01

2.
54

0.
33

23
.7
8

30
.9
4

B
D
L

10
.2
2

10
.1
9

41
.5

B
D
L

N
C

2.
12

0.
93

0.
69

O
ct
ob

er
D
ow

ns
tr
ea

m
C
C
R
W
.1
3O

1
13

.7
7.
8

13
3.
95

3.
81

0.
57

22
.5
9

20
.3
7

1.
05

7.
64

7.
05

46
.2
1

B
D
L

N
C

2.
12

0.
93

0.
69

N
ov

em
be

r
S
ur
fa
ce

C
C
R
W
.1
3N

3
10

.1
7.
5

10
5.
65

1.
48

0.
32

23
.4
9

38
.4
4

B
D
L

11
.7
3

9.
93

32
.0
2

0.
76

0.
2

2.
13

0.
91

0.
67

N
ov

em
be

r
U
ps

tr
ea

m
C
C
R
W
.1
3N

2
8.
7

7.
5

88
.5
7

2.
48

0.
40

20
.0
9

34
.6
1

B
D
L

9.
68

9.
16

35
.6
6

3.
2

0.
05

2.
19

0.
91

0.
69

N
ov

em
be

r
D
ow

ns
tr
ea

m
C
C
R
W
.1
3N

1
10

7.
5

13
0.
05

3.
99

0.
42

22
.2
8

29
.4
4

0.
82

9.
64

7.
73

40
.2
2

1.
67

0.
14

2.
16

0.
9

0.
7

D
ec

em
be

r
S
ur
fa
ce

C
C
R
W
.1
3D

3
4.
3

7.
1

93
.2

1.
7

0.
93

17
.9

35
.2
3

B
D
L

9.
44

6.
09

9.
00

3.
7

10
.1
8

2.
04

0.
9

0.
59

D
ec

em
be

r
U
ps

tr
ea

m
C
C
R
W
.1
3D

2
3.
8

7.
3

62
.4
6

1.
67

0.
98

19
.4
5

33
.7
7

B
D
L

14
.5
9

7.
35

13
.1
6

4.
95

0.
7

2.
12

0.
9

0.
66

D
ec

em
be

r
D
ow

ns
tr
ea

m
C
C
R
W
.1
3D

1
4.
9

7.
5

93
.2

1.
69

0.
56

18
.3
3

28
.3
2

B
D
L

9.
29

6.
52

15
.6
3

2.
95

1.
32

2.
2

0.
9

0.
66

N
M
,n
ot
m
ea
su
re
d.

a
D
O
C
,d
is
so
lv
ed

or
ga
ni
c
ca
rb
on

m
ea
su
re
d
as

th
e
di
ffe
re
nc
e
be
tw
ee
n
di
ss
ol
ve
d
no
n-
pu
rg
ab
le
or
ga
ni
c
ca
rb
on

an
d
to
ta
li
no
rg
an
ic
ca
rb
on
.

b
To
ta
lN

,t
ot
al
di
ss
ol
ve
d
ni
tr
og
en

m
ea
su
re
d
as

al
lN

co
m
po
un
ds

pr
es
en
ti
n
sa
m
pl
e,
in
cl
ud
in
g
ni
tr
og
en

co
m
po
un
ds

in
D
O
M
.

c
W
at
er
flo
w
ra
te
;B

D
L,
be
lo
w
de
te
ct
io
n
lim

it
fo
r
th
e
flo
w
m
et
er
m
ea
su
re
m
en
t.

d
N
C
,n
ot
ca
lc
ul
at
ed

be
ca
us
e
ve
lo
ci
ty
m
ea
su
re
m
en
ts
w
er
e
be
lo
w
de
te
ct
io
n.

e
FI
,F
lu
or
es
ce
nc
e
in
de
x,
se
e
te
xt
fo
r
de
sc
rip
tio
n.

f H
IX
,H

um
ifi
ca
tio
n
in
de
x,
se
e
te
xt
fo
r
de
sc
rip
tio
n.

g
B
IX
,B

io
lo
gi
ca
li
nd
ex
,s
ee

te
xt
fo
r
de
sc
rip
tio
n.

Frontiers in Microbiology | www.frontiersin.org July 2015 | Volume 6 | Article 729 | 22

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Brannen-Donnelly and Engel Cave stream bacterial diversity changes

Results

Stream Dynamics, Sediment Characteristics, and
Aqueous Geochemistry
Several major rainfall events occurred during the study within the
watershed (Supplemental Figure 2). Stream discharge fluctuated
from unperceivable by flow meter to as high as 1.36m3/s at the
downstream location (Table 1). At these flow rates during the
study period, sediment particles up to 2mm in diameter may
have been mobilized during four different precipitation events
based on Stokes calculations. Excluding the largest particles (i.e.,
cobbles), coarse to very coarse sand (0.5–2mm diameter) was
sampled from the upstream location at Jones Cave. The average
particle sizes downstream in the Lake Room were fine-medium
sand (0.125–0.5mm) (Supplemental Figure 4). There was <1%
contribution of silt- or clay-sized particles at both sampling
locations. After a large storm event in December (Supplemental
Figure 2), sediment remobilization and redistribution was
evident and finer particles were deposited at the downstream
location (Supplemental Figure 4).

Geochemical parameters for all of the stream water pH,
ranging from 7.1 to 7.8, at each location significantly varied
by month (ANOVA F-test = 33; p-value < 0.001), as
did stream temperature, ranging from 21◦C (July) to 4◦C
(December) (p-value < 0.001) (Table 1). Other geochemical
parameters, including alkalinity, also significantly differed by
month (ANOVA F-test = 8.7; p-values for all analyses < 0.05).
The amount of DOC (ranging from 0.27 to 6.6mg/L) and total
dissolved N (ranging from 0.33 to 1mg/L) did not significantly
differ for any analysis by month or between locations. However,
the quality of the carbon, as assessed by using fluorescence
indices FI and HIX (Table 1), did significantly differ by month
(Supplemental Table 2). In July and August, CDOM fluorescence
was dominated by humic acids derived from terrigenous material
and less proteinaceous CDOM than later months in the Fall and
Winter seasons.

Controls on Bacterial Biomass and Diversity
The number of 16S rRNA gene copies qPCR reaction ranged
from 1×105 to 1×102 copies/sample, which was used to calculate
biomass per gram of sediment or Bio-Trap R© beads, or per mL
water. Bio-Trap R© samples had higher biomass (up to 2.6 × 106
cells/gram) than the other sample types; water had the least
biomass at only 1 × 104 cells/mL (Figure 2). Sediment biomass
was greatest in August and decreased through the winter months,
but biomass in the cave stream was relatively stable throughout
the study period. Biomass in the Bio-Trap R© samplers for both
sampling locations were nearly the same, with the least biomass
at the beginning of the experiment and the highest biomass in
November.

The 18,177 OTUs were affiliated with 402 classified
genera. The most abundant classes for all the OTUs included
Betaproteobacteria (35% of all sequences), Gammaproteobacteria
(16% of all sequences), Alphaproteobacteria (15% of all
sequences), and Opitutae (4% of all sequences). The planktonic
community throughout the cave stream was dominated by
Betaproteobacteria (48%), Alphaproteobacteria (8%), and

FIGURE 2 | Bio-Trap®, sediment, and water biomass estimates from
qPCR results, displayed as log (number of cells) over time for each
type of sample at the surface, upstream, and downstream locations.

Opitutae (6%). The sediment samples throughout the cave
were dominated by Gammaproteobacteria (34%), followed by
Alphaproteobacteria (16%) and Betaproteobacteria (12%). The
Bio-Trap R© communities from both locations had nearly equal
distributions of Betaproteobacteria (26%), Alphaproteobacteria
(24%), and Gammaproteobacteria (23%). Over time, observed
Bio-trap R© community OTU abundances decreased (Figure 3A),
but calculated richness and evenness were unchanged (according
to H’ and Chao1, Figures 3B,C, respectively).

Prior to testing hypotheses related to AMEC existence and
community succession, changes in bacterial diversity based
on environmental gradients over time were evaluated. Each
sample’s taxonomic profile was compared temporally and
spatially. Overall OTU taxonomic distribution between locations
was significantly distinct from each other (i.e., upstream vs.
downstream) (PERMANOVA p-value < 0.05, r2 = 6%), and
taxonomy differed significantly by month (PERMANOVA p-
value < 0.001, r2 = 18%). OTU taxonomy clustered significantly
by sample type (i.e., water, sediment, Bio-Traps R©), according
to both ordination in NMDS space (Figure 4) and a RDA
(Figure 5) that tested potential multidimensional and linear
relationships among environment gradients and taxonomy,
respectively. Changes in seasonal CDOM quality from FI and
HIX fluorescence indices accounted for observed bacterial
diversity variation for water and Bio-Trap R© samples, but not
the sediment samples (RDA axis 2, 14.9%; Figure 5). Instead,
diversity from the sediment samples clustered by location and
according to sediment size (Figure 6), which also differed over
time.

Shared Community Membership and Potential
Succession
The number of shared OTUs was evaluated based on sample
location, type (sediment, water, Bio-Traps R©), and month to
assess community stability, which could potentially provide
evidence for AMEC. A shared OTU was identified if amplicons
from more than one sample type, location, or month were
present. Overall, the number of shared OTUs for any location or

Frontiers in Microbiology | www.frontiersin.org July 2015 | Volume 6 | Article 729 | 23

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Brannen-Donnelly and Engel Cave stream bacterial diversity changes

FIGURE 3 | Alpha-diversity richness and evenness indices for (A) Observed, (B) Shannon, and (C) Chao1, values by sample type and location over a 6
month period.
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sample month was low, between 0.1 and 4% (Table 2), in contrast
to the total number of OTUs retrieved during the 6 months.
No OTUs comprised amplicons from all sediment, water, and
Bio-Trap R© samples from any location and any month (Table 2).
But, there were shared OTUs from the sediments, water, and

FIGURE 4 | Non-metric multidimensional scaling (NMDS) plot based on
a Bray-Curtis dissimilarity matrix; stress = 0.082. Ellipses represent the
standard error of the weighted average of scores of samples, and the direction
of the principal axis of the ellipse is defined by the weighted correlation of
samples. There were no statistically significant environmental vectors
(p-value < 0.05).

Bio-Traps R© at each location over the 6 month study period
(Table 3; Figure 7), although the total number of shared OTUs
was different for each material. Specifically, shared OTUs for
sediment samples were comparatively lower (0.01–4% of the
total) than the water and Bio-Trap R© samples, which shared 20–
65% of the OTUs when binned by sample type. The shared and
prevalent OTUs over time showed sequence abundance changes
(Figure 7). Some of the most prevalent OTUs had a similar
trend over time in both upstream and downstream locations
(Figure 7).

To assess community succession, comparisons among shared
OTUs from sediment, water, and Bio-Traps R© were made.
Evidence for community succession was indicated if OTUs were
comprised of amplicons from Bio-Traps R© and either water
or sediment over time. Upstream and downstream Bio-Trap R©
samples had more shared OTUs with water (20 OTUs upstream
and 13 downstream) thanwith sediment (0 OTUs upstream and 1
downstream). Downstream, the number of sharedOTUs between
Bio-Traps R© and sediments increased by the end of the study
(Table 3). This trend was not observed upstream, as the number
of shared OTUs between Bio-Traps R© and sediments remained
low (Table 3).

Discussion

Originally described from karst spring water, AMEC represent
stable communities that develop over months to years and
that form from a mix of planktonic and biofilm (i.e., attached)
communities within a karst aquifer (Farnleitner et al., 2005;
Pronk et al., 2008). Karst aquifers have interconnected networks

FIGURE 5 | Redundancy analysis (RDA) of the culled OTU dataset as a function of the fluorescence indices HIX and FI. Significance of each RDA axis was
calculated with the RDAsignificance function from the BiodiversityR package for R (Kindt, 2014).
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FIGURE 6 | Redundancy analysis (RDA) of the culled OTU
dataset as a function of the grain size analysis from the
G2SD package gran_stat function output (Gallon and Fournier,

2013). Significance of each RDA axis was calculated with the
RDAsignificance function from the BiodiversityR package for R (Kindt,
2014).

of solutionally-enlarged conduits and voids, solutionally-
enlarged fractures and bedding partings, and bedrock matrix.
Each component has its own flow regime, ranging from fast and
potentially turbulent flow in conduits to Darcian or diffusive
flow in fractures and the matrix (Ford and Williams, 2013).
AMEC have previously been found within saturated conduits
and voids and along fractures in the subsurface, where flow may
be fast but residence times are long so environmental conditions
remain stable, particularly pH and temperature (Farnleitner
et al., 2005; Pronk et al., 2008). When AMEC were originally
described, attached communities were not analyzed, presumably
due to difficulties sampling karst bedrock surfaces from wells
(Engel and Northup, 2008). Well boreholes completed in karst
aquifers usually intercept fractures, conduits, and voids, and
nothing but water can usually be physically sampled when voids
are encountered. Moreover, these zones are cased off during
well completion and inhibit future access to aquifer bedrock
surfaces. Karst well construction and sampling contrasts other
groundwater systems, such as porous sand and gravel aquifers,
because aquifer sediment and/or rock material can be physically
sampled from cores during well construction. From these
other types of groundwater systems, planktonic and attached
microbial communities can be distinct based on taxonomic
(Hazen et al., 1991; Alfreider et al., 1997; Lehman, 2007; Flynn
et al., 2008; Zhou et al., 2012) and functional diversity (Wilhartitz
et al., 2009). Moreover, planktonic microbial communities in
porous sand and gravel aquifers can be seasonally dynamic
while sediment-attached communities are unchanging (Zhou
et al., 2012). Understanding how AMEC form and evolve

is important because karst systems are highly susceptible to
contamination (Vesper et al., 2001) and AMEC may play
an important role the stability of microbial communities
during ecosystem biogeochemical cycling or contaminant
response.

Caves allow for direct entry into karst aquifer systems (Yagi
et al., 2010; Morasch, 2013). Prior to this study, knowledge about
cave stream bacterial diversity was limited and understanding
how environmental parameters impact cave stream bacteria was
poor (Engel, 2010). The hydrology of cave streams is different
from that of the original AMEC habitats because residence
times can be much shorter, on the order of hours to days, and
environmental conditions can vary daily (Farnleitner et al., 2005;
Pronk et al., 2008). Cave streams are hydrologically comparable
to surface streams, and stable communities comparable to AMEC
have not yet been identified from surface streams (Lyautey et al.,
2005; Besemer et al., 2007, 2012; Lear et al., 2008; Wey et al.,
2012). However, in surface streams, sediment-attached microbial
communities have been shown to express seasonal diversity
trends (Feris et al., 2003; Hullar et al., 2006; Wey et al., 2012)
and the distribution of planktonic bacteria and bacteria attached
to fine benthic organic matter also correlates to surface stream
pH (Fierer et al., 2007). As such, because cave streams are
hydrologically connected to the surface, seasonal trends linked to
physicochemistry may be observed from cave stream microbial
communities. We found that, although there were significant
differences for some environmental parameters over time, there
were no significant differences in bacterial diversity over time at
any one location along the cave stream. The duration of study
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TABLE 3 | Number of OTUs shared between Bio-Trap® samples and
Water/Sediment environment types in both August and December for
both locations inside the cave.

Bio-Trap®

Upstream Upstream Downstream Downstream

August December August December

Water 153 216 110 199

Sediment 12 26 13 212

may have been too short to observe potential lasting effects of
seasonality on community assembly.

Conceptually, there is a low probability of AMEC
development in cave streams because of more rapid removal
or redistribution of material of all sizes (from clay particles
to large logs), including microbial communities. In contrast
to the original AMEC studies of planktonic communities
(Farnleitner et al., 2005; Pronk et al., 2008), we hypothesized
that sediment communities would be compositionally stable
over time and provide evidence for AMEC formation because
planktonic communities would likely be dominated by transient
populations from the surface and stream water residence times
would be too short for autochthonous communities to develop,
in contrast to cave pools (Shabarova and Pernthaler, 2010;
Shabarova et al., 2013, 2014). There were shared OTUs among
the water samples throughout the entire study (Table 2), and
the shared OTUs between the surface water and cave water
indicated that some of the planktonic bacteria were ubiquitously
distributed throughout the cave system (Table 2). This may be
due to their survival throughout the duration of the flowpath, not
that they are AMEC. In prior studies, to indicate a unique habitat
consistent with microorganisms sourced autochthonously
from within a system, >30% of total sequences should be
considered unclassified (<50% sequence similarity) past the
domain level (Farnleitner et al., 2005; Pronk et al., 2008). From
alpine systems, AMEC consist of Acidobacteria, Nitrospira,
Gammaproteobacteria, and Deltaproteobacteria (Farnleitner
et al., 2005; Pronk et al., 2008). In our study, the diversity of
shared OTUs from the cave stream was different than previously
described AMEC. Compared to the full bacterial diversity, the
shared communities represented very little of the total diversity
retrieved for all sample types (<4%; Table 2). Consequently,
we do not believe there is sufficient evidence that AMEC
developed in the cave stream water. Also, as was originally
described, AMEC should represent common bacterial groups
that occur both in the water and from attached biofilms on
sediments and aquifer surfaces (Farnleitner et al., 2005; Pronk
et al., 2008). Sediment remobilization would cause similarity
in planktonic and sediment-attached communities. However,
our results do not support this because there were few OTUs
shared between water and sediment communities over time
(Table 2). But, as separate habitats, water and sediments each
shared OTUs throughout the entire study period (Table 2).
Sediments at each location had distinct bacterial community
compositions (Figure 5) that correlated to sediment size. At the

upstream location, only two OTUs were shared (representing
0.1% of the overall community) over time, perhaps because
sediment upstream may be more transient than downstream.
Downstream, 16 OTUs, or 0.9% of the total diversity, were shared
over time, and were comprised of Alpha- and Betaproteobacteria,
Chloroflexi, Actinobacteria, and Acidobacteria. There were no
OTUs shared between the surface sediments and upstream cave
sediments, but four OTUs were shared between the surface
sediments and downstream cave sediments. This may provide
evidence that the cave sediment communities are not endemic to
the karst system, but more work needs to be done in the future
and over longer periods of time to verify this result.

One reason why there is limited evidence for AMEC in
the cave stream may be linked to the frequency of flooding.
Significant rainfall events have the capacity to mobilize sediments
of certain sizes. Based on calculated volume estimates for the
different areas of the cave, flooding frequency, and particle
size distribution, the smaller sediment upstream in the cave
was probably only in place at most 8 weeks during the study
period. For AMEC to form in cave sediments, we would
expect that the sediments should remain in place, or that
attached communities are able to colonize newly (re)deposited
sediments after an extended period of time. This would also
increase the ability to readily distinguish AMEC from transient
microbial communities. The monthly sampling intervals during
the study period may have been too long to capture a stable
community in the sediments because AMEC diversity was not
easily distinguished from the sediments. Collectively from these
results, it is unclear that AMEC, as defined originally (Farnleitner
et al., 2005), formed in the cave stream sediments that were
sampled in this study.We should point out that our sampling was
biased toward smaller sediment sizes, and AMECmay develop on
larger cobbles and boulders that are not mobilized as frequently
as the smaller sediment sizes. Future work should sample the
large sediment particles and the submerged cave wall and stream
bottom surfaces because AMEC may be present on more stable
surfaces in the stream.

Lastly, we examined the potential for successional patterns
in cave stream communities by using artificial substrates
(i.e., Bio-Trap R© samplers). Knowledge about community
succession in cave stream systems has been completely
lacking. We hypothesized that Bio-Trap R© communities would
resemble sediment communities over time and we compared
the community compositions among the planktonic and
sediment-attached communities with those of the Bio-Traps R©.
Initially, even though the upstream and downstream planktonic
communities differed, the Bio-Traps R© at the upstream and
downstream locations were dominated by OTUs shared with
water at each location. Differences between the upstream and
downstream communities were likely due to stochastic effects
and dispersal potential (Fierer et al., 2010), but it is clear from
the data that the planktonic microorganisms were the pioneering
community for the Bio-Traps R©. From a succession perspective,
the downstream Bio-Traps R© had more OTUs comprised of
sediment amplicons at the end of the study (Table 3), but
the upstream Bio-Traps R© had the same small number of
sediment-shared amplicons throughout the study. These results
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FIGURE 7 | Sequence abundance of OTUs present for the duration of
the study, normalized by the total abundance of sequences in the
sample. Each OTU is colored by its taxonomic order, and the same color

represents the same OTU across locations. (A) Bio-Trap® samples,
triplicates were averaged for the sequence abundances; (B) Sediment
samples; (C) Water samples.
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imply that the rate at which sediment-attached microorganisms
colonize new surfaces differs depending on the location along
the cave stream flowpath. At the end of the study, the relative
abundances of several shared OTUs decreased at the upstream
location but increased at the downstream location, suggesting
that distinct Bio-Trap R© communities formed according to the
environmental conditions at each location (Fierer et al., 2010).

Variance among Bio-Trap R© and water bacterial community
compositions was positively correlated with CDOM quality
along the cave stream flowpath, but CDOM quality did not
correlate to sediment microbial community diversity. Bio-Trap R©
communities were likely utilizing CDOM in the water and not
the sediments. This distinction is consistent with surface stream
studies (Hullar et al., 2006), as well as karst aquifers (Simon et al.,
2010), and the differences may be due to organic matter in the
streambed being partitioned differently from the water column
(Simon et al., 2010). Although the effect of temperature on the
nature of CDOM in surface streams has been shown to play an
important role in planktonic bacterial community structure and
function (Van Der Gucht et al., 2005; Hullar et al., 2006), it is still
unclear how environmental conditions affect CDOM in the cave
streams and subsequent microbial community composition and
assembly. Cave streams lack CDOM photodegradation, as well as
the active photosynthesis that occurs in surface streams, which
means that CDOM transported into the cave from the surface
has the potential to retain its original properties. But, as CDOM
is cycled along the flowpath, upstream CDOM is transformed
and transported downstream or into the sediments for additional
processing. The potential for CDOM quality to diminish with
increasing travel time downstream may impact the composition
and assembly of heterotrophic communities along the flowpath.
The type of heterotrophic community that developed in the cave
stream over time is consistent with exogenous (vs. endogenous)
communities because these commonly form aquatic biofilms
under reduced light conditions and reach a diversity plateau
with only small shifts in biomass once the community reaches
the plateau phase (Fierer et al., 2010). This is observed from
the Bio-Trap R© samplers with a biomass peak in November
(Figure 3) (Fierer et al., 2010). Future research should address
if specific differences exist regarding the nature and behavior
of water vs. sediment organic matter and how those changes
affect exogenous community composition and assembly over
time.

In conclusion, microbes are essential for organic carbon and
nutrient cycling in karst systems (Gibert et al., 1994; Simon
et al., 2007). We found several distinct shared planktonic and

attached bacterial communities in the cave stream, which is
a novel outcome. However, although we found shared OTUs
that were stable for the duration of our study, there were no
OTUs shared between the planktonic and attached microbial
communities. Therefore, we found limited evidence for AMEC
in this cave stream. Nevertheless, the definition of AMEC should
be updated, as we struggled during our data analysis to find a set
of ubiquitous requirements that could be used for comparison.
The Bio-Trap R© bacterial communities that stabilized over time
in both upstream and downstream locations along a cave stream
provide evidence that succession following a large-scale (perhaps
sterilizing) environmental disturbance does occur in cave streams
(Fierer et al., 2010). Despite the many flooding events during
this study period, the community richness trend was predictable
over time for all the Bio-Trap R© samples, even though the
pioneering microbial community was not the same. Sediment
size and mobilization play key roles in the sediment-attached
karst microbial community structure. Organic carbon quality
governs the planktonic karst microbial community structure in
a cave stream. These findings also indicate that cave stream
communities with short water residence times can follow
successional patterns in response to disturbances, like flooding or
contamination events, although community stability only exists
for short periods of time between disturbances.
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We investigated the N-utilizing bacterial community in anoxic brackish groundwater

of the low and intermediate level nuclear waste repository cave in Olkiluoto, Finland,

at 100m depth using 15N-based stable isotope probing (SIP) and enrichment

with 14/15N-ammonium or 14/15N-nitrate complemented with methane. Twenty-eight

days of incubation at 12◦C increased the concentration of bacterial 16S rRNA

and nitrate reductase (narG) gene copies in the substrate amended microcosms

simultaneously with a radical drop in the overall bacterial diversity and OTU richness.

Hydrogenophaga/Malikia were enriched in all substrate amended microcosms and

Methylobacter in the ammonium and ammonium+methane supplemented microcosms.

Sulfuricurvum was especially abundant in the nitrate+methane treatment and the

unamended incubation control. Membrane-bound nitrate reductase genes (narG)

from Polarimonas sp. were detected in the original groundwater, while Burkholderia,

Methylibium, and Pseudomonas narG genes were enriched due to substrate

supplements. Identified amoA genes belonged to Nitrosomonas sp. 15N-SIP revealed

that Burkholderiales and Rhizobiales clades belonging to the minority groups in the

original groundwater used 15N from ammonium and nitrate as N source indicating

an important ecological function of these bacteria, despite their low number, in the

groundwater N cycle in Olkiluoto bedrock system.

Keywords: nitrate reducer, ammonia oxidizer, stable isotope probing, nitrogen cycle, terrestrial deep biosphere,

groundwater, crystalline bedrock, nitrogen assimilation

Introduction

Nitrogen (N) is one of the basic elements of all life forms and is essential for the production of
amino and nucleic acids (Bothe et al., 2007). N depletion may be a growth-limiting factor in many
environments, such as deep bedrock groundwater. However, use of explosives in e.g., construction
into bedrock environments and mining may increase the concentration of N compounds in these
environments, due to under detonated explosives (Beller et al., 2004). Use of pesticides, such as
atrazine, has also been shown to be a source of N pollution in karst aquifers that are in connection to
agricultural sites (Iker et al., 2010). Despite the generally lowmetabolic activity of deep groundwater
microorganisms (e.g., D’Hondt et al., 2002; Rajala et al., 2015a) these N compounds may affect the
activity and growth of deep bedrock microbial communities.

Nitrate is generally present only at low concentrations in pristine anoxic crystalline bedrock
groundwater because it has been used as an alternative electron acceptor to oxygen and reduced to
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N2 in anaerobic redox processes (Bothe et al., 2007; Posiva, 2009).
Dissimilatory nitrate reduction is a process where the oxidative
force of nitrate is used as energy source in the oxidation of
organic substrates by denitrifying bacteria. Denitrifying bacteria
are mostly heterotrophic and often facultatively anaerobic with
the ability to switch between oxygen and nitrate respiration
depending on the environmental conditions (Luque-Almagro
et al., 2011). Nitrate-reducing bacteria (NRB) have been shown by
MPN enrichment studies to colonize groundwater in Olkiluoto,
Finland at least to a depth of 300m (Pedersen, 2008). The
same study showed that the distribution and abundance of
NRB correlated with that of the cultivable heterotrophic aerobic
bacteria, indicating that nitrate as an optional terminal electron
acceptor if oxygen is not available. However, depending on depth
of the groundwater and location of the study site, denitrification
and nitrate respiration in deep crystalline bedrock groundwater
have been predicted to be low based on studies focusing on
detection of essential genes for denitrification in deep crystalline
bedrock environments (Nyyssönen et al., 2014; Purkamo et al.,
2015). Nevertheless, NRB otherwise below the detection limit
have been shown to significantly increase the transcription of
narG genes in response to increased concentration of methane
together with sulfate under N2 atmosphere in deep groundwater
(Rajala et al., 2015a). In addition, it has been shown that
certain ε-proteobacterial lineages couple reduction of nitrate to
simultaneous oxidation of sulfide (reviewed in Campbell et al.,
2006).

Ammonia/ammonium is an essential nutrient and
energy source in both oceanic and terrestrial hydrothermal
environments, where genes involved in ammonia oxidation have
been found (Wang et al., 2009). However, little is known about
the microbial community metabolizing ammonia or ammonium
in pristine deep and cold crystalline bedrock groundwater. In the
nitrification process ammonia is oxidized via nitrite to nitrate
by the ammonia monooxygenase (AMO) enzyme. In pristine
groundwater the concentration of ammonia is low. However,
ammonia may be produced during fermentation of biomass,
such as dead biofilm and ancient organic material trapped in the
rock. In addition, under-detonated explosives may serve as an
ultimate source for the production of ammonia by the DNRA
process. Nevertheless, ammonia-oxidizing bacteria (AOB) have
been found to be scarce in Fennoscandian Shield groundwater
(Purkamo et al., 2015).

In addition to functioning as energy sources both nitrate
and ammonia are N sources for microorganisms. Nyyssönen
et al. (2014) showed by analysing metagenomic data from the
Outokumpu deep borehole, that ammonia was the main source
of N in the deep groundwater.

The N cycle in deep crystalline bedrock groundwater
environments have not yet been extensively studied. In karst-
bedrock environment the aerobic and anaerobic oxidation of
ammonia has been shown to be slow (Ray et al., 2010) and the
microbial communities changed as a result of N contamination
by atrazine (Iker et al., 2010). In deep geological repositories
for spent nuclear fuel, introduced N compounds may have great
implications for the long-term safety of the stored nuclear waste.
In Finland, low and intermediate level radioactive waste is stored

in a repository at 100m depth in the bedrock of Olkiluoto
Island since 1992. This waste consists of metallic and organic
materials from maintenance and decommissioning activities in
the nuclear power plant. N compounds, such as ammonium
and nitrate may increase microbial activity in this environment,
which may cause microbially induced corrosion of the steel and
cause release of radionuclides (Rajala et al., 2015b). Here we
aimed to gain more insight to both the energy-producing and
assimilatory aspects of the N cycle, which could affect the stability
of the low and intermediate level radioactive waste repository.
We focused especially on nitrate and ammonium in the deep
groundwater, since these compounds may be introduced in to the
groundwater system at the repository site through construction
of the repository. In microcosm experiments we followed the
consumption on these N compounds as well as the change in
the general bacterial as well as NRB and AOB communities
influenced by these compounds. In addition, we aimed to identify
the nitrate and ammonium assimilating bacterial community by
Stable Isotope Probing (SIP) with 15N labeled substrates.

Materials and Methods

Chemistry
The chemical composition of groundwater in the beginning of
the experiment was analyzed at the ALS Finland. Dissolved
metals were analyzed by ICP-OES and N compounds
spectrophotometrically according to the CSN ISO 11732
and CSN ISO 13395. pH, redox-potential, oxygen content
and temperature of the water were measured inside an
anaerobic glove bag with a HACH Sension 156m (Hach Lange
Gmbh, Germany) and electrical conductivity with a CDM92
conductivity meter (Radiometer-analytical, France) on site.

Experimental Setup
Groundwater samples were collected in May 2013 from drill
hole VLJ-KR9 in the low and intermediate level nuclear waste
repository tunnel situated in the crystalline bedrock at the site
of the Olkiluoto nuclear power plant, Finland. The drill hole
VLJ-KR9 was drilled in 1995 in to the wall of the VLJ-tunnel
at approximately 95m depth from the ground surface. The total
length of the drill hole is 20.04m and it bears slightly downwards
reaching a depth of 95.249m from the ground surface. The first
66mm of the drill hole is cased and the opening is sealed with a
welded flange plug equipped with a pressure sensor and tap for
sampling. The drill hole is regularly purged. Before the sampling
a sterile, gas tight polyacetate tube was connected to the sampling
tap of the borehole and groundwater was run for 30min before
the start of the sample collection in order to remove excess air
from the tube.

Altogether 30 groundwater samples of 2.4 L each were
collected in sterile borosilicate glass bottles previously rendered
anaerobic under constant N2 flow. The groundwater was
introduced to the bottles through the sterile polyacetate tube
directly from the borehole located in the wall of the tunnel.
In order to reduce exposure to oxygen in the microcosm
bottles a volume of 50% overflow was allowed before each
bottle was sealed with a tight-fitting butyl rubber septum
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and open-top screw-cap. The water samples were transported
in a cooling-box with ice to the laboratory within 1d of
sampling. The sample bottles were divided into 10 treatment
groups with three replicates per treatment. The treatments
were; (1) baseline sample, biomass was captured on 0.2µm
pore-size cellulose acetate membranes (Corning, MA, USA)
by filtering 2.4 L groundwater on-site immediately after
sampling and immediately frozen on dry ice, (2) Na15NO3

addition, (3) 15NH4Cl addition, (4) Na15NO3+CH4addition,
(5)15NH4Cl+CH4addition, (6) Na14NO3addition, (7)

14NH4Cl
addition, (8) Na14NO3+CH4addition, (9)14NH4Cl+CH4

addition, and (10) no substrate additions (incubation control).
N substrates and methane were added at the beginning of
the experiment and again after 14 days of incubation. The N
substrates (sodium nitrate and ammonium chloride, atom 98%
15N, Sigma-Aldrich) were sterilized using a 0.2µm pore size
syringe filter and rendered anaerobic by sterile N2 gas flow for
30min. Five milliliters N substrates (62.5mM stock solution)
were added to a final concentration of 0.13mM. The N substrates
and 5mL sterile methane (treatments 4, 5, 8, and 9), i.e.,
approximately 2mL L−1 sample water, were added aseptically to
the 2.4 L microcosms through the butyl rubber stoppers using
a sterile syringe and needle. The microcosms were incubated at
a temperature of +12◦C, which was as close to that of the drill
hole at 95m depth from ground surface as possible for 28 d.

The biomass of each sample was collected by vacuum suction
on 0.2µm-pore-size cellulose acetate membranes (Corning, MA,
USA) at the end of the incubation period. The filter membranes
were cut out of the filter funnels using sterile scalpels, inserted
into sterile 50mL screw cap tubes (Corning, MA, USA) and
frozen at−80◦C until use.

The consumption or production of nitrate and ammonium
was monitored by subsamples retrieved at the beginning of
the experiment before and after addition of substrates, after
14 days incubation before and after addition of substrates
and at the end of the incubation period. At each sampling
time, 5mL subsamples were retrieved using a sterile syringe
and needle pushed through the butyl rubber septum of each
bottle. The concentration of nitrate and ammonium of each
subsample was measured spectrophotometrically using the
Hach–Lange DR 2800 spectrophotometer (Hach–Lange, UK)
and the LCK304 kit for ammonium and LCK339 kit for nitrate
according to the manufacturer’s instructions. The consumption
and production of nitrate and ammonium was determined
by comparing the concentration of N compounds after 14
and 28d of incubation to the concentrations immediately after
substrate addition. The balance of N substrates in the different
incubations was normalized to relative abundances of the
measured N compounds in each different incubation type for
better comparison between different treatments.

DNA Extraction
Filters with the collected biomass were carefully thawed on ice.
Microbial DNA was extracted using the Metagenomic isolation
kit for water (Epicentre, USA). The DNAwas extracted according
to the manufacturer’s protocol and eluted in 50µL elution buffer.

Quantification of the Number of Bacteria and

Nitrate Reducers by qPCR
The bacterial population in the original groundwater and in the
water samples after incubation with or without substrates was
determined by 16S rRNA gene targeted qPCR using universal
bacterial 16S rRNA gene-targeting primers fD1 (Weisburg et al.,
1991) and P2 (Muyzer et al., 1993). In addition, the concentration
of narG genes of the nitrate reducers was tested with primers
narG1960m2f/narG2050M2F (López-Gutiérrez et al., 2004).

The qPCR reactions were performed in 10µL reaction
volumes using the KAPA 2 × Syrb R© FAST qPCR-kit on
a LightCycler480 qPCR machine (Roche Applied Science,
Germany). Each reaction contained 2.5µM of relevant forward
and reverse primer and 1µL DNA extract. Each reaction was
run in triplicate and no-template control reactions were used to
determine background fluorescence in the reactions.

The qPCR conditions consisted of an initial denaturation
at 95◦C for 10min followed by 45 amplification cycles of 15 s
at 95◦C, 30 s at 55◦C, and 30 s at 72◦C with a quantification
measurement at the end of each elongation. A final extension
step of 3min at 72◦C was performed prior to a melting curve
analysis. This consisted of a denaturation step for 10 s at 95◦C
followed by an annealing step at 65◦C for 1min prior to a
gradual temperature rise to 95◦C at a rate of 0.11◦C s−1 during
which the fluorescence was continuously measured. The number
of bacterial 16S rRNA genes and narG genes was determined
by comparing the amplification result (Cp) to that of a 10-fold
dilution series (101–107 copies µL−1) of Escherichia coli (ATCC
31608) 16S rRNA genes and Pseudomonas aeruginosa (ATCC
15692) narG, respectively, in plasmid. A qPCR assay for the
amoA genes was not conducted due to low specificity of the used
primers to the amoA gene (see Section Ammonia Oxidizers).

PCR
PCR reactions for denaturing gradient gel electrophoresis
(DGGE) analysis of the bacterial 16S rRNA genes, narG and
amoA gene profiles in the original groundwater and after the
incubation period were performed in 50µL reactions. The
reactions contained 1 u KAPA Hifi—polymerase in 1 × KAPA
HF-buffer, 0.6mM dNTP, 0.4µM of each relevant primer and
1µL DNA extract. The PCR program consisted of a 5min initial
denaturation step at 98◦C followed by 40 cycles of denaturation
at 98◦C for 20 s, annealing at 55◦C (16S rRNA genes) or 57◦C
(amoA and narG) for 15 s and elongation at 72◦C for 30 s,
and a final extension at 72◦C for 5min. For the bacterial 16S
rRNA genes, primers U968fGC /U1401r (Nübel et al., 1996)
were used; the narG and amoA DGGE PCR products were
obtained with primers narG2179F/narG2488R-GC (Pastorelli
et al., 2013) and amoA1F/amoA2RGC (Nicolaisen and Ramsing,
2002), respectively.

DGGE
Profiles of bacterial communities having 16S rRNA gene, narG
and amoA genes were resolved vs. different treatments using
DGGE. The DGGE was performed on a Bio-Rad DCode TM
Universal Mutation Detection System (Bio-Rad, USA). For the
16S rRNA gene fragments, a denaturing gradient of 35–65% was
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used and the electrophoresis was run for 20 h at 85V at 60◦C
as described in Nübel et al. (1996). The denaturants used was
urea (42 g/100mL in 100% denaturing solution) and formamide
(40% formamide in 100% denaturing solution). The denaturing
gradient used for the amoA-gene fragments was 30–70% and the
electrophoresis was run for run 6 h with 200V at 60◦C according
to Nicolaisen and Ramsing (2002). The narG-gene fragments
were subjected to DGGE using a denaturing gradient of 40–70%
for 17 h with 70V at 60◦C according to Pastorelli et al. (2013). All
gels were made of 8% polyacrylamide.

DGGE bands were detected using SYRB-green I nucleic acid
stain (Fisher Scientific, UK) according to the manufacturers
protocol and imaged under UV light using a GEL DOC
XR+2000 transilluminator (Bio Rad, USA). Prominent DGGE
fragments were extracted from the gels using sterile plastic
Pasteur pipettes. DNA from the gel plugs was extracted into 20µL
of molecular grade water overnight at 4◦C and the DGGE band
was reamplified with the relevant primer pair without the GC-
clamp, as described above using 2µL extracted DNA as template.
The reamplified DGGE bands were shipped to Macrogen Inc,
South Korea on ice packs, for sequencing.

Phylogenetic analyses were performed on the sequences
of the DGGE bands with GENEIOUS PRO (Biomatters Ltd,
New Zealand). All sequences were imported into GENEIOUS

PRO, and aligned to reference sequences and most closely
matching sequences in the NCBI nucleotides database
(http://blast.ncbi.nlm.nih.gov/) determined with the blastn
tool in GENEIOUS PRO. The alignments were performed with
the MAFFT tool in GENEIOUS PRO with default settings and
the alignments were edited manually. Phylogenetic analyses
were performed on the alignments of the 16S rRNA gene
sequences using PhyML (Guidon and Gascuel, 2003) with the
Jukes-Cantor69 substitution model (Jukes and Cantor, 1969).
The narG and amoA gene sequences were translated in to amino
acid sequences using translation table 11 prior to alignment with
MAFFT and a phylogenetic analysis with PhyML using the WAG
substitution model (Whelan and Goldman, 2001). Bootstrap
support for nodes were calculated based on 1000 random repeats
for all phylogenetic analyses.

Isopycnic Centrifugation and Gradient

Fractionation
In order to separate the 15N-containing DNA fraction of the
microbial community that had consumed the N substrates
from the rest of the community DNA density gradient
centrifugation was performed using 5ml Quick-seal polyallomer
tubes (BeckmanCoulter, Brea, CA, USA) in a Beckman
ultracentrifuge with a VTI 65.2 vertical tube rotor. Each tube
contained a fixed volume of 35µL extracted DNA suspended in
4.9mL of CsCl in gradient buffer (5mL 1M Tris-HCl, 0.375 g
KCl, 0.15mL EDTA) with a density of 1.725. The DNA was
centrifuged for 62 h at 44,100 g at 22◦C.

After centrifugation the gradients were apportioned, starting
at tube bottoms, into 22 equal fractions of approximately 200µL.
The centrifugation tube was first pierced with hypodermic
needles at the top and bottom and the fractions were pushed out
through the bottom needle by pushing sterile water mixed with

dye at a rate of 200µL min−1 in to the top of the centrifuge
tube using a syringe pump (New Era Pump Systems, Inc.,
Farmingdale, NY, USA). Gradient formation in the centrifugation
was determined by including a control tube without DNA in each
run and fractioning the gradient as for the DNA samples. The
nd value of each of the control fractions was determined using
a refractometer (DR301-95, A. Krüss Optitronic, Germany). In
addition, the nd value of the first and last fraction of the DNA
sample tubes was also measured in order to ensure that a gradient
has been formed during the centrifugation.

Due to the potential for low separation efficiency when there
is low concentration of N in the DNA and the high density
of GC-rich DNA, fractions with densities 1.725–1.733 were
recentrifuged as before, but with the addition of 8µL (10mg
mL−1) bis-Benzimide in each sample to improve buoyancy of
GC-rich DNA as described in Buckley et al. (2007). This was
performed according to gradient formation in controls during
the first centrifugation. After centrifugation, gradients were
apportioned as before directly onto MultiScreenf R© Filter Plates
(Merck Millipore Ltd., Cork, Ireland) and purified from CsCl salt
using a 96-well Vacuum Manifold (Merck Millipore Ltd., Cork,
Ireland) with 5 volumes (200µL) sterile water.

Fractions containing heavy and light DNA were determined
by qPCR as described above for the bacterial 16S rRNA gene.
DNA from fractions having density of 1.72 and 1.735 were
determined to contain DNA fractions of interest and subjected
to high throughput (HTP) amplicon sequencing.

High Throughput Amplicon Sequencing and

Sequence Analysis
Libraries for 454 HTP amplicon sequencing were prepared
by PCR of DNA from the original groundwater used
in the experiment, the supplemented incubations and
incubation control, and also the heavy-fraction DNA of the
Na15NO3,

15NH4Cl, Na15NO3+CH4, and15NH4Cl+CH4

treatments. For HTP sequencing, amplicon libraries from the
three replicates of each treatment were combined due to the low
amount of DNA in the heavy fraction DNA extracts.

Bacterial 16S rRNA fragments covering the V1–V3 variable
regions were amplified with primers 8F (Edwards et al., 1998)
and P2 (Muyzer et al., 1993) equipped with adapter and MID
sequences (tags) at their 5’ end in a single round PCR as described
in Bomberg et al. (2015). PCRs were performed with KAPA HiFi
polymerase (Kapa Biosystems, Inc., Boston, MA, USA) in 1×HF
buffer. Each 50µL reaction contained 0.5mM dNTP and 1µM
primer mix. PCR conditions consisted of an initial denaturation
step of 30 s at 98◦C, followed by 35 cycles of 10 s at 98◦C, 15 s
at 55◦C, and 15 s at 72◦C, and a final extension step at 72◦C
for 5min. Sequencing of the PCR products was performed at
BeckmanCoulters Genomics using the FLX 454 Titanium (454
Life Sciences, Branford, CT, USA).

Sequence reads were analyzed using Mothur (v 1.33.1, Schloss
et al., 2009) where the flow-grams were denoised using the default
parameters of the sff.multiple workflow in Mothur, trimmed
to remove adapter, barcode, and primer sequences, and to
exclude sequences that did not meet the quality criteria (i.e.,
no barcode and primer mismatches, no ambiguous nucleotides,
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maximum eight-nucleotide-long homopolymer stretches and
defined minimum length of 200 bp). The bacterial 16S rRNA
sequences were aligned to the Silva v_119 reference alignment
(Pruesse et al., 2007) and the alignments were screened to
include sequences with defined start positions and minimum
end position. The aligned sequences were preclustered prior to
chimera detection with the Chimera.slayer command in Mothur
and possible chimeric sequences were removed. A distance
matrix was calculated for the chimera-filtered sequences using a
cut-off of 0.05 without penalty for end gaps. The sequences were
clustered into Operational Taxonomic Units (OTUs) according
to the distance matrix using the nearest-neighbor method. The
representative sequences of the OTUs sharing 97% sequence
similarity within each OTU were classified using the Silva v_119
reference database (Pruesse et al., 2007). Alpha diversity analyses
were performed on data normalized to 448 sequence reads per
sample and rarefaction analyses were performed on the total
number of sequence reads per sample.

Accession Numbers
The sequences of the DGGE bands will be deposited in the
EuropeanNucleotide Archives (ENA; https://www.ebi.ac.uk/ena)
under accession numbers LN866782-LN866813 for 16S rRNA
genes, LN866814-LN866821 for amoA genes and LN866822-
LN866841 for narG genes. The HTP sequence reads were
submitted to ENA under accession numbers ERS739681-
ERS739690.

Results

Groundwater Chemistry
At the time of sampling the groundwater contained 0.178mg
L−1 ammonium-N, 0.229mg L−1 ammonium, <0.040mg
L−1 nitrate, and <0.150mg L−1 nitrite at pH 8.06. The
pH, temperature (T), reduction potential (Eh) and electric
conductivity (Ec) of the groundwater was 8.09, 10.3◦C, 58mV
vs. Standard Hydrogen Electrode (SHE) and 2.26 mS cm−1,
respectively. Other physicochemical parameters are presented in
Table 1.

Consumption of Ammonium and Nitrate
The original concentrations of ammonium and nitrate were
low (Figures 1A,C). During 4 weeks of incubation at 12◦C
the amount of ammonium decreased almost 20% from the
original concentration at the time of sampling (Figure 1B). The
concentration of nitrate, on the other hand increased 22.5%
over the same time period (Figure 1D). After addition of the
N substrates, the concentration of ammonia decreased 34.5%
in the microcosms that had received ammonium and methane
(NH4+CH4) and 51.5% those only receiving ammonium (NH4).
However, the ammonium concentration ceased to decrease after
2 weeks of incubation (Figure 1). In the nitrate-supplemented
microcosms, the relative concentration of nitrate increased in
all treatments after the first addition of nitrate (Figure 1D).
However, after 4 weeks of incubation 21.2% of the added
nitrate had been consumed in microcosms supplemented with

TABLE 1 | The physicochemical composition of the groundwater at the

time of sampling.

Measurement Value

T 10.3◦C

O2 0.09mg L−1

Alkalinity 5.28mmol L−1

Eh 58mV vs. SHE

Ec 2.26 mS cm−1

Sulfide 0.061mg L−1

Phosphate 0.223mg L−1

CO2free 3.68mg L−1

CO2total 236mg L−1

Ftotal 0.378mg L−1

Brtotal 1.93mg L−1

Cltotal 513mg L−1

Ca total 76.3mg L−1 Ca soluble 74mg L−1

Mg total 20.3mg L−1 Mg soluble 21.6mg L−1

Na total 421mg L−1 Na soluble 420mg L−1

Fe total 0.109mg L−1 Fe soluble 0.0624mg L−1

Mn total 0.161mg L−1 Mn soluble 0.153mg L−1

S total 40.4mg L−1 S soluble 48.7mg L−1

For the metals Ca, Mg, Na, Fe, Mn, and S both the total (total ) and the soluble (soluble)

forms were measured.

nitrate (NO3) only, while the nitrate concentration in the
nitrate+methane (NO3+CH4) remained high.

Over the time of incubation the concentration of nitrate
increased with approximately 25% in the unamended control
microcosms, while the concentration of ammonium decreased
by the same magnitude (Figure 1). The concentration of
ammonium in the nitrate-supplemented microcosms increased
slightly toward the end of the incubation period in the NO3-
supplemented microcosms, and during the first 14 days in the
NO3+CH4-supplemented microcosms, but was not extensively
produced from the added ammonium (Figure 1B). In the
NH4+CH4-supplemented microcosms, on the other hand, the
NO3 concentration increased noticeably with approximately
230% during the first 14 days of incubation where after
the NO3 was consumed to about 40% of the original NO3

concentration by the end of the incubation period, indicating
that NO3 was initially produced from the added NH4

(Figure 1D).

Quantitative Analysis of Microbial Community
There were 7.8 × 104 copies mL−1 of the bacterial 16S rRNA
gene in the original groundwater. The addition of NH4+CH4

and NO3 had the greatest effect on the bacterial community and
increased the concentration of bacterial 16S rRNA gene copies
12-fold over the 28d incubation period to 9.5 × 105 mL−1 and
9.7×105 mL−1, respectively (Figure 2A). In the other treatments
the number of bacteria also increased, including the control
(unamended) microcosms, by three to five fold.

There were 2.2×102 narG gene copies mL−1 corresponding to
the population of NRB in the original groundwater (Figure 2B).
The NH4+CH4 treatment had the greatest effect on the NRB

Frontiers in Microbiology | www.frontiersin.org October 2015 | Volume 6 | Article 1079 | 37

https://www.ebi.ac.uk/ena
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Kutvonen et al. Microbial nitrogen cycling in groundwater

FIGURE 1 | The average concentration (A,C) and relative balance (B,D) of ammonium and nitrate in the microcosms. In (A,C) the average concentration of

ammonia or nitrate (mg L−1) is measured from the original groundwater and the 28d controls (blue), directly after the first addition of N-substrate (red), 14d after the

first addition of N-substrate (green), directly after the second addition of N-substrate (purple), and at the end of the experiment (orange). In (B,D) the relative change in

the concentration of ammonium and nitrate is illustrated for incubations with NH4+CH4 (pink), NH4 (red), NO3+CH4 (light blue) and NO3 (dark blue) after 14 and 28d

of incubation. The change in ammonium concentration over 28 days in (B) is shown in orange and the change in nitrate concentration in (D) in green. The relative

amount of N substrates in (B,D) above 100% are considered produced and below 100% consumed compared to the amount of N substrates measured directly after

addition of substrates.

increasing the concentration of narG genes to 3.9 × 103

copies mL−1 over the course of incubation. In nitrate-treated
microcosms the increase in narG genes was 2.7 × 103 copies
mL−1. Without substrate additions, the concentration of narG
genes did not increase during the incubation time.

Bacterial Community Composition
The number of sequence reads obtained from 454 pyro
sequencing ranged from 448 to 5772 sequence reads per sample
from the original groundwater and the different microcosms
(Table 2). The bacterial community in the original groundwater
was diverse (H’ = 3.07) according to the 454 amplicon sequence
profiles, which showed 125 OTUs belonging to 61 different
bacterial genera (Figure 3, Table 2, Table S1). The richness
estimates (chao and ace) indicated that only between 21 and 41%

of the OTU richness in the original groundwater was captured.
Over 28d the microbial OTU diversity increased (H’ = 3.51)
to altogether 146 OTUs, but the number of identified genera
decreased to 43 and according to the richness estimates only
19.2–35.5% of the total OTU richness was obtained. In the
substrate amended microcosms the diversity was significantly
lower, H’ = 0.04–0.70, than that of the original groundwater
and the 28d incubation controls. The number of observed
OTUs ranged from 2 to 19 and according to the richness
estimates between 60.8 and 100% of the total diversity of the
bacterial communities was captured (Table 2). The low number
of OTUs obtained as well as the low diversity and richness
indices indicates that the addition of N substrates enriched a
specific population of bacteria involved in N cycling during the
incubation.
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FIGURE 2 | The concentrations of (A) bacterial 16S rRNA gene copies, (B) narG gene copies mL−1 in the original groundwater (Day 0), the incubations

with substrates (NH4+CH4, NH4, NO3+CH3, NO3) and without substrates (Day 28).

TABLE 2 | Alpha diversity estimates of the original groundwater (Day 0) and after 28 days of incubation in the control microcosms (Day 28) and the

microcosms supplemented with NH4+CH4, NH4, NO3+CH4, NO3.

Sample Number of Number of Estimation of OTU richness* % richness captured Diversity index*

sequences observed OTUs
Chao ace chao ace Shannon H’ Simpson

Day 0 610 125 303.14 575.37 41.23 21.73 3.07 0.21

NH4+CH4 527 2 2 2 100 100 0.04 0.99

NH4 5772 19 30.25 31.25 62.81 60.80 0.50 0.85

NO3+CH4 5072 7 7.5 8.79 93.33 79.67 0.70 0.65

NO3 1296 8 8.33 11.89 96.00 67.30 0.55 0.77

Day 28 448 146 411 760.30 35.52 19.20 3.51 0.11

The calculations are based on 454 pyro sequencing reads and the data was normalized to 448 reads per sample.
*Calculated on data normalized to 448 random reads per sample.

Based on pyro sequencing data 12 bacterial genera were
present at over 1% relative abundance in the original
groundwater. The most abundant bacteria belonged to an
unassigned group of Parcubacteria (Rinke et al., 2012) [formerly
Candidate division (Cd) OD1], the β-proteobacterial genus
Gallionella and the Microgenomates (Rinke et al., 2012; formerly
CdOP11, Figure 3, Table S1). Interestingly, in the 28d incubation
controls the relative abundance of Sulfuricurvum increased from
0 to 41.5%, the Parcubacteria group from 16.9 to 27.5% and
the Comamonadaceae genus Malikia from 0 to 5.6%. In the
NH4 and NH4+CH4 incubations Malikia contributed with
48.7% and 41.6% of the sequence reads, respectively, being the
most abundant bacterial group enriched in these microcosms.
Methylobacter was the second most abundant bacterial genus
contributing with 35.9 and 43.8% of the sequence reads,
respectively. In addition, Hydrogenophaga had become enriched
(11.2% of the sequence reads) in the NH4+CH4 incubations but
was present at below 1% in the NH4 microcosms. The NO3-
and NO3+CH4 amendments enriched the Malikia most and
86.5% and 69.2% of the sequence reads belonged to this genus,
respectively. In addition, 5.0% and 20.5% of the sequence reads
belonged to Sulfuricurvum and 4.4% and 2.6% belonged to
Sulfuricella, respectively.Methylobacter contributed with 2.4% of
the sequence reads in the NO3+CH4—amended microcosms,

but were not found in the microcosms with only NO3. Instead,
the NO3—amended microcosms contained Acetobacterium
sequences, 2.8%, which were additionally only detected in the
original groundwater samples.

The DGGE profiles showing the most abundant taxa in the
bacterial communities were similar to the pyro sequencing
profiles. The DGGE profiles of the bacterial taxa enriched
during incubation were also similar between the different
treatments, but specific phylotypes were more clearly detected
in comparison to the ones seen in the original groundwater
(Figure 4). The genera detected by DGGE affiliated with
the β-proteobacterial Hydrogenophaga/Malikia cluster and
ε-proteobacterial Sulfuricurvum (Figures 5, 6). The most
common bacteria detected by DGGE in all substrate-amended
microcosms belonged to ε-proteobacterial Sulfuricurvum and
β-proteobacterial Hydrogenophaga/Malikia (Figures 5, 6),
although the 454-pyrosequencing detected Sulfuricurvum
enriched only in NO3+CH4—amended microcosms and in
the 28d controls, and at low abundance in the NH4- and
NO3-amended microcosms. DGGE bands belonging to γ-
proteobacterial Methylobacter were found in the original
groundwater and in the microcosms amended with NH4 and
NH4+CH4 in the DGGE analysis (Figures 5, 6). In addition,
δ-proteobacterial Desulfocapsa were detected by DGGE in
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FIGURE 3 | The relative abundance of bacterial genera detected by high throughput amplicon sequencing from the original groundwater (Day 0), N-

and C-supplemented microcosms and the non-supplemented control (Day 28). The lower part of the figure shows the relative abundance of nitrogen

assimilating bacteria detected from the 15N fractions. The number in by each category indicates the number of sequence reads. The names of the most prominent

genera are indicated in the bar graph. More detailed information of the relative abundance of different bacterial taxa detected in the study can be found in Table S1.

all microcosms although they were not detected by 454 pyro
sequencing.

Ammonia Oxidizers
The amoA genes of ammonia oxidizing bacteria were detected
by DGGE but of a total of 46 sequenced DGGE bands 8
bands provided a correct amoA sequence (Figure 7). Of these
sequences, 7 were obtained fromNO3-amended microcosms and
one from unamended (control) microcosms. All detected amoA
gene fragments were similar to β-proteobacterial Nitrosomonas-
type amoA genes (Figure 8).

Nitrate Reducers
narG genes of NRB were detected by DGGE (Figure 9).
Altogether 20 bands were successfully sequenced and identified
to be narG gene fragments. narG gene sequences belonging to
four different taxonomical groups were found (Figure 10). These
sequences were similar to narG genes of Pseudomonas (bands
1, 2, 9, 10, 13, 14, 15, 17, 18), Methylibium (bands 3, 6, 8,
11, 19), Alicycliphilus (band 16), Polaromonas (bands 4, 5, 20),
Herminiimonas (band 7), and to an uncultured group of bacteria
(band 12). Pseudomonas and Methylibium narG genes were
frequently detected in all substrate-amended microcosms, while
Polaromonas narG was found in microcosms amended with
NH4+CH4 or NH4 and in the untreated controls. Alicycliphilus

narG was detected only in microcosms supplemented with NO3

and only in one band. narG band 12 was obtained from NH4

supplemented microcosms only, but the position of the DGGE
band was similar to many others in the other treatments, which
were not successfully sequenced; this indicated that the particular
narG type was common in the microcosms.

Nitrogen Assimilating Bacteria
The bacterial communities corresponding to different treatments
changed over time due to the different substrates added to the
microcosms. After double isopycnic centrifugation was applied
in order to separate first the heavy DNA fraction from the light
DNA fraction and then the 15N-enriched heavy DNA from the
GC-rich heavy DNA, the amount of DNA left was not adequate
to obtain DGGE bands of detectable density. However, 454
amplicon sequencing provided a low number of sequence reads
from the 15N-enriched DNA, after pooling the three replicate
microcosms within each treatment. Several genera belonging
to α-proteobacterial Rhizobiales (Rhizobium, Mesorhizobium,
Tardiphaga) and β-proteobacterial Burkholderiales (Delftia,
Undibacterium, Curvibacter, Pelomonas) were detected in the
15N-enriched heavy DNA fraction from all amended microcosms
(Figure 3; Table S1). In addition, sparse Nitrospirales 16S
rRNA gene reads were found in the 15NH4-amended samples,
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FIGURE 4 | Bacterial community profiles from PCR-DGGE of DNA

extracted from original groundwater (Day 0) and supplemented vs.

control microcosms (Day 28). The supplemented treatments are shown as

described in Figure 2.

FIGURE 5 | Average number of DGGE bands per replicate treatment (X

axis) and the distribution of bacterial taxa identified from the DGGE

profiles of the different treatments (Y axis). The number of replicates was

3 (Day 0 and 28) or 6 per treatment (substrate supplemented microcosms).

The error bars show standard error of mean (SEM). The supplemented

treatments are shown as described in Figure 2.

along actinobacterial Propionibacterium from the 15NH4+CH4-
amended microcosms (Table S1). In the 15NO3-amended
samples, a few reads resembling cyanobacterial sequences were
detected, and in the 15NO3+CH4-amended microcosms, an
unassigned group of Armatimonadetes constituted the single
most abundant 16S rRNA gene type detected in this treatment
(Figure 3; Table S1). The corresponding fractions of the 14N
substrate-amended microcosms were also tested by PCR, but no
PCR fragments were obtained.

Discussion

Nitrogenous compounds, such as nitrate and ammonia may have
great effect on the microbial activities in the deep geological
repository for low and intermediate level radioactive waste that
has been constructed in to the crystalline bedrock of Olkiluoto,
Finland. Enhanced microbial activity may cause microbially
induced corrosion of the metallic waste, as shown by Rajala
et al. (2015b) and affect the long-term safety of the repository. In
oligotrophic crystalline bedrock environments methane may be
an important component of gases dissolved in the groundwater
and may serve as carbon source for the microbial communities
and thus increase microbial activity. Nitrate-reducing microbial
communities have been found in Olkiluoto deep groundwater by
Most Probable Number analysis to depths greater than 300m
(Pedersen, 2008). Olkiluoto groundwater has in general large
amounts of dissolved N2 and the amount of CH4 increases with
depth from 1 to 1000µL L−1 groundwater to a depth of 300m,
but increases 100-fold after this depth from where it may diffuse
in to more shallow groundwater (e.g., Pedersen, 2008). Different
N compounds may be introduced to the repository environment
from explosives that have been incompletely detonated during
construction of the repository.

In this study, we showed that added nitrate and ammonium
had a great effect on the bacterial community in brackish
groundwater in Olkiluoto at the depth of ca. 100m. The
bacterial community increased during the 28d incubation as
a result amendment with N substrates and methane with the
highest increase in the NH4+CH4 and NO3 treatments. The
microbial community consumed NH4 during the first 2 weeks
of incubation, both with and without CH4, but the consumption
decreased toward the end of the incubation period. NO3

consumption was detected at the end of the incubation period,
but not together with CH4. This indicates that the NH4- and
NO3-consuming populations were not in general affected by
CH4. However, the CH4-consuming community despite their
intrinsic differences may affect the N-cycling community. The
N substrates also decreased the number of detected OTUs, the
estimated OTU richness and diversity indices of the microbial
communities in the microcosms, while in the unamended 28d
control microcosms these factors increased (Table 2). It is thus
possible that introduction of N substrates in the repository
area may have significant effect on the corrosion rate of the
metallic radioactive waste by explicitly increasing specific types
of microorganisms.

ε-proteobacteria belonging to the Sulfuricurvum sp. were

found to be a main constituent of the bacterial communities in

all microcosms according to the DGGE (Figure 5) and the pyro
sequencing assay showed that their relative abundance clearly

increased in the NO3- and NO3+CH4-amended microcosms

and in the 28d controls (Figure 3; Table S1). These bacteria
are common inhabitants of groundwater environments (Kodama
and Watanabe, 2004; Bomberg et al., 2015) and it has recently
been shown that Sulfuricurvum denitrificans use nitrate as
electron acceptor. However, some species lack the common
cytoplasmic membrane bound Nar nitrate reductase (Handley
et al., 2014). In addition, Sievert et al. (2008) speculated that
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FIGURE 6 | A maximum likelihood tree displaying the sequences obtained from the 16S rRNA gene DGGE bands. The sequences of this study are

designated with the identifier VLJ-KR9 and the number at the end of the identifier describes the isolated DGGE band, corresponding to the bands in Figure 4.

Bootstrap support for nodes was calculated with 1000 random repeats; nodes with more than 50% support are indicated.

due to the lack of genes for nitrite ammonification (DNRA),
S. denitrificans would have to incorporate ammonia from
the environment. However, our results did not show any

ε-proteobacterial enrichment in the 15N DNA fraction in any of
the treatments, indicating that they did not assimilate N from
any N-substrates used here. Nevertheless, it should be noted
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FIGURE 7 | Community profiles of PCR amplicons (amoA-targeted)

from DNA of original groundwater (Day 0) and supplemented vs.

control microcosms (Day 28). DGGE bands identified by sequencing are

indicated by a number to the left of the band. The figure presents two replicate

lanes out of 3 (Day 0 and Day 28) or 6 (NH4+CH4, NH4, NO3+CH4, NO3)

replicate runs.

that we obtained very few sequences (24–180 reads per sample)
from the 15N-DNA fraction over all, and if ε-proteobacteria
incorporated only low amounts of labeled N they may well
have gone undetected in this assay. It is also possible that
Sulfuricurvum sp. does not use nitrate of ammonium as N source,
but only as energy source.

Bacterial taxa affiliating with the Hydrogenophaga/Malikia
cluster (Figure 6) was another group that appeared to benefit
from N-substrate supplementations, according to the DGGE
analyses. In the 454 pyro sequencing Hydrogenophaga/Malikia
bacteria were not detected from the original groundwater,
but were the dominating bacteria found in all N-substrate
amended microcosms (49.6–86.5% of the sequence reads)
and their relative abundance in the 28d microcosms also
increased (Table S1). Hydrogenophaga and Malikia species
reduce nitrate to nitrite (Spring et al., 2005; Yoon et al.,
2008). In addition, Hydrogenophaga are able to perform
the DNRA process thus producing ammonia from nitrate
(Yoon et al., 2008). However, as with Sulfuricurvum sp.,
Hydrogenophaga/Malikia sequences were undetectable in the

FIGURE 8 | The phylogenetic distribution of the amoA fragments detected in this study presented as a maximum likelihood tree. The gene sequences

were translated into amino acid sequences prior to analysis. Bootstrap support for nodes was calculated with 1000 random repeats; nodes with more than 50%

support are indicated. Sequences detected in this study are designated with the identifier VLJ-KR9-amoA; the number at the end of the identifier corresponds to the

DGGE band indicated in Figure 7.
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FIGURE 9 | Community profiles of PCR amplicons (narG-targeted)

from DNA of original groundwater (Day 0) and supplemented vs.

control microcosms (Day 28). DGGE bands identified by sequencing are

indicated by a number to the left of the band. The figure presents two replicate

lanes out of 3 (Day 0 and Day 28) or 6 (NH4+CH4, NH4, NO3+CH4, NO3)

replicate runs.

15N-DNA fraction and may thus use other N sources that nitrate
or ammonia.

Methylobacter sp. were found in all microcosms except the
NO3—amended ones according to the pyro sequencing profiles
and in all microcosms that received NH4+CH4, NH4, and
NO3+CH4, i.e., in response to NH4 and CH4 according to DGGE
(Table S1, Figure 5). Their relative abundance in the NH4+CH4–
and NH4–amended microcosms was 43.8 and 35.9% (Figure 3),
respectively, and below 2.4% in the other treatments. In
general, ammonia has been considered to inhibit methanotrophs.
However, methanotrophic bacteria may oxidize ammonium to
hydroxylamine using methane monooxygenase (Hanson and
Hanson, 1996; Campbell et al., 2011) and in accordance with
our results, Zhang et al. (2014) showed that the abundance
of Methylobacter increased in landfill cover soil as a result of
increased NH4-N fertilization. Interestingly, Nyerges and Stein
(2012) showed that ammonium had a distinct competitive effect
on the oxidation of methane by methanotrophs.

The abundance of NRB increased in the microcosms during
the incubations (Figure 2B). However, the ratio of narG gene
to bacterial 16S rRNA gene concentration was generally low.
In addition to the membrane bound NAR enzyme many
bacteria have a cytoplasmic NAP enzyme. Genes for this
enzyme were not targeted in this study, i.e., we could detect
only a part of the nitrate-reducing community. The detected
narG genes of NRB belonged to γ-proteobacterial Pseudomonas
and β-proteobacterial Methylibium, Alicycliphilus, Polaromonas,
Herminiimonas, and uncultured β-proteobacteria. Methylibium

16S rRNA gene sequences were not found in any treatment
with either of the community profiling methods, although other
Burkholderiales clades were detected. In contrast, Pseudomonas
16S rRNA genes or those of closely related groups were not
found at all although Pseudomonas has been shown to be a
major bacterial group at greater depth in Olkiluoto (Bomberg
et al., 2015). Polaromonas narG genes were detected in the
NH4+CH4—amended and 28d control microcosms and similar
DGGE bands were also faintly seen in most other samples.
This is in accordance with the 454 pyro sequencing, which
detected Polaromonas 16S rRNA gene sequences from all samples
with the exception of the NH4+CH4—amended microcosms.
It is possible that the Polaromonas escaped detection because
the Hydrogenophaga/Malikia sequences were so dominating in
this sample and the overall number of sequences obtained
from this sample was low. Herminiimonas narG were found
only in the NH4—amended microcosms, but their 16S rRNA
gene sequences were detected in the NO3+CH4—amended
microcosms. This is not surprising, because even in the sample
where Herminiimonas was detected they were present at only
0.04% relative abundance (Table S1) indicating that they belong
to the minority groups at this depth in Olkiluoto. The only N
assimilating bacterial group for which a functional gene was
also detected was the Alicycliphilus. Alicycliphilus narG was
detected in the NO3—amended microcosms, but Alicycliphilus
16S rRNA genes were detected in the NH4+CH4

15N SIP
fraction. It is possible that this group was present in the other
treatments as well, but failed detection due to the overall
low number of sequence reads obtained from the 15N-DNA
fractions.

The narG gene specific primers we used here appear to have
higher affinity to β- and γ-proteobacterial narG genes than to
those of the α- and ε-proteobacteria, which may lead to the
α- and ε-proteobacteria being under-represented in this study
(Nicolaisen and Ramsing, 2002). In addition, different primers
were used for the narG qPCR and narG DGGE analyses, which
may affect the detection efficiency to different narG genes. In
the narG-qPCR assay the size of the produced amplicon was
optimized for qPCR and was only 90 bp long. In order to
increase sequence length a primer pair producing a 309 bp long
amplicon was chosen for the narG DGGE. However, the 90
bp long amplicon produced in the qPCR with primers narG-
1960m2f/narG-2050m2F (López-Gutiérrez et al., 2004) have
been shown to detect similar narG sequences in Fennoscandian
bedrock groundwater (Purkamo et al., 2015; Rajala et al.,
2015a) as those detected with primers narG-2179F/narG2488R
(Pastorelli et al., 2013) in this study.

amoA gene sequences were only obtained from the
microcosms supplemented with NO3 and from the unamended
28d controls and the rest of the sequences were unspecific. All
amoA genes were similar to those of Nitrosomonas bacteria.
Interestingly,Nitrosomonas 16S rRNA genes were not detected by
DGGE or 454 pyro sequencing in any of the samples. However,
other closely related Gallionellales groups were detected in all
other treatments except the NH4+CH4—amended microcosms
(Table S1), and the amoA genes between these groups may be
similar to that of the Nitrosomonas. The number of AOB in

Frontiers in Microbiology | www.frontiersin.org October 2015 | Volume 6 | Article 1079 | 44

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Kutvonen et al. Microbial nitrogen cycling in groundwater

FIGURE 10 | The phylogenetic distribution of the narG fragments detected in this study presented as a maximum likelihood tree. The gene sequences

were translated into amino acid sequences prior to analysis. Bootstrap support for nodes was calculated with 1000 random repeats; nodes with more than 50%

support are indicated. Sequences detected in this study are designated with the identifier VLJ-KR9-narG; the number at the end of the identifier corresponds to the

DGGE band indicated in Figure 9.

deep crystalline bedrock groundwater overall is expected to be
low, which was shown previously by Purkamo et al. (2015).
The fact that amoA genes were only successfully detected in
the NO3-amended and 28d control microcosms is curious.
It is, however, possible that the DGGE assay for amoA genes
was not suitable for our sample matrix. We experienced
some issues with the specificity of the primers used and in
addition the DGGE bands obtained may have consisted of a
mixture of amplicons. In the microcosms from which amoA
gene fragments were successfully identified the number of
interfering amplicons was probably lower and thus allowing us

to detect clean sequences of the gene. Nevertheless, the AOB
detected in this study in the NO3-amended and 28d control
microcosms may have benefited from the slowly released lower
concentration ammonia in the NO3—amended microcosms
originating from the conversion of nitrate to ammonia through
the DNRA process. In addition, it may also be possible that
instead of typical ammonia oxidizers methanotrophic bacteria
able to oxidize ammonium using their methane monooxygenase
(Hanson and Hanson, 1996; Campbell et al., 2011) increased,
and this group would not be detected by the amoA-gene targeted
assays.
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In the N-assimilating community, bacteria belonging to
Rhizobiales genera were the most abundantly detected and
were found in the 15N DNA fraction in all of the treatments
(Figure 3, Table S1). Rhizobiales represented 72 and 61% of
the N-assimilating bacterial community in the in the NH4- and
NO3-amended microcosms. In the microcosms that received
CH4 in addition to the N-substrates, their relative abundance
in the N-assimilating community was lower, 4 and 35% in the
NH4+CH4and NO3+CH4 treatments, respectively. In addition
to Rhizobiales types, Burkholderiales were detected in the 15N
DNA fraction of all treatments, but was especially abundant
in the NH4+CH4 incubations. Interestingly, in the original
groundwater approximately 8% of the 16S rRNA gene sequence
reads obtained by 454 sequencing belonged to Rhizobiales, while
by the end of the incubation period Rhizobiales-related sequence
reads decreased to <0.5%.

The pyro sequencing and DGGE assays used in this study
generally produced similar profiles of the dominating bacterial
taxa in the sample although the pyro sequencing provided much
more detail as well as abundance information. While DGGE
is a visual method for fast detection of microbial community
profiles and is excellent for comparison of microbial community
development between a low number of samples, it has some
restrictions. It could be concluded from e.g., the present work
and from other groundwater studies (e.g., Bomberg et al., 2014)
that the method generally only presents the main groups of
the community. In addition, many microbial groups dominating
in a specific environment have been shown to go undetected
by the DGGE method due to their incompatibility with the
method of detection, low amounts of target template or high
level of intra-species microdiversity, which makes optimization
of the DGGE conditions very demanding (e.g., Costa et al.,
2006; Alonso-Sáez et al., 2007; Sánchez et al., 2009). This was
the case also here, where the DGGE failed to detect e.g., the
Parcubacteria present at high relative abundance in both the
original groundwater and the 28d incubation control (Table
S1). However, the pyro sequencing approach failed to detect
Sulfuricurvum in the original groundwater and the NH4+CH4-
supplemented microcosms, although they were found in all
samples according to the DGGE analysis.

The primers chosen for a study may also greatly affect
the results. In this study we showed that microbial profile
results depend on the detection method and primers used for
characterizing microbial communities. For example the primers
U968fGC/U1401r (Nübel et al., 1996) used for DGGE detected
Desulfocapsa in the 28d incubation controls, but the primers 8F
(Edwards et al., 1998) and P2 (Muyzer et al., 1993) used for
454-pyrosequencing did not.

Conclusions

The bacterial community of groundwater from 100m depth
in the VLJ-cave situated in the crystalline bedrock of the

Fennoscandian Shield was affected by ammonia and nitrate
supplementation. The bacterial population increased when N
compounds were available, enriching specific bacterial groups.
Known NRB belonging to ε-proteobacterial Sulfuricurvum
and β-proteobacterial Hydrogenophaga/Malikia clades were
greatly enriched when groundwater microcosms were
supplemented with ammonium or nitrate with or without
methane. Methylobacter was enriched in microcosms that had
received ammonium with and without the addition of methane,
indicating that the Methylobacter may also oxidize ammonia.
In addition, it was demonstrated that bacterial clades belonging
to Rhizobiales and Burkholderiales from nitrogen-poor deep
crystalline bedrock groundwater were able to assimilate N from
added nitrate and ammonium substrates. Here, the study of
the N cycle in crystalline bedrock groundwater was restricted
to specific enzymes of specific bacterial groups. In future
investigations the N cycling genes of different taxonomic groups
as well as different enzymes, such as the soluble nitrate reductase
NAP, should be included. It would also be of value to investigate
the N2 fixation and anaerobic ammonia oxidation (ANAMMOX)
and archaeal ammonia oxidation in order to obtain a complete
picture of the N cycle in deep crystalline bedrock environments.
Nevertheless, we show here that despite the low abundance of
N cycling bacteria in the pristine groundwater of Olkiluoto,
N assimilating, ammonia oxidizing and nitrate reducing
bacteria increase when the concentration of ammonia and
nitrate increase, which may influence the long-term safety of
the underground repository for low and intermediate level
radioactive waste.
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The origin, source, and cycling of
methane in deep crystalline rock
biosphere
Riikka Kietäväinen1* and Lotta Purkamo2*

1 Geological Survey of Finland, Espoo, Finland, 2 VTT Technical Research Centre of Finland, Espoo, Finland

The emerging interest in using stable bedrock formations for industrial purposes, e.g.,
nuclear waste disposal, has increased the need for understanding microbiological and
geochemical processes in deep crystalline rock environments, including the carbon
cycle. Considering the origin and evolution of life on Earth, these environments may also
serve as windows to the past. Various geological, chemical, and biological processes
can influence the deep carbon cycle. Conditions of CH4 formation, available substrates
and time scales can be drastically different from surface environments. This paper
reviews the origin, source, and cycling of methane in deep terrestrial crystalline bedrock
with an emphasis on microbiology. In addition to potential formation pathways of CH4,
microbial consumption of CH4 is also discussed. Recent studies on the origin of CH4 in
continental bedrock environments have shown that the traditional separation of biotic
and abiotic CH4 by the isotopic composition can be misleading in substrate-limited
environments, such as the deep crystalline bedrock. Despite of similarities between
Precambrian continental sites in Fennoscandia, South Africa and North America, where
deep methane cycling has been studied, common physicochemical properties which
could explain the variation in the amount of CH4 and presence or absence of CH4

cycling microbes were not found. However, based on their preferred carbon metabolism,
methanogenic microbes appeared to have similar spatial distribution among the different
sites.

Keywords: abiotic methane, deep subsurface, Precambrian bedrock, carbon cycle, methanogenesis,
methanotrophy, isotopic fractionation

Introduction and Historical Perspective

Methane is a key compound in the global carbon cycle. In the shallow subsurface CH4
is mainy produced by anaerobic digestion of organic matter. Deeper in the geological
strata CH4 is found in large quantities within sedimentary formations and unconventional
resources, such as shale gas, have also proven to be important reserves of CH4 (Arthur
and Cole, 2014). Other sources of CH4 include methane hydrates and clathrates in deep
lake sediments and seafloor (Walter et al., 2006; Ruppel, 2011; Kretschmer et al., 2015;
Treat et al., 2015). In addition, CH4 is a dominant gas in many Precambrian continental
bedrock formations (Fritz et al., 1987; Karus et al., 1987; Nurmi et al., 1988; Sherwood Lollar
et al., 1993a,b; Ward et al., 2004; Sherwood Lollar et al., 2006; Pitkänen and Partamies,
2007; Hallbeck and Pedersen, 2008a; Stotler et al., 2010; Kietäväinen et al., 2013, 2014).
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Table 1 describes the carbon geochemistry of several continental
study sites in Fennoscandia, South Africa, and North America
within the depth range from few hundredmeters down to 3.4 km.
Microbes involved in methane cycling have been detected in
many of these sites.

The emerging interest in using stable bedrock formations
for industrial purposes (e.g., nuclear waste disposal sites or
carbon dioxide or natural gas storages) has increased the need
for understanding the complete carbon cycling scheme in deep
crystalline rock environments. CH4 can have effects on industrial
utilization of the deep bedrock: It can promote growth of
microorganisms in the subsurface by providing an ample source
of energy and carbon. Increased microbial activity can lead to
pH changes inducing corrosion and alteration of geochemistry
resulting to mineral precipitation and scaling, or mobilization of
hazardous compounds such as radiocarbon, thus damaging the
infrastructure or imposing a risk to the environment. Therefore,
research has been conducted for several years for example related
to the long-term geological disposal of spent nuclear fuel to
deep subsurface facilities in Canada, Sweden, USA, Finland,
and Belgium (Stroes-Gascoyne and West, 1996; Pedersen, 1996;
Fredrickson et al., 2004; Wang and Francis, 2005; Nyyssönen
et al., 2012;Wouters et al., 2013). These studies have provided not
only an understanding of the microbial risks, but also knowledge
of the active microbial communities living in deep geological
surroundings. However, many aspects of origin, source, and
cycling of CH4 in deep continental bedrock environments still
remain poorly understood. These include sources of carbon and
hydrogen in different rock formations, importance of microbial
involvement, timescales and quantities of CH4 production, and
movements within and fluxes from bedrock.

Potential formation pathways of CH4 in deep crystalline
bedrock are presented in Figure 1. In principle, hydrocarbons
can form via two major ways: from break-up of organic matter
(“from big to small”) or due to organic synthesis of small C and H
bearing molecules and further polymerization of these molecules
into higher hydrocarbons (“from small to big”). The first way
includes the formation of thermogenic CH4 and microbial
aceticlastic methanogenesis. The latter includes abiotic organic
synthesis, such as Fischer-Tropsch or Sabatier type reactions,
and microbial hydrogenotrophic methanogenesis. Thus, both
ways can be facilitated by microorganisms but may also occur
inorganically. Not only is CH4 produced but is also consumed
within bedrock by anaerobic and aerobic processes with and
without microorganisms.

The occurrence and major sources for abiotic CH4 was
discussed in a recent review by Etiope and Sherwood Lollar
(2013) and microbial biodiversity in terrestrial subsurface
environments by Fredrickson and Balkwill (2006). Yet it has
been over a decade since the microbial CH4 cycling in deep
subsurface has been reviewed (Kotelnikova, 2002). Since then
the scientific community has been pushing the understanding
of deep carbon cycling to new frontiers. Recent advances
in molecular biological methods, such as high-throughput
sequencing and “omics” methods have expanded the knowledge
of microbial community composition and functions in the
deep biosphere (Teske and Biddle, 2008; Brazelton et al., 2012;

Nyyssönen et al., 2014). The development of new computational
methods for processing, mining and assessing metagenomic
data has provided tools for handling the vast amount of data
generated (e.g., Schloss et al., 2009; Caporaso et al., 2010; Langille
et al., 2013). Some novel methods have been used to assess the
microbial ecology of the deep terrestrial subsurface. For example,
a single-species ecosystem fully independent from surface life
and photosynthesis, gaining energy from sulfate reduction was
discovered at 2.8 km depth from South African gold mine in 2008
by Chivian et al. with metagenomics approach (Chivian et al.,
2008). Nyyssönen et al. (2014) used high-throughput amplicon
sequencing and metagenomics for characterization of the 2.5 km
Outokumpu Deep Drill Hole microbial communities in Finland.

In this review we aim to revise methane cycling within
continental bedrock, as well as to provide an overview
of methodological and conceptual advances in this field
with an emphasis on microbiology. Diversity and variation
of geochemical and microbiological characteristics in CH4
containing deep bedrock environments are introduced through
several case studies. Finally, we point out some key remaining
unknowns and give suggestions for further research.

Geological Methane

Twomain types of geological CH4 are depicted in Figure 1which
summarizes CH4 cycling in the continental deep biosphere.
Of these, thermogenic CH4 is formed from the break-up of
organic matter at elevated temperatures and pressures. This is
thought to be the dominant CH4 type in sedimentary basins
and is the economically most important source of natural gas
(e.g., Galimov, 1988; Milkov, 2011). However, even though
some rocks found in continental shields, most notably black
schists, also originate from organic rich material, the occurrence
and preservation of “fossil” organic compounds in highly
metamorphosed crystalline rocks is questionable (but see Karus
et al., 1987 and Taran et al., 2011 for examples of organic
compounds such as bitumen found in metamorphic and even
igneous rocks of Archaean to Proterozoic age). Instead, carbon
is mostly found in the form of graphite and carbonate minerals.
Thus, and taking into account the low temperatures presently
prevailing in continental shield sites (Table 1), any thermogenic
CH4 component would likely be relic. Where hydrocarbon-
bearing sedimentary formations are nearby, thermogenic CH4
may find its way into metamorphic and igneous rocks by
diffusion or advective flow (Etiope and Martinelli, 2002 and
references therein).

Probably the more important source of geological CH4
in crystalline bedrock environments is abiotic. This refers to
CH4 that has formed from inorganic compounds without the
involvement of biological activity. Abiotic CH4 can be either
magmatic or produced in water-rock reactions, the latter of which
may take place even at low temperatures and pressures (Etiope
and Sherwood Lollar, 2013). Within the habitable zone in the
upper crust, high temperature abiotic CH4 may be provided by
a gas flux from deeper, hotter regions (Figure 1) or leak from
fluid inclusions. However, abiotic CH4 can also potentially form
in situ in low temperature processes which include Sabatier and
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FIGURE 1 | Methane cycling scheme in the deep continental
biosphere. Methane can originate either from low temperature abiotic
reactions in the upper crust, as a gas flux deeper from the crust or
mantle or as a result of microbial activity. CO2 and organic matter are
common carbon sources, while hydrogen can be derived from
breakdown of water in radiolysis, from water-rock interactions or from
microbial metabolism. Biological consumption of CH4 can be divided
to aerobic and anaerobic methane oxidation, the former being more

abundant in shallower depths and the latter in greater depths.
Hydrogenotrophic methanogens use inorganic carbon for the
production of CH4, as aceticlastic or methylotrophic methanogens use
organic carbon molecules, such as formate or acetate. Bacterial
fermentation of complex carbon-containing materials, such as kerogen,
may produce hydrogen and small organic molecules for methanogens.
FTT, Fischer-Tropsch type synthesis of hydrocarbons; ANME archaea,
anaerobic methanotrophic archaea.

Fischer-Tropsch type (FTT) synthesis of CH4 (Jacquemin et al.,
2010; McCollom et al., 2010; Etiope and Sherwood Lollar, 2013;
Zhang et al., 2013). These reactions are most likely catalyzed
by metals, such as Fe and Ni or certain mineral phases, such
as clay minerals (Jacquemin et al., 2010; McCollom et al., 2010;
McCollom, 2013; Etiope and Ionescu, 2014). More detailed
description of the possible mechanisms of abiotic CH4 formation
can be found in recent reviews by Etiope and Sherwood Lollar
(2013) and McCollom (2013).

Microbial Contribution to CH4 Budget in
the Bedrock

Methanogenesis
Microbial methanogenesis is constrained to the domain Archaea.
Methanogens can be divided to two groups depending on their
CH4 production pathways: chemolithoautotrophic methanogens
utilizing solely CO2 and H2 for their cellular building blocks
and energy production and organotrophic methanogens utilizing
an array of different carbon molecules containing methyl group
such as acetate, methanol, methylamines, and methylsulfides as
substrates (Figure 1) (e.g. Garcia et al., 2000; Thauer et al., 2008;
Ferry, 2010, 2011).

Methanogens thrive in many environments considered
extreme from an anthropocentric point of view. These
include deep, dark, isolated, and nutrient-depleted subsurface
environments. Typically methanogenic archaea can be found in
anaerobic environments where all other electron acceptors but
CO2 are limiting. Methanogenic archaea are an essential part
of the microbial communities in deep continental crystalline
biosphere as several studies from over the last 20 years have
demonstrated (Table 1 and e.g., Sherwood Lollar et al., 1993a;
Kotelnikova and Pedersen, 1997, review by Kotelnikova, 2002).

Today, seven methanogenic archaeal orders are known:
Methanopyrales, Methanococcales, Methanobacteriales,
Methanocellales, and Methanomicrobiales (all of which depend
on H2 and CO2 and some of them can utilize formate as carbon
source) and Methanosarcinales (with more versatile carbon
metabolism) (Thauer et al., 2008; Costa and Leigh, 2014). In
addition to these, the representatives of the recently proposed
seventh order “Methanoplasmatales” are methylotrophic
methanogens utilizing methanol, methylamines, and H2 (Paul
et al., 2012; Borrel et al., 2013). Methanogenesis involves several
enzymes and cofactors, resulting in a complex metabolic process.

In all methanogenic pathways, the final step in production
of methane is performed by methyl-coenzymeM reductase.
The gene mcrA, coding for the alpha subunit of this enzyme,

Frontiers in Microbiology | www.frontiersin.org July 2015 | Volume 6 | Article 725 | 52

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Kietäväinen and Purkamo Methane in continental deep biosphere

has been used widely as a marker gene for methanogenesis
in various environmental studies (e.g., Luton et al., 2002;
Chin et al., 2004; Dhillon et al., 2005; Juottonen et al., 2006).
Heterodisulfide reductase, which is required in the final
step of methanogenesis, can be either membrane-bound
(Methanosarcinales) or cytoplasmic (other methanogens). It has
been observed that Methanosarcinales with membrane bound
cytochromes have higher growth yields but methanogens
with cytoplasmic heterosulfide reductase enzyme have
lower threshold level for H2 partial pressure. Consequently,
methanogenesis from carbon dioxide is dependent on hydrogen
ion concentration, while electrons from the methanogenesis
process are bound to hydrogen ions to drive ATP synthase
and ultimately produce the energy for the methanogens
(Thauer et al., 2008). Due to the lower threshold level
for H2, hydrogenotrophic methanogens can outcompete
Methanosarcinales -methanogens in environments with low
hydrogen concentration. There are more hydrogenotrophic
methanogens than methanogens utilizing methylotrophic or
aceticlastic pathways (Liu and Whitman, 2008). Whether this
is because of the hydrogenotrophic CO2-pathway is more
favorable energetically, or hydrogenotrophic pathway being
more ancient and thus has had more time to spread and diversify
in the archaeal populations, or there has been more success in
cultivating hydrogenotrophic methanogens, is still debatable.

Methane Oxidation
In addition to methane-producing archaea, the deep subsurface
environments host microbes utilizing CH4 for their sole source
of carbon and energy, called methanotrophic microorganisms
(Figure 1). Electron acceptors can vary from oxygen to sulfate,
nitrate and nitrite, iron and manganese (Hanson and Hanson,
1996; Orphan et al., 2002; Raghoebarsing et al., 2006; Beal et al.,
2009; Knittel and Boetius, 2009; Ettwig et al., 2010; Haroon
et al., 2013). As most of the deep crystalline bedrock habitats are
mainly anaerobic, other electron acceptors than oxygen could be
more relevant in these environments. Nevertheless, the detection
of both aerobic and anaerobic methanotrophs from deep
crystalline bedrock prove that both of these microbial groups
have a niche in the depths (Table 1) (Kalyuzhnaya et al., 1999;
Chi Fru, 2008; Hirayama et al., 2011; Nyyssönen et al., 2012;
Bomberg et al., 2015; Purkamo et al., 2015; Rajala et al., 2015).
In addition, aerobic methylotrophs appear to frequently occupy
geological lignite and coal formations that are usually considered
anaerobic, at depths of over 1 km (Mills et al., 2010; Stępniewska
et al., 2013, 2014). Anaerobic methanotrophic archaea (ANME
archaea) are frequently found from deep subseafloor sediments
(e.g., Mills et al., 2003; Knittel et al., 2005; Lazar et al., 2011a,b)
and even in deeply buried Juan de Fuca Ridge flank basalts (Lever
et al., 2013). They are more rarely encountered in continental
deep biosphere. However, ANME archaea have been recently
detected in groundwaters in Olkiluoto of the Fennoscandian
Shield, Finland (Nyyssönen et al., 2012; Bomberg et al., 2015).

Aerobic Methane Oxidation
Representatives of aerobic methanotrophic bacteria can be
found from alpha- and gamma-proteobacterial families and

class Verrucomicrobiae. Aerobic methanotrophs use two types
of biosynthesis pathways for incorporation of methane, either
serine pathway or ribulose monophosphate pathway (RuMP)
(Chistoserdova et al., 2009; Nazaries et al., 2013).

The aerobic methanotrophic bacteria have distinct
intracellular membrane features. These intracellular membranes
are arranged as stacks of disc-shaped features or as paired
membranes following the brim of the cell interior. Methane
monooxygenase, the key enzyme of aerobic CH4 oxidation is
located in these intracellular membrane structures. Methane
monooxygenase mediates the first step of methanotrophy
by oxidation of CH4 to methanol. Two types of methane
monooxygenases exist: membrane-bound particulate MMO,
which is the common type and soluble cytoplasmic MMO that
is found irregularly in a few methanotrophic strains. Soluble
methane monooxygenase can oxidize a wide range of different
types of substrates from simple alkanes to cyclic compounds,
thus evoking industrial interest (Bowman, 2006).

Anaerobic Oxidation of Methane (AOM)
All but one currently recognized anaerobic methanotrophs are
archaea. The single exception is a bacterium Methylomirabilis
oxyfera, which will be discussed in the next paragraph.
Anaerobic methanotrophic archaea often referred to as
ANME archaea usually live in a symbiotic relationship
with sulfate reducers and are therefore abundant in sulfate-
methane transition zones (SMTZ). SMTZs can be found in all
anaerobic aquatic ecosystems where sulfate is available, such
as marine sediments and deep terrestrial crystalline bedrock
formations (e.g., Knittel and Boetius, 2009; Bomberg et al.,
2015). ANME-1 and ANME-2 groups are usually associated with
deltaproteobacterial Desulfosarcina and Desulfococcus. There is
limited evidence that some ANME-2 archaea can form symbiotic
relationships with alpha-proteobacterial Sphingomonas sp. or
with betaproteobacterial Burkholderia sp. (Orphan et al., 2001,
2002; Knittel and Boetius, 2009). In addition, ANME-2d archaea
have been demonstrated to oxidize CH4 and reduce nitrate in
co-culture with an anaerobic ammonia oxidizer Kuenenia sp.
(Haroon et al., 2013). Iron and manganese oxide minerals can
be used as electron acceptors for anaerobic methane oxidation
(Beal et al., 2009). ANME-3 archaea are typically associated with
Desulfobulbus -type of sulfate reducers (Knittel and Boetius,
2009).

The only bacterial representative of an anaerobic methane
oxidizer was found in anaerobic sediment from a Dutch canal
and is candidatively named Methanomirabilis oxyfera (Ettwig
et al., 2010). These peculiar bacteria grow anaerobically reducing
nitrite to dinitrogen by nitric oxide dismutation simultaneously
producing oxygen as an intermediate during this process within
the cell. Oxygen is then used in the aerobic oxidation of CH4 to
methanol with methane monooxygenase inside the cell.

The biochemical mechanism of anaerobic methane oxidation
remains elusive. One hypothesis is that ANME archaea are
reversing the methanogenic pathway and taking into use the
key enzymes of this pathway. Released hydrogen from this
process is removed by reducing electron acceptors such as
sulfate by the syntrophic partner of ANMEs (Hallam et al.,
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2004; Knittel and Boetius, 2009). Results from metagenomic
studies have fortified the reverse methanogenesis hypothesis
(Krüger et al., 2003; Meyerdierks et al., 2005). Another suggested
mechanism is acetogenic methanotrophy, in which acetate
and hydrogen are produced from two molecules of CH4, or
from CO2 and CH4 and subsequently consumed by sulfate
reducing bacteria (SRB). Yet another proposed hypothesis
involves CO2 reducing, methane-oxidizing archaea producing
methyl sulfides following a pathway similar to methanogenesis.
In this methylogenesis model, methyl groups are transferred to
sulfide allowing the regeneration of coenzyme M. SRB capable
of utilizing methyl sulfides are crucial partner in these type
of AOM consortiums (review by Caldwell et al., 2008 and
references within). While SRB have in general a significant role
in AOM, a recent study by Milucka et al. (2012) showed that
methanotrophic ANME-2 archaea can perform dissimilatory
sulfate reduction without the syntrophic sulfate-reducing
bacterial partner.

Origin of Substrates for Methanogenesis in Deep
Crystalline Rock Biosphere
Biological production and consumption of CH4 in deep
crystalline bedrock is illustrated on the right in Figure 1.
Abiotically produced carbon dioxide and hydrogen provide a
useful source of carbon and energy for chemolithoautotrophic
methanogens (Pedersen, 1997, 2000; Chapelle et al., 2002;
Nealson et al., 2005; Schrenk et al., 2013). Within crystalline
bedrock H2 needed for autotrophic CH4 synthesis can be
produced during water-rock interactions such as serpentinization
and other iron oxidation reactions (McCollom and Bach, 2009;
Neubeck et al., 2011; Mayhew et al., 2013). It can also be
produced through the dissociation of water molecules by energy
released from radioactive decay, i.e., in radiolysis (Vovk, 1987;
Lin et al., 2005a,b). The source of hydrogenmay also be microbial
(reviews by e.g., Nandi and Sengupta, 1998; Wang and Wan,
2009). Fermentative bacteria producing H2, such as clostridia
have been detected in several deep continental rock formations
(e.g., Moser et al., 2003; Rastogi et al., 2010; Itävaara et al.,
2011b; Purkamo et al., 2013; Schrenk et al., 2013). Overall,
H2 is common in these environments (Sherwood Lollar et al.,
2014). Inorganic carbon can be found as carbonate minerals,
graphite, and dissolved in groundwater (DIC). The speciation of
DIC is controlled by pH. In alkaline conditions, typical of deep
groundwaters within crystalline rocks, DIC is commonly found
in the form of bicarbonate (HCO−

3 ) and the concentrations may
be quite low (Table 1).

In addition to inorganic carbon, methanogens can utilize
organic compounds possibly produced in abiotic reactions, such
as serpentinization of olivine-bearing ultramafic rocks (Lang
et al., 2012). This principle can be turned inside out; in a
recent review, Schrenk et al. (2013) suggested that heterotrophs
might be the primary producers in serpentinizing environments.
Thus, these heterotrophs utilizing organic materials (produced
in abiotic reactions in deep Earth’s crust or mantle) biologically
produce inorganic end-products such as H2 and CO2. These
can be used by organisms considered autotrophic, such as
hydrogenotrophic methanogens.

Methanogenic archaea can also have the same function in
the deep biosphere as in surface ecosystems, i.e., contributing
to the degradation of organic matter in anaerobic conditions.
Crystalline rock formations may contain refractory organic
carbon materials such as kerogen or bitumoids for example in
interlayers of black shales or black schist (Karus et al., 1987;
Taran et al., 2011). During the formation of these rocks through
diagenesis andmaturation of sedimentary organic matter, carbon
content, and aromaticity increase and volatile hydrocarbons
usually migrate away (e.g., Strąpoć et al., 2011; Buseck
and Beyssac, 2014). Further increase in temperature during
metamorphosis will eventually turn the residual carbonaceous
matter into graphite.

There are reports of microbes utilizing organic material
trapped in sedimentary rocks such as shales and sandstones.
Kerogen of black shales can be the sole carbon source for
heterotrophs, such as Clostridium -type of bacteria, which in
turn can support methanogenesis through the production of
substrates for methanogens (Krumholz et al., 1997; Petsch et al.,
2001, 2005). For example, clostridial fermenters can provide H2
and carbon to methanogens in a syntrophic consortium (Kimura
et al., 2010; Rosewarne et al., 2013a,b). Thus, methanogens living
in a syntrophic relationship with specialized bacteria can mediate
anaerobic biodegradation of refractory complex compounds
comparable to those found within crystalline bedrock (Strąpoć
et al., 2011 and references within).

Fungal contribution to degradation of refractory material,
such as organic polymers and polyaromatic hydrocarbons is
well known (e.g., Haritash and Kaushik, 2009; Harms et al.,
2011). In addition, fungal degradation of refractory organic
matter of black shale has been demonstrated (Wengel et al.,
2006). As the presence of fungi in deep Fennoscandian bedrock
has been verified (Ekendahl et al., 2003; Sohlberg et al., 2015),
fungi with the capacity for degradation of refractory and ancient
organic and inorganic materials and efficient elemental cycling in
addition to bioweathering ability might play a role in providing
carbon sources for microbial methanogenesis in deep continental
crystalline bedrock environments.

Organic matter from dead microbial biomass is an additional
source of carbon in deep biosphere. Bacteriophages are present in
deep crystalline bedrock groundwater. If these viruses are active
and lytic, they can control the numbers of living microorganisms
and therefore increase the dead cell mass in the deep subsurface
(Kyle et al., 2008). Recently, Pedersen (2013) concluded that
bacteriophages control the cell numbers in flow cells operating in
in situ conditions in deep crystalline bedrock. The cell number
in the flow cells never exceeded the cell densities observed in
pristine groundwater (Pedersen, 2013).

Carbon sources for biological CH4 cycling can be
anthropogenic and derived from the surface environments, such
as in deep subsurface storage facilities for carbon dioxide or oil.
Introduction of such carbon sources to microbial communities
in the deep subsurface might induce a formidable activation
of dormant microbes as Rajala et al. (2015) demonstrated.
H2 can be released through a chemical reaction between
freshly crushed rock and water for example during drilling
and blasting of rock (Kita et al., 1982), or oxidation of metals
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such as iron casing which is often used to support drill hole
walls.

To summarize, H2 seems to be abundant and available in
continental crust (Sherwood Lollar et al., 2014). Despite the
several possible sources of organic carbon in the crystalline rock
formations discussed above, organic carbon is either absent,
scarce or available only as a refractorymaterial (Fredrickson et al.,
1997; Fredrickson and Balkwill, 2006). Likewise, concentrations
of dissolved inorganic carbon in deep bedrock formations are
commonly low (Table 1). Thus, it might be carbon which
actually limits the formation of CH4 and other hydrocarbons in
continental bedrock.

Geochemical Methods to Study Origin,
Source, and Cycling Of CH4 - Principles
and Limitations

Stable Isotope Composition of CH4
The attempts to separate different CH4 sources are mainly based
on the isotopic composition of CH4. Typically this includes the
determination of stable isotope ratios of carbon (13C/12C) and
hydrogen (2H/1H, also called D/Hwhere D stands for deuterium)
separately. The resulting isotopic compositions are commonly
reported using δ-notation per mill (�) relative to the isotopic
composition of H and C in sea water (VSMOW, Vienna Standard
Mean Ocean Water and VPDB, Vienna Pee Dee Belemnite):

δ2H =
(

(2H/1H)sample

(2H/1H)VSMOW
−1

)
×1000

δ13C =
(
(13C/12C)sample

(13C/12C)VPDB
−1

)
×1000

Fundamentals of stable isotope methods in geochemistry can
be found from books by Clark and Fritz (1997) and Hoefs
(2004). In brief, the isotopic composition of CH4 (or any
chemical substance) is controlled by equilibrium and kinetic
isotope effects, which arise from equilibrium isotope exchange
and differences in reaction rates, respectively. Equilibrium
isotope effects are mainly dependent on temperature. Kinetic
fractionation is related to incomplete and unidirectional
reactions such as those associated with microbial metabolism,
and will lead to the depletion of lighter isotopes (12C and 1H)
in the reaction product. These principles also form the basis
for traditional classification of CH4with δ13C vs. δ2H diagram
(Schoell, 1980;Whiticar, 1999; Etiope and Sherwood Lollar, 2013;
Etiope and Schoell, 2014).

The isotopic composition of CH4 is ultimately dependent
on the starting material(s) and is further affected by microbial
activity, openness of the system, temperature and time, to
name a few. Along with increasing amount of data from
various settings, it has become clear that CH4 from different
origins may have similar isotopic composition. For example,
unusual 13C enriched microbial CH4 has been found from
saline substrate limited environments (Kelley et al., 2012; Tazaz
et al., 2013). Carbon limited conditions were also thought to

be responsible for 13C enriched metabolic products found from
the Lost City Hydrothermal Field by Bradley et al. (2009).
Valentine et al. (2004a) found that the fractionation associated
with methanogenesis was correlated with temperature and
metabolic rate. Likewise, abiotic CH4 may have a wide range
of isotopic compositions. When compared to both microbial
and thermogenic CH4, abiotic CH4 is typically enriched in
13C (Etiope and Sherwood Lollar, 2013). However, abiotic CH4
produced in laboratory experiments has been rather depleted in
13C, down to around −50 � VPDB (Horita and Berndt, 1999;
Taran et al., 2007).

Difference in the source of hydrogen (methyl group
vs. water) forms the basis for separating aceticlastic from
autotrophic microbial CH4 by means of hydrogen isotopic
composition of CH4 (Sugimoto and Wada, 1995; Whiticar,
1999). Hydrogenase enzymes are known to rapidly equilibrate
the isotopic compositions of H2 and H2O (Sugimoto and
Wada, 1995; Valentine et al., 2004b). Furthermore, hydrogen
isotope fractionation in the system CH4-H2O-H2 can be used
as a thermometer in a system where isotopic equilibrium
has been attained, or it may help to reveal the amount of
kinetic fractionation caused by biological processes (Bradley and
Summons, 2010; Suda et al., 2014).

After formation, the isotopic composition of CH4 may change
as the result of isotope exchange and equilibration, kinetic
fractionation by abiotic or microbial oxidation (either aerobic
or anaerobic) or migration (e.g., Coleman et al., 1981; Whiticar,
1999; Etiope et al., 2011). Compared to carbon, information
on the CH4 source carried by hydrogen may be more easily
lost by isotope exchange, especially when geological time scales
are considered (Ni et al., 2011; Reeves et al., 2012). A further
complication is brought up by mixing of CH4 originating from
different sources.

Co-existing CO2 and C2+ Hydrocarbons
CO2 is usually a minor constituent in deep groundwaters within
crystalline bedrock and, because of high pH typical for these
environments, is mainly found in its dissolved form as HCO−

3
(e.g., Clark and Fritz, 1997; Frape et al., 2003). Nevertheless,
considering CO2 is a potential carbon source for both microbial
and abiotic CH4, it would be essential to know its isotopic
composition (or the isotopic composition of DIC at least) in
order to study the origin of CH4. 13C depleted DIC has also
been used as an indication of microbial CH4 oxidation as kinetic
fractionation caused by this process will favor depletion of 13C
in the product CO2 (Kotelnikova, 2002; Onstott et al., 2006).
When recorded in minerals, such as calcite, this isotopic shift
has been used for tracing carbon cycling in the past (e.g.,
Schidlowski, 2001; Drake and Tullborg, 2009; Sahlstedt et al.,
2010).

Information on the origin and cycling of CH4 may also be
obtained by comparing the abundance of CH4 to longer chained
(“higher” or C2+) hydrocarbons. Longer chained hydrocarbons
most commonly found in deep groundwaters within crystalline
rocks are ethane and propane (Fritz et al., 1987; Nurmi et al.,
1988; Sherwood Lollar et al., 1993a,b; Haveman et al., 1999; Ward
et al., 2004; Kietäväinen et al., 2013). As microbial processes
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produce almost solely CH4 and not higher hydrocarbons, the
ratio between CH4 and C2+ is very high (>103), while CH4
produced by thermogenic break-up of organic matter tends to
contain significant amounts of C2+ compounds (e.g., Whiticar,
1999). Hydrocarbon formation due to abiotic organic synthesis
at geologically relevant conditions is more poorly constrained
(McCollom, 2013). Formation of longer chained alkanes and
alkenes is a typical feature of FTT synthesis (e.g., Taran et al.,
2007; McCollom et al., 2010; Zhang et al., 2013). However,
no longer chained hydrocarbons were formed in the low
temperature (298 K) FTT experiment conducted by Jacquemin
et al. (2010) using CO2 and H2 as starting materials. The study
by Horita and Berndt (1999) also suggest that the CH4 to C2+
ratio of abiotic gas might be closer to that of microbial than
thermogenic gas. To summarize, variation in the CH4 to C2+
ratio of abiotic gas should be expected. Moreover, mixing of
gases originating from different sources as well as microbial and
inorganic reactions are capable of modifying the CH4 to C2+
ratio. For example, the ratio will be increased by both abiotic and
microbial oxidation of CH4. Decrease in the ratio will take place if
longer hydrocarbons are consumed inmicrobial CH4 production
(Zengler et al., 1999).

A further approach is to compare the isotopic compositions of
longer chained hydrocarbons and CH4. In typical thermogenic
gas, the isotopic composition of carbon proceeds toward more
13C depleted compositions in the series propane-ethane-methane
while isotopic depletion of 13C along with increasing chain length
(reversed pattern) has been suggested to characterize abiotic
hydrocarbons (e.g., Sherwood Lollar et al., 2002; Zhang et al.,
2013). Both trends can be explained by reaction kinetics, as
lighter 12C will both break and react faster. However, similarly to
the concentration data, isotopic trends obtained from laboratory
scale production of abiotic hydrocarbons vary (McCollom, 2013).
Furthermore, it is not uncommon to see patterns in natural
samples which are somewhere between these two. Zhang et al.
(2013) proposed that different trends could be related to thermal
history. According to their study, cracking of earlier formed
longer chained hydrocarbons with increasing temperature would
produce a typical thermogenic pattern while the reversed carbon
isotope trend could be preserved in decreasing temperature.
Kinnaman et al. (2007) found that large isotopic enrichment
of both 2H and 13C in the substrate was associated with
aerobic microbial CH4 oxidation. Thus the isotopic pattern
could likely be changed by microbial processes. They also
found that the fractionation clearly decreased with increasing
chain length and/or when the substrate became limiting. This
has important implications for deep continental subsurface
environments which are characteristically substrate-limited.
There, isotope fractionation by microbial processes is expected
to diminish and may even be absent if the substrate is completely
consumed.

Other Co-existing Gases
In addition to carbon containing gases, other co-existing gases
such as noble gases and N2 can be used to trace the origin of
CH4. A major drawback related to using co-existing gases is the
possible decoupling of these gases and CH4.

As they are inert, noble gases are very useful in tracing
gas migration. For example they may be used to distinguish
between mantle and crustal sources of gases (Kipfer et al., 2002;
Prinzhofer, 2013; Sano and Fischer, 2013). Noble gases have also
been used to determine residence times of deep groundwaters
within crystalline shields in Canada (Bottomley et al., 1990;
Greene et al., 2008; Holland et al., 2013), Fennoscandia
(Kietäväinen et al., 2014; Trinchero et al., 2014), and South Africa
(Lippmann et al., 2003). These studies have revealed ancient
fluids within these formations extending from several millions of
years to over a billion years old. Even though the information
on residence times obtained from noble gases is indirect, and
often comes with high uncertainties, it can be potentially utilized
in estimating timing and rates of CH4 production as well as
isolation of the subsurface ecosystems. Examples of this method
are included in the studies by Lin et al. (2006b) and Schlegel et al.
(2011).

Isotopic composition of N2 in groundwaters of the
Fennoscandian and Canadian shields was used by Sherwood
Lollar et al. (1993a) to show that hydrocarbons were not
related to shallow atmosphere derived fluids but originated
from the crystalline basement. Attempts to separate between
inorganic and organic sources of hydrocarbons may also benefit
from determination of N2 isotopes, as 15N depleted values are
suggested to be representative of organic origin (Sano et al.,
1993; Zhu et al., 2000; Etiope et al., 2011). As N2 is the main
constituent of air, atmospheric contamination during sampling
or analysis is a real risk to be aware of.

Radiocarbon
Attempts have also been made to estimate the age of CH4 by
using radiocarbon (14C) dating. One such study was performed
by Slater et al. (2006) among the deep continental bedrock sites
in Witwatersrand Basin, South Africa. By comparing the 14C
isotopic composition of DIC and CH4 they concluded that the
majority of the CH4 was produced in the distant past. Potential
problems of this method include the contamination of typically
CO2-undersaturated groundwater samples by atmospheric CO2,
and recent formation of CH4 from ancient (or “14C dead”)
carbon source. In the former case, the apparent age of DIC
may be underestimated, while in the latter case CH4 from on-
going processes could be interpreted as ancient. Nevertheless, 14C
determination could help with tracing the carbon source. For
example, Stotler et al. (2010) found that the carbon source for
CH4 in the Lupin mine in Canada was older than could be dated
with 14C, i.e., more than 50 ka.

Clumped Isotopes
Recently, clumped isotope methods have also been developed
which are capable of determining the isotopologues of CH4
molecules (Stolper et al., 2014; Wang et al., 2015). Potential
applications of the method include determination of CH4
formation temperature (CH4 thermometry), and detection of
kinetic isotope fractionation, both of which might be used in
separating biotic from abiotic CH4 (Stolper et al., 2014; Wang
et al., 2015). More applications are expected when this method
comes more widely attainable.
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Microbes Involved in Methane Cycling in
the Fennoscandian Shield and Other Deep
Precambrian Continental Subsurface
Environments

Outokumpu Deep Drill Hole
Formation waters at the 2.5 km deep scientific drill hole in
Outokumpu, eastern Finland are characterized by high salinity
and abundant dissolved gas phase of which CH4 covers up to
80 vol-% (Table 1). The bedrock in Outokumpu is composed
of several geochemically different rock types. These include
serpentinites which have gained a lot of attention recently in
the studies of abiotic CH4, along with black schists which
contain abundant C. To date, Outokumpu Deep Drill Hole is the
deepest site within the Fennoscandian Shield where CH4 cycling
microbes have been studied.

Marker genes for methanogenesis, mcrA were detected
throughout the drill hole water column to 1500m depth with
a quantitative PCR assay (Itävaara et al., 2011a). Thus the
existence of methanogens in Outokumpu could be verified, even
though the copy numbers in a ml of drill hole water were
essentially low (around 1 × 102 copies mL−1). The overall ratio
of methanogens vs. total number of bacteria was less than 1%.
Cloning of the methanogenesis marker gene from the drill hole
water suggested that at depths of 900m or shallower, aceticlastic
Methanosarcina were present in the methanogenic communities.
Methylotrophic Methanolobus -type of OTUs were detected by
cloning and high-throughput sequencing methods from 1.1, 1.3,
and 1.5 km depths (Nyyssönen et al., 2014; Purkamo et al., 2015).
Lithology of the latter depths is dominated by serpentinites and
black schists and statistically corresponds with the detection of
mcrA genes ofMethanolobus (Västi, 2011; Purkamo et al., 2015).
Majority of the mcrA clones and pyrosequenced archaeal 16S
rRNA OTUs from the deepest part of the drill hole (1.9 km
depth and below) were related to Methanobacterium -associated
methanogens (Nyyssönen et al., 2014; Purkamo et al., 2015).
Further proof for autotrophic methanogenesis in the deepest part
of the drill hole was received from the metagenome of the sample
from 2.3 km depth, in which genes involved in autotrophic
methanogenesis were detected (Nyyssönen et al., 2014).

The bedrock fracture zones represent different microbial
community as the drill hole at the same depth. When observing
the intrinsic archaeal communities in bedrock fracture zones
at different depths of Outokumpu bedrock, Purkamo et al.
(2013) confirmed that hydrogenotrophic Methanobacteriaceae
were dominating the archaeal community in the fracture
zones at 500 and 2260m levels. In addition, a small part of
the archaeal community at these depths contained aceticlastic
Methanosarcina. The results were based both on DNA and RNA,
thus it can be presumed that these methanogens were active
in these fractures. Despite of confirmed methanogenic activity
in Outokumpu, CH4 is 13C rich (Table 1). Thus, it cannot
be classified as microbial within traditional limits for isotopic
composition of biological CH4.

In addition to methanogens, the existence and activity
of methanotrophic microbes in Outokumpu groundwater is

established. By cloning of the marker gene for particulate
methane monooxygenase enzyme (pmoA), Purkamo et al. (2015)
demonstrated that aerobic methanogens are part of the microbial
communities at 600, 900, and 1500m depths of the drill hole
water column. All clones in this study were affiliated with a
γ-proteobacterial Methylomonas methanica. Rajala et al. (2015)
verified that methanotrophs at 500m fracture zone could be
rapidly activated with CH4, methanol and sulfate. No ANME-
associatedmcrAwas found in these studies, suggesting either that
an another type of anaerobic methane oxidation pathway than
reverse methanogenesis could be more likely in Outokumpu,
or aerobic oxidation of CH4 by bacteria is more likely in
Outokumpu, or the mcrA primers used in these studies do not
detect ANME-type ofmcrA.

Olkiluoto
Olkiluoto in southwestern Finland is the future repository site
for nuclear waste. The bedrock in Olkiluoto is comprised of
migmatitic mica gneisses. Similarly to Outokumpu, the deep
groundwater in Olkiluoto is anaerobic and saline (Nyyssönen
et al., 2012). Concentration of CH4 is among the highest
observed today from any Precambrian crystalline bedrock
site (Table 1). The microbial communities in different parts
and depths of Olkiluoto site have been under observation
for several years. Traditional most probable number (MPN)
cultivation methods have described methylotrophs in shallow
depths and methanogens to the depth of at least 450m.
Methanogens were present in small numbers, 1 × 100
from 1 × 101 cells mL−1 (Pedersen et al., 2008). Using
molecular biological methods, Nyyssönen et al. (2012) reported
that the majority of mcrA clones acquired from shallow
(< 400m) depths of different drill holes in Olkiluoto fell
within a metabolically diverse group of methanogens, namely
Methanosarcinales. In addition, Methanoregula boonei of the
Methanomicrobiales mcrA sequences were detected, while
hydrogenotrophicMethanobacteriales -type of mcrA were found
below 500m depth. ThemcrA copy numbers detected with qPCR
varied from less than 200 copies to below detection limit mL−1 of
groundwater. Apparently the archaeal communities are diverse
in Olkiluoto but methanogenic archaea represent only a minority
ranging from 10 to 0.4 % of the archaeal community (Bomberg
et al., 2014).

Nyyssönen et al. (2012) detected mcrA of putative anaerobic
methane oxidizers, i.e., ANME archaea in a single sample
from 350m depth. In addition, this sample had the highest
number of mcrA gene copies, 660 copies mL−1. This depth is
considered to be within the sulfate-methane transition zone in
the Olkiluoto bedrock. A flow cell cultivation study provided
further evidence of existence of ANME archaea in Olkiluoto
(Pedersen, 2013). In addition, it was shown that the active
archaeal communities at depths of from 300 to 800m inOlkiluoto
consisted of, among others, ANME-2D archaea (Bomberg et al.,
2015). These findings of ANME archaea are further proof for the
hypothesis of Pedersen et al. (2008) that the anaerobic oxidation
of methane is an active microbial process in the Olkiluoto
bedrock.
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Äspö, Laxemar, and Forsmark
Another important Fennoscandian shield sites where deep
biosphere studies have been conducted are in Sweden. Probably
the most famous is the Äspö Hard Rock Laboratory (HRL) that
has been running since 1995, in addition to Laxemar-Simpevarp
and Forsmark which have been suggested for the final repository
sites for nuclear waste. Äspö HRL extends to 450m depth
in porphyritic granite/granodiorite bedrock, whereas Forsmark
lithology comprises of granites and Laxemar-Simpevarp granites
and quartz monzodiorite (Table 1). Both salinity and CH4
concentrations are much lower in all Swedish sites compared
to Olkiluoto and Outokumpu (Table 1). To our knowledge,
no information on isotopic composition of CH4 detected at
the Swedish sites exists. Pedersen (1997) demonstrated that
methylotrophic and aceticlastic methanogens dominated at
shallower depths above 200m, where more organic carbon was
available. In the deeper depths where organic carbon content
was lower, autotrophic methanogens were more frequent.
Kotelnikova et al. (1998) isolated an autotrophic methanogen
from Äspö groundwater, Methanobacterium subterraneum.
Hallbeck and Pedersen (2008a, 2012) found low numbers of
methanogens based on the most probable number method from
samples of all these three sites.

In addition to methanogens, methanotrophs have also
been detected from deep bedrock of Äspö and Forsmark.
Clone libraries of methanotrophy marker gene pmoA were
dominated by Methylomonas and Methylocystis (Chi Fru,
2008). Methylomonas and Methylobacter dominated enrichment
cultures from Äspö groundwater from below 400m depth
(Kalyuzhnaya et al., 1999). To conclude, methanotrophs are
detected approximately at the same depths in all Fennoscandian
Shield sites, mainly above 1 km.

Witwatersrand and Other Deep Precambrian
Continental Subsurface Study Sites
Another widely studied deep biosphere is located in the
Witwatersrand Basin in South Africa. The geological formation
is composed of quartzite and shale with overlying basaltic
and andesitic rocks, on top of the schist basement (Ward
et al., 2004). Several sites in the Witwatersrand Basin have
been studied and methanogenic as well as ANME archaea have
been detected with cloning of 16s rRNA gene (Takai et al.,
2001; Ward et al., 2004; Moser et al., 2005; Lin et al., 2005a,
2006a,b; Gihring et al., 2006). CH4 is a common constituent of
the gas phase in all of these sites (Table 1). A wide range of
isotopic compositions have been reported, including 13C poor
CH4. In the Beatrix mine methanogens have been detected
from 718 to 1390m depths (Ward et al., 2004). At the depth
of 866 mbls (BE16) Methanobacterium—type of clones were
most abundant, while other detected methanogens affiliated
with aceticlastic Methanosarcina and Methanosaeta (Lin et al.,
2006a). The archaeal communities in the Evander mine at the
depth of 1950m (EV818) were composed of Methanosarcina,
Methanosaeta in addition to Methanolobus (Ward et al., 2004;
Gihring et al., 2006). Methanobacterium-type hydrogenotrophic
methanogens were found typically in deeper samples in the
Witwatersrand Basin, such as from theMponeng andDriefontein

mines from over 2.7 km depth (Moser et al., 2005; Gihring
et al., 2006). In the Driefontein mine site D8A, at more
than 3 km depth the archaeal community comprised about
10% of the total microbial community and was dominated by
Methanobacterium (Moser et al., 2005). Methanobacterium -
affiliating 16s rRNA sequences were detected also from the
Mponeng mine at 2825m depth (Lin et al., 2005a). Aceticlastic
methanogens were typically found in depths shallower than
2 km at the Witwatersrand Basin whereas hydrogenotrophic
methanogens such as Methanobacterium dominated at deeper
depths. Gihring et al. (2006) suggested that high temperature and
reducing conditions were the determining geochemical factors
for the occurrence of Methanobacteriales in the fractures of the
Witwatersrand Basin.

Anaerobic oxidation of methane in the deep subsurface in the
Witwatersrand Basin is plausible, while archaeal 16s rRNA clones
similar to methanotrophic ANME-1 archaea in Driefontein
dolomitic aquifer and the Evander mine sites have been detected
(Gihring et al., 2006).

Although life in the deep biosphere has been characterized
in several sites as discussed above, there are some studies
from deep continental bedrock sites where methanogens and
methanotrophs could not be detected. These include the
subsurface groundwaters from Palmottu, Kivetty, Romuvaara,
and Hästholmen areas in the Fennoscandian Shield (Haveman
et al., 1999; Haveman and Pedersen, 2002). Methanogenic
archaea have not been detected from Kloof mine in the
Witwatersrand Basin (Takai et al., 2001; Ward et al., 2004; Kieft
et al., 2005). Neither did Onstott et al. (2009) detect any archaea
from the Canadian Shield site in the Lupin mine. These results
might indicate either real absence of methane cycling microbes at
the sites or could be due to extremely low numbers of cells and/or
inadequate sensitivity of analytical methods or because acquiring
representative samples at field conditions is often challenging.

Conclusions and Future Prospects

The possibility of abiotic CH4 synthesis at low temperatures,
together with findings of methanogenic microbes indicates
that the formation of CH4 is an on-going process in deep
Precambrian continental bedrock. In addition, the detection of
aerobic, and recently also anaerobic methanotrophs deep within
crystalline bedrock provide ecological evidence of microbial
contribution to CH4 consumption in these environments. So far,
the identified carbon sources of microbes range from inorganic
CO2 to CH4 and other small organic carbon molecules, but
there are intriguing hypotheses on microbial utilization of
refractory organic carbon of minerals. Thus, the participation
of heterotrophic microbes in carbon cycling in deep crystalline
bedrock should not be dismissed.

As deep continental crystalline bedrock environments are
commonly carbon-deprived, the traditional isotopic separation
between biologically produced and abiotically produced CH4 can
be difficult. When carbon sources are limited, the small amount
of carbon available will be utilized without the preference for
lighter isotope that is considered to happen in “normal” (surface)
circumstances with abundant organic carbon. In addition,
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microbial activities, such as syntrophy or competition, especially
in substrate-limited environments, can result to similar isotopic
composition of CH4 produced in abiogenic reactions. Thus,
further studies are needed especially considering the effect of
syntrophy or competitiveness of microbial species, substrate
availability and reaction rates on the isotopic composition of
CH4. Furthermore, more studies on different forms of inorganic
carbon (including minerals) available for both abiotic and
biological organic synthesis will be advantageous.

Metabolically diverse methanoges were found at shallower
depths while hydrogenotrophic methanogenesis appeared to be
more common at greater depths throughout the sites. However,
transition between the zones is not sharp and the depth varies
among the sites. Considering the evolution of methanogenesis,
the hydrogenotrophic pathway may be as old as life itself
on Earth, while the capability to use acetate is considered
to have evolved more recently during the Cambrian period
(Costa and Leigh, 2014 and references within). As the oldest
bedrock fluids are dated to be Precambrian (over 1 billion years
old; Holland et al., 2013) it will be interesting to see if there
are any methanogenic communities in these isolated fracture
fluids, and will the hydrogenotrophic pathway dominate in these
communities, as the hypothesis of the methanogenesis evolution
implies. Similarly, further studies on depth dependence and the
extent of isolation of different methanogens can shed light on the
evolution of deep bedrock biosphere as well as CH4 cycling.

Growing industrial interest in utilizing deep rock formations
as a natural resource such as mining of valuable metals or
extracting shale gas, as storage for CO2, hydrocarbons or other
fuels, as a part of infrastructure such as traffic tunnels, and
production of geothermal heat and/or energy has increased the
need for understanding the origin, source and cycling of CH4
in these environments. The natural state of the bedrock will
be disturbed during these activities and release, production,
and consumption of CH4 can affect industrial operations. CH4
may enhance biological activity by providing energy and carbon
for microbial communities. In turn, this may increase the

concentrations of reactive compounds such as hydrogen and
sulfide, especially in the presence of SO4, and change pH of
the system thus increasing the corrosion risk. As a gaseous
component, CH4 can also be important in mobilization of
radiocarbon.

In order to understand CH4 cycling at depths, and the
role of microorganisms within it, it is important to study the
environmental conditions such as reduction-oxidation potential,
isolation, and availability of substrates of the particular site
together with microbiology. Geochemical methods may help to
identify biotic from abiotic sources of CH4. Yet, no common
characteristics in terms of pH, T, depth, lithology, abundance,
and isotopic composition of CH4 could have been determined
which would serve as diagnostic tools for estimating importance
of microbial contribution in CH4 cycle in these environments.
However, potential of new findings exists in all continental
regions as to date very few sites have been studied at great
detail or even superficially. For example, such studies would
be beneficial in some Canadian Shield sites where extensive
geochemical data on CH4 is available and world’s oldest isolated
bedrock fluids have been identified. In Sweden, on the other
hand, more detailed geochemical characterization, including
isotopic analyses could be helpful. In addition, development
of new geochemical and microbiological methods, such as
clumped isotopes and high-throughput sequencing can open new
opportunities also in this field.
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Marinobacter subterrani, a
genetically tractable neutrophilic
Fe(II)-oxidizing strain isolated from
the Soudan Iron Mine
Benjamin M. Bonis and Jeffrey A. Gralnick*

BioTechnology Institute and Department of Microbiology, University of Minnesota – Twin Cities, Saint Paul, MN, USA

We report the isolation, characterization, and development of a robust genetic system for
a halophilic, Fe(II)-oxidizing bacterium isolated from a vertical borehole originating 714 m
below the surface located in the Soudan IronMine in northernMinnesota, USA. Sequence
analysis of the 16S rRNA gene places the isolate in the genus Marinobacter of the
Gammaproteobacteria. The genome of the isolate was sequenced using a combination
of short- and long-read technologies resulting in two contigs representing a 4.4 Mbp
genome. Using genomic information, we used a suicide vector for targeted deletion
of specific flagellin genes, resulting in a motility-deficient mutant. The motility mutant
was successfully complemented by expression of the deleted genes in trans. Random
mutagenesis using a transposon was also achieved. Capable of heterotrophic growth,
this isolate represents a microaerophilic Fe(II)-oxidizing species for which a system for
both directed and random mutagenesis has been established. Analysis of 16S rDNA
suggestsMarinobacter represents a major taxon in the mine, and genetic interrogation of
this genus may offer insight into the structure of deep subsurface communities as well as
an additional tool for analyzing nutrient and element cycling in the subsurface ecosystem.

Keywords: Fe(II)-oxidizing bacteria, genetic system, dark biosphere, deep subsurface, cultivation, characterization

Introduction

Ubiquitous and abundant in marine environments, the genus Marinobacter contains a metabolic
diversity and environmental versatility that has gained recent attention as a prospective biocatalyst
for wax ester synthesis (Holtzapple and Schmidt-Dannert, 2007; Lenneman et al., 2013) and
remediation of hydrocarbon contaminated environments (Strong et al., 2013; Fathepure, 2014).
Marinobacter species become initially enriched in hydraulic fracturing effluent, suggesting an
ability to thrive in harsh environments and in the deep subsurface (Cluff et al., 2014). Coupled
with the prominent contribution of Marinobacter to geochemical cycling (Handley et al., 2009;
Wang et al., 2012; Handley and Lloyd, 2013) and various ecosystem roles such as hydrocarbon
degradation (Handley and Lloyd, 2013) and marine snow precipitation (Kaeppel et al., 2012), a
greater understanding and control of these bacteria is necessary to fully harness and explore the
processes they influence and are able to perform. Though traditionally thought to be a genus
comprised exclusively ofmarine organisms (Handley and Lloyd, 2013),Marinobacter species isolated
from salinous non-marine sources are challenging this definition of the genus, which includes
members from wastewater (Liebgott et al., 2006), salinous soil (Martin et al., 2003), and now the
deep subsurface.
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The Soudan Underground Mine State Park, home of the
Soudan Iron Mine, is located in the Archean Soudan Iron
Formation of northern Minnesota, USA. The mine reaches
a depth of 714 m below the surface, and produced high-
grade hematite ore until it closed operations in 1962. In an
effort to expand the depth of the mine prior to closing,
core samples were drilled to locate ore-rich veins. Water from
the surrounding rock, a calcium- and sodium-rich brine that
reaches salinities as high as 4.2% (w/v), emerges from these
boreholes. Anaerobic and containing up to 150 mM dissolved
iron, the water carries with it microbes from still deeper
in the earth (Edwards et al., 2006). Opposing concentration
gradients of Fe(II) and oxygen form as the effluent contacts
the air in the mineshaft, creating an environment conducive for
aerobic microbial Fe(II) oxidation. A bacterium belonging to
the genus Marinobacter, designated isolate JG233, was isolated
from a downwardly oriented borehole located on the lowest
level of the mine, approximately 714 m below the surface. A
previous study conducted by Edwards et al. (2006) focusing on
microbial ecology of the Soudan Iron Mine, found abundant
Gammaproteobacteria in this level of the mine (Edwards et al.,
2006). Heterotrophic cultivation estimates concentration of
Marinobacter to be approximately 105 CFU/mL from the site
where JG233 was isolated (data not shown). These findings
are further supported by cultivation-independent analysis where
Marinobacter species constituted a significant fraction of 16S
rDNA sequences from several sites within the mine (unpublished
work). The presence of Marinobacter suggests the genus is well
suited to survival in the high salinity and Fe(II) found in the
mine, and as such is likely to influence nutrient and geochemical
cycling.

The quantity of iron in the earth’s crust and its availability
for electron transfer reactions enable it to significantly impact
the cycling of other elements, and has been implicated in
the change of state of carbon, sulfur, oxygen, nitrogen, and
manganese (Ghiorse, 1984; Konhauser et al., 2011; Johnson et al.,
2012). These elements play critical roles in the environment;
further extending the already considerable influence of iron
alone. The oxidation state of iron also influences soil structure,
dissolved carbon stability (Chan et al., 2009), and enzyme
activity (Baldock and Skjemstad, 2000; Bronick and Lal, 2005),
affecting microbial communities and soil fertility. Additionally,
microaerophilic Fe(II)-oxidizing bacteria have been implicated in
the accelerated corrosion and occlusion of water-associated iron-
bearing constructs, biofouling, and corroding pipes, as well as
other iron-containing structures (Emerson et al., 2010; McBeth
et al., 2010; Lee et al., 2013). In the environment, Fe(II)-
oxidizing organisms facilitate weathering and cycling, affecting
the oxidation state, bioavailability, and solubility of a variety
of important elements including carbon, oxygen, nitrogen, and
sulfur. Despite the importance and prevalence of these organisms,
little is known regarding the biochemistry of microaerophilic
Fe(II) oxidation. To our knowledge there exists no genetically
tractable representative of the Fe(II)-oxidizing bacteria, and
only recently has genomic work become possible. This lack
of knowledge arises from two complicating factors inherent to
Fe(II)-oxidizingmetabolisms: the quantities of Fe(III) precipitates

that result as a product of Fe(II) oxidation are inhibitory to
biochemical and genetic analysis, and it is difficult to obtain
sufficient biomass for analysis. These problems are coupled in
current model organisms for microaerophilic Fe(II) oxidation,
as growth on Fe(II) is obligatory for these organisms. For
this study we set out to isolate, characterize, and describe a
model organism for the study of Fe(II) oxidation capable of
heterotrophic growth, and to develop a robust genetic system for
this model organism. Here we describe an environmental isolate
that represents a microaerophilic Fe(II)-oxidizing strain capable
of heterotrophic growth, uncoupling an increase in cell density
from a proportional increase in Fe(III) byproducts. Heterotrophic
growth allows for the use of established molecular techniques
without the complications of growth on Fe(II) normally observed
in Fe(II)-oxidizing model organisms.

Materials and Methods

Isolation
Samples were obtained from the effluent of a descending
exploratory borehole, Soudan Mine Diamond Drill Hole 942,
located in the bottom (level 27) of the Soudan Underground
Mine State Park in Soudan, Minnesota, USA. The effluent is an
iron-rich, primarily calcium chloride brine with a circumneutral
pH (6.31 ± 0.48). Strain JG233 was isolated aerobically on agar-
solidified Difco Marine Broth (MB) medium (Becton Dickinson
and Company, NJ, USA).

Media and Growth Conditions
Escherichia coli cultures were grown at 37° C in Difco LB (Luria-
Bertani) medium. When cultivated in rich medium, isolate strain
JG233 was grown at 30° C in MB medium. In defined-media
experiments, isolate strain JG233 was cultured at 30° C in Mari-
nobacter Iron Medium (MIM) containing per liter: 50.0 g NaCl,
5.3 g MgCl2·6H2O, 0.75g KCl, 0.1 g MgSO4·6H2O, 50 mg
K2HPO4, 1.0 g NH4Cl, 0.740 g CaCl2·2H2O, 0.42 g NaHCO3,
2.38 g HEPES (4-(hydroxyethyl)-1-piperazineethanesulfonic
acid) and pH adjusted to 7.0 with 1 MHCl. LBMB (Luria-Bertani
Marine Broth) medium used during conjugation contained
750 mL prepared Difco LB and 250 mL prepared Difco MB
per liter. MB25RB medium used in preparation of competent
cells contained per liter: 3.75 g tryptone, 1.875 g yeast extract,
1.875 g NaCl, 1mL 1N NaOH, 4.39 g MgSO4·6H2O, and 4.675 g
Difco MB powder. For growth under kanamycin selection,
media contained 50 µg/mL kanamycin sulfate (Fisher Scientific,
MA, USA). Diaminopimelic acid was used at a concentration
of 360 µM when growing E. coli strain WM3064. Media
were supplemented with 1.5% (w/v) agar for growth on solid
media.

Growth conditions were assayed aerobically in MIM at 30° C
unless varied for the conditions of the assay as noted. Hetero-
trophic growth of isolate strain JG233 in liquid media was
monitored using optical density at 600 nm, unless the opacity
of the media proved prohibitive, in which case growth was
determined by counting colony forming units (CFU) on MB
solid medium. Electron donors were assayed at 20 mM or 0.03%
unless noted. Media for anaerobic growth were prepared by
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sparging MIM with N2 gas for 15 min in Balch tubes prior
to autoclaving sterilization. Media were amended with 10 mM
sodium lactate as the electron donor and 40mMelectron acceptor.
Following growth in tubes containing nitrate, nitrogen speciation
was determined using 0.8% N,N-dimethyl-α-naphthylamine
solubilized in 5 M acetic acid and 0.6% sulfanilic acid solubilized
in 5 M acetic acid, followed by the addition of powdered zinc.
Salinity assays utilized 40mMsodium lactate as the electrondonor
and varied concentrations of NaCl and CaCl2 in MIM media
from 0 to 2.22 M, and 0 to 300 mM, respectively. Hydrochloric
acid and sodium hydroxide were used to adjust MIM for pH
assays, and contained 40 mM sodium lactate as the electron
donor. Media for assaying pH tolerance contained 10 mM 3-(N-
morpholino)propanesulfonic acid (MOPS) and N-cyclohexyl-2-
aminoethanesulfonic acid (CHES) to extend buffering capacity.
Antibiotic susceptibility was assayed using antibiotic disks AM10,
N30, E15, TE30, P10, S10, and B10 (Cypress Diagnostics,
Belgium) on solid LB medium.

Fe(II) Oxidation Assay
The gel-stabilized gradient tube system from Emerson and Floyd
(2005) was adapted for Fe(II) oxidation assays (Emerson and
Floyd, 2005). In brief, FeS or FeCO3 stabilized in 1.0% agarose
was deposited in the bottom of sterile Balch tubes and allowed
to solidify. A low-melt agarose (SeaKem LE Agarose, Lonza,
ME, USA) stabilized MIM at pH 7.0 and lacking HEPES, was
gently overlaid on the Fe(II)-plugs and gassed for 1 min using
20% CO2 gas with a balance of N2. Tubes were then stoppered
with butyl rubber bungs and allowed to set overnight at ambient
temperature. Heterotrophically grown strain JG233 cultures
were washed in defined medium lacking organic carbon before
inoculation into the gradient tubes. Inoculation was performed
by removing the bung from the tube, allowing atmospheric gas
into the headspace, and injecting cells throughout the length of the
tube. Gradient tubes were incubated statically in the dark at 30° C.
During respiratory inhibition, gradient tubes of varied maturity
were amended to a final concentration of 2 mM sodium azide
or 20 µMN,N-dicyclohexylcarbodiimide (DCCD) solubilized in
200 proof ethanol.

Genomic DNA Isolation and Genome Assembly
For Illumina sequencing, genomic DNA was isolated using the
WizardGenomicDNAPurificationKit (Promega,WI, USA) from
an overnight culture of isolate strain JG233 grown inMBmedium.
Purified DNA was sequenced at the University of Minnesota
Genomics Center using an Illumina platform sequencing 100 bp
paired-end reads. For PacBio sequencing, pooled samples from
5 mL overnight outgrowths of isolate strain JG233 were isolated
using phenol/chloroform extraction. Purified DNA was sent to
the Mayo Clinic Bioinformatics Core for sequencing on a PacBio
platform using size selected reads on 4 SMRT cells. Assembly
was done using the Hierarchical Genome Assembly Process
with 100X coverage. The genome was assembled to two contigs
and polished to accuracy greater than 99.99%. Auto-annotation
was performed using the RAST Annotation Server through the
SEED <http://www.theseed.org/> (Aziz et al., 2008; Overbeek
et al., 2014).

Bacterial Strains and Mutant Construction
The bacterial strains, plasmids, and primers used in this study
are listed in Table 1. Primers were purchased from Integrated
DNA Technologies. DNA modification enzymes were purchased
from New England BioLabs. DNA purification for plasmid
construction was achieved using the Invitrogen Quick PCR
Cleanup Kit and Quick Plasmid Miniprep Kit.

For flaBGmutant construction, 1 kb regions flanking the flaBG
genes from isolate strain JG233 were amplified by polymerase
chain reaction (PCR) in two reactions, one using primers Flagellin
UF/Flagellin UR, and the other with Flagellin DF/Flagellin DR
(Table 1) in GoTaq Green Master Mix (Promega, WI, USA).
Purified upstream and downstream amplicons were digested
using either BamHI/AflII or AflII/SpeI, respectively. The vector,
pSMV3 (Saltikov and Newman, 2003), was digested using
BamHI/SpeI and gel purified. Fragments and vector were ligated
using T4 ligase prior to transformation into E. coli strain UQ950.

Preparation of Competent Cells
Chemically competent isolate strain JG233 stocks were prepared
using an adapted protocol for rubidium chloride treatment.
Briefly, cultures were grown to an optical density at 600 nm of 0.75
in MB25RM medium then kept on ice for the remainder of the
preparation. Cultures were centrifuged and pellets resuspended
in TFB1 containing per 500 mL: 1.45 g potassium acetate, 6 g
rubidium chloride, 0.75g CaCl2·2H2O, 4.95 gMnCl2·4H2O, 94.5 g
glycerol, and pH adjusted to 5.8 with acetic acid. Again, cells
were centrifuged and pellets resuspended in TFB2 containing per
100mL: 0.2 gMOPS, 1.1 g CaCl2·2H2O, 0.12 g rubidium chloride,
and 18.9 g glycerol, and pH adjusted to 6.5 with KOH. Stocks were
stored at -80° C until use. For transformation of competent isolate
strain JG233, aliquots were incubated with 120 ng pBBR1MCS-
2::gfpmut3 for 30 min on ice. Following heat shock at 45° C for
5 min, cells were incubated for an additional 2 min on ice before
dilution in MB25RB. After a 60 min recovery at 30° C, cells were
plated toMB plates andMB plates supplemented with kanamycin.

Conjugation
Escherichia coli donor strain WM3064 was used to conjugate
plasmids into isolate strain JG233. Cultures of donor and recipient
were grown in LB amended with kanamycin andMB, respectively,
and then diluted to an optical density at 600 nm of 1.0 with
LBMB. Donor cultures were washed once with LBMB to remove
kanamycin, pelleted, and decanted. After recipient cells were heat
shocked at 45° C for 5 min, 1 mL was removed and used to
resuspend the donor pellets. Cultures were pelleted, resuspended
in 100 µL LBMB, and spotted onto LBMB plates. Following an
18 h incubation at 30° C, spots were resuspended in LBMB and
spread to MB plates devoid of diaminopimelic acid and amended
with kanamycin for selection against the donor strain and for
the selection of merodiploid mutants, respectively. Kanamycin
resistant colonies were verified by PCR using insertion-specific
primers. Selection on MB plates amended with 100 mM sucrose
yielded kanamycin-sensitive colonies. Mutants were confirmed
via Sanger sequencing of the 16S rRNA gene using 27F and
genomic DNA using Flagellin UF and Flagellin DR primers to
assure no contamination had occurred.
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TABLE 1 | Bacterial strains, vectors, and primers.

Strain or vector Relevant trait(s) Source

Strains
Marinobacter subterrani

JG233 Wild Type This study
JG2729 ∆flaBG This study
JG3126 Wild Type with pBBR1MCS-2 This study
JG2756 ∆flaBG with pBBR1MCS-2 containing flaBG This study
JG2791 JG233 with pBBR1MCS-2 containing gfpmut3 This study

Escherichia coli
UQ950 DH5α vector construction host Saltikov and Newman (2003)
WM3064 DAP auxotroph donor strain for conjugation Saltikov and Newman (2003)

Vectors
pSMV3 Deletion vector, Kmr, sacB Saltikov and Newman (2003)
pSMV3∆flaBG Deletion construct for flaBG This study
pBBR1MCS-2 Broad range cloning vector, Kmr Kovach et al. (1995)
pBBR1MCS-2::flaBG ∆flaBG complementation vector This study
pBBR1MCS-2::gfpmut3 gfp containing vector Laboratory stock
pMiniHimar RB1 Transposon-carrying plasmid Bouhenni et al. (2005)

Primers
Flagellin UF catgGGATCCTTCTTCCTGTTTGGGACCGAC This study
Flagellin UR catgCTTAAGGGCTAATGCCCCTCCAGTATC This study
Flagellin DF cagtCTTAAGCAGTAAACTCAGAACGCCC This study
Flagellin DR cagtACTAGTGTGCCGGTTTCCTCGGAG This study
Flagellin CompF cagtAAGCTTGATACTGGAGGGGCATTAGCC This study
Flagellin CompR cagtACTAGTGGGCGTTCTGAGTTTACTG This study
27F AGA GTT TGA TCM TGG CTC AG Wilson et al. (1990)
M13F GTA AAA CGA CGG CCA GT Universal Primer List (n.d.)
M13R CAG GAA ACA GCT ATG AC Universal Primer List (n.d.)

Restriction site indicated in bold.

Phylogeny
Phylogenetic analysis was done using the two identical complete
16S rRNA genes of isolate strain JG233 obtained from the genome
assembly. All sequences were size-adjusted, aligned, and a tree was
constructed using theMEGA6.06 software package (Tamura et al.,
2013) with the Neighbor-Joining statistical method with a Jukes-
Cantor substitution model and 1000 bootstrap replications (Jukes
andCantor, 1969). Analysis of gyrBwas conducted similarly to the
16S rRNA genes using the MEGA6.06 software package (Tamura
et al., 2013) utilizing the Maximum Likelihood method and the
Tamura-Nei model with 1000 bootstrap replications (Tamura and
Nei, 1993). Genome comparisonwas conducted using theAverage
Nucleotide Identity calculator developed by the Konstantinidis
Lab, Georgia Institute of Technology, GA,USA (Goris et al., 2007).

Results

Growth Conditions
Growth in MIM was supported by acetate, citrate, fumarate,
fructose, glucose, glutamine, glycerol, lactate, n-hexane, n-
tetradecane, succinate, and sucrose. No growth was observed
in defined media containing arabinose, galactose, glucosamine,
lactose,malate, orN-acetylglucosamine as the sole electron donor.
Anaerobic oxidation of lactate was coupled to the reduction of
nitrate to nitrite. Anaerobic growth was not supported by nitrite,
sulfate, fumarate, DMSO, or TMAO, and no growth was observed
in controls lacking a terminal electron acceptor. Isolate strain
JG233 grew at temperatures between 2 and 37° C, and between

pH 5 and 9, with optimum growth rates at 37° C and pH 6. Strain
JG233 is capable of growth in NaCl concentrations of 0.5–13%
with an optimum at 7%. Isolate strain JG233 displayed zones of
clearing around diffusion disks containing ampicillin, neomycin,
erythromycin, tetracycline, penicillin, and streptomycin and no
apparent growth defect from bacitracin.

Genome Properties
The draft genomeof strain JG233 consists of two contigs of a single
amplicon, encompassing 4,453,613 bp, 4,155 possible coding
regions, and a G+C content of 58.9%. The assembly finished
had an N50 of 3,410,286 bp and a length cutoff of 15,849 bp.
Despite read lengths up to 40 kb, the assembly was unable to
resolve two repetitive regions containing phage sequences of
high similarity. Analysis of the SEED metabolic reconstruction
using the KEGG database supports strain JG233 prototrophic
for amino acid biosynthesis, which is empirically supported by
growth in defined media. Analysis of the genome also suggests
complete glycolysis, Entner-Doudoroff, pentose phosphate, and
tricarboxylic acid cycle pathways. Carbon source utilization is
supported by the genomic annotation. Based on genomic analysis,
strain JG233 should be capable of fermentation and be able to
utilize nitrite as a terminal electron acceptor, though cultivation-
based efforts have failed to demonstrate either.

In an effort to identify gene products that may be involved
in Fe(II) oxidation, sequences of proteins thought to be involved
with Fe(II) oxidation in other organisms were queried against
the strain JG233 translated genome. Though a putative protein
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FIGURE 1 | Maximum Likelihood phylogenetic tree of the 16S rRNA
gene placing Marinobacter subterrani JG233 in the genus
Marinobacter. Evolutionary relatedness was inferred using the
Neighbor-Joining method (Saitou and Nei, 1987) based on the Jukes-Cantor
method (Jukes and Cantor, 1969). Branch lengths are measured in the
number of substitutions per site. Sequences were obtained from the National
Center for Biotechnology Information, and were trimmed to as to attain a
total of 1417 positions in the final dataset representing similar regions of the
16S rRNA gene. Evolutionary analyses were conducted in MEGA6 (Tamura

et al., 2013). Accession numbers for included species are as follows:
Marinobacter adhaerens (NR_074765), Marinobacter similis (KJ547704),
Marinobacter gudaonensis (NR_043796), Marinobacter salarius (KJ547705),
Marinobacter lypolyticus (NR_025671), Marinobacter flavimaris
(NR_025799), Marinobacter sediminum (NR_029028), Marinobacter guineae
(NR_042618), Marinobacter hydrocarbonoclasticus (NR_074619),
Zooshikella ganghwensis (AY130994), Microbulbifer hydrolyticus
(AJ608704), Alcanivorax borkumensis (Y12579), Fundibacter jadensis
(AJ001150), and Hahella chejuensis (AF195410).

with 32% identity to the CycA1 of the acidophilic Fe(II)-oxidizer
Acidothiobacillus ferrooxidans was identified, the lack of genes
encoding Cyc2 or Rusticyanin fails to suggest that a similar Fe(II)
oxidation system is employed by strain JG233. Strain JG233 lacks
homologs to proposed photosynthetic Fe(II) oxidation systems
PioABC (Jiao and Newman, 2007) and FoxEYZ (Croal et al.,
2007) from Rhodopseudomonas palustris TIE-1 and Rhodobacter
ferrooxidans SW-2, respectively, as well as the proposed MtoAB
and CymAES−1 (Liu et al., 2012) of the neutrophilic Fe(II)-
oxidizer Sideroxydans lithotrophicus ES-1. PioAB and MtoAB
share high sequence identity with MtrAB of the Fe(III)-reducing
system of Shewanella oneidensis MR-1. Homology between these
systems suggests other genes involved with Fe(III) reduction may
share orthologs in Fe(II)-oxidizing organisms, and the genome
of JG233 was queried and found to be lacking homologs to
MtrABCDEF, DmsEF, OmcA, and the translated products of
SO_4359 and SO_4360 of Shewanella oneidensis MR-1. The
relevance of c-type cytochromes in electron transfer systems was
also exploited to identify candidate genes for Fe(II) oxidation.
The translated genome of strain JG233 was searched for proteins
containing the characteristic c-type cytochrome binding CXXCH
motif (Kranz et al., 2009), yielding 33 possible c-type cytochromes.
Of these, four contained two heme c-binding motifs, and none
more than two.

Phylogeny
Analysis of the 16S rRNA gene of isolate JG233 places it
in the genus Marinobacter, however, members of the genus
Marinobacter often share a greater than an 97% identity of
the 16S rRNA gene (Figure 1). Few of the Marinobacter have
additional publicly available sequences, making further sequence-
based analysis difficult. Taxonomic classification of isolate JG233
was refined though comparison of gene gyrB, average nucleotide
identity, and phenotypic properties. The gyrB gene is commonly
used as an indicator of phylogenetic relatedness, as it contains
sufficient length to tolerate subtle mutations that accumulate
during speciation, but remains a highly conserved supplement
or alternative to classification based on the 16S rRNA genes
(Rajendhran and Gunasekaran, 2011). Establishment of strain
JG233 as a distinct species from M. adhaerens, M. salarius,
M. similis, and M. flavimaris is supported by comparison of
gyrB, which clusters isolate JG233 solely, but distinctly, with M.
guineae (Figure 2). Genomes publicly available for species with an
identity higher than 97% to the 16S rRNA gene of isolate JG233
include M. adhaerens, M. salarius, M. similis, and M. lypoliticus.
Two-way average nucleotide identity comparison to the strain
JG233 genome yield values of 84.73, 79.51, 80.15, and 77.23%
respectively. These values fall conservatively outside the 95%
threshold put forth by Goris et al. (2007) for speciation.
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FIGURE 2 | Maximum Likelihood phylogenetic tree of the gyrB gene.
Evolutionary relatedness was inferred using the Maximum Likelihood
method based on the Tamura-Nei model (Tamura and Nei, 1993). Branch
lengths are measured in the number of substitutions per site. Sequences were
obtained from the National Center for Biotechnology Information, and were
trimmed so as to attain a total of 851 positions in the final dataset representing
similar regions of the gyrB as constrained by sequence available from the
National Center for Biotechnology Information. Evolutionary analyses were

conducted in MEGA6 (Tamura et al., 2013). Accession numbers for included
species are as follows: Marinobacter adhaerens (KF811467), Marinobacter
salarius (KJ547705), Marinobacter similis (CP007151), Marinobacter guinea
(KJ467768), Marinobacter sp. R9SW1 (KF811464), Marinobacter
hydrocarbonoclasticus (KF811470), Halomonas sp. B6 (KC935335),
Halomonas xinjiangensis (KC967623), Pseudomonas azotifigens (KM103930),
Pseudomonas alcaligenes (AB039388), Microbulbifer maritimus (AB243198),
Microbulbifer elongatus (AB243199), Escherichia coli (AB083821).

Genetic System
Conjugation of the pMiniHimar RB1 transposon vector into wild-
type isolate strain JG233 resulted in kanamycin-resistant colonies.
Presence of the transposon was confirmed by sequencing purified
genomic DNA using transposon specific primers (data not
shown). Direct transformation of isolate strain JG233 with
plasmid pBBR1MCS-2::gfpmut3 was achieved by chemically
induced competency with an efficiency of 1.36 × 104 CFU/µg
plasmid DNA. Directed deletion of the chromosomal region
containing flagellin encoding genes flaG and three copies
of flaB was conducted via conjugation of the suicide vector
pSMV3∆flaBG into wild type isolate strain JG233, followed
by sucrose counter selection. Flagellin deletion mutants were
confirmed by Sanger sequencing and a lack of motility in
0.3% agar MB plates (Figure 3). Motility was recovered upon
conjugation of the pBBR1MCS-2::flaBG complementation
construct into motility-deficient mutants (Figure 3C), and
motility was not observed by the pBBR1MCS-2 empty-vector
controls (data not shown).

Fe(II) Oxidation
Isolate strain JG233 was tested for Fe(II) oxidation in gradient
tubes and positively demonstrated Fe(II) oxidationwith either FeS

(Figure 4) or FeCO3 (results not shown) as the Fe(II) source as
compared to abiotic and E. coli UQ950 controls. Growth was not
observed in gradient tubes when compared to controls lacking
Fe(II). Use of respiratory inhibitors sodium azide and N,N-
dicyclohexylcarbodiimide abolished the distinct band of Fe(II)-
oxides associated with microbially facilitated Fe(II) oxidation,
resulting in banding consistent with abiotic Fe(II) oxidation
(Figure 5). Ethanol was found to have no effect on the system
in the volumes used to solubilize N,N-dicyclohexylcarbodiimide
(results not shown). Scanning electron microscopy suggests cells
do not form biogenically templated Fe(III) structures such as
stalks or sheaths (results not shown).

Discussion

Prior to the cessation of mining operations in 1962, expansion
of the Soudan Iron Mine was actively underway and involved
the drilling of cores to survey the surrounding rock. Shortly
after, anaerobic and Fe(II)-rich water started welling from the
deeper of these boreholes. The effluent of these boreholes is ideal
for microaerophilic Fe(II)-oxidizing bacteria as oxygen diffusion
forms opposing Fe(II) and oxygen gradients. Isolated from one
such vertical borehole originating 714 m below the surface and
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FIGURE 3 | Swimming motility assay. Comparison of wild type Marinobacter strain JG233 (A) with ∆flaBG (B) and the ∆flaBG mutant complemented with
pBBR1-MCS2:: flaBG (C) on 0.3% agar Marine Broth plates.

FIGURE 4 | Fe(II) oxidation by Marinobacter strain JG233 in gradient
tubes. Representative set of tubes (n = 3) demonstrating Fe(II) oxidation by
Marinobacter strain JG233 (A) compared to Escherichia coli strain UQ950 (B)
and an abiotic control (C) in tubes containing FeS as the Fe(II) source and
MIM +0.15% low melt agarose as the medium overlay.

almost 1,600 km from an ocean, isolate JG233 attests to the
ubiquity of the genusMarinobacter, a genus thought to primarily
consist ofmarine organisms.Marinobacter constitutes a dominant
genus in the mine, with representation in some mine samples

greater than 70% based on 16S rDNA sequencing (unpublished
data).

Description of Marinobacter subterrani sp. nov
Marinobacter subterrani (suhb.tuh.reyn.ahy. Genitive noun
subterranimeaning “of the subterrane,” referring to the ecosystem
fromwhich the strain was isolated). Cells are motile rods approxi-
mately 1.8–2.0 µm in length and 0.4 µm wide under Fe(II)-
oxidizing conditions and 1.5µm in length and 0.7µmwide when
grown under heterotrophic conditions. Colonies on MB agar are
smooth, convex, circular, and have a diameter of approximately
1–2mm after 48 h of growth at 30° C. Growth occurs from pH 5–9
with an optimum around 6. Strain is moderately halophilic and
capable of growth between NaCl concentrations of 0.5–13% (w/v)
with an optimum at 7% (w/v). Interestingly, calcium is required
for growth, with an optimum concentration of 0.54% (w/v)
and a maximum tolerated concentration of 3.5% (w/v), though
strontium can substitute for calcium to support growth. Divalent
calcium is a major cation in the mine, reaching concentrations of
1.8% (w/v) at the sampling site.

The similarity to mine conditions of Marinobacter subterrani
JG233 optima for salinity and pH, tolerance to calcium, and
growth at 11° C, coupled with the prevalence of Marinobacter
in the mine, suggest M. subterrani is not only able to propagate
but is well acclimated to the conditions from which it was
isolated and has not recently been introduced to this environment.
Despite significant 16S rDNA similarity to other members of
the Marinobacter; average nucleotide identity, comparison of
gyrB, distinct environmental niche, and physiological differences
support the establishment of M. subterrani as a distinct species
(Table 2).

The genome of M. subterrani does not contain components
of any known carbon fixation pathways, and lithoautotrophic
growth is neither expected nor observed (data not shown). The
lack of autotrophic growth with Fe(II) as an electron donor
presents a challenge to determine the role of Fe(II) oxidation by
this organism, as growth in the absence of alternative electron
donors normally implicates the electrons from Fe(II) oxidation
are used electrogenically. The inhibition of facilitated Fe(II)
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FIGURE 5 | Fe(II) oxidation under respiratory inhibition.
Representative set of Marinobacter strain JG233 in tubes containing FeS
as the Fe(II) source and MIM +0.15% low melt agarose as the medium
overlay. Results were consistent regardless of incubation time prior to
respiratory inhibition, as long as inhibitor was added prior to rust-colored
band formation. Tubes (A) and (B) contain sodium azide to 2 mM both
abiotic and with Marinobacter strain JG233, respectively.

N,N-dicyclohexylcarbodiimide solubilized in 200 proof ethanol was added
to a final concentration of 20 µM to an abiotic control (C) and a tube with
Marinobacter strain JG233 (D). The tubes containing respiratory
inhibitors exhibited rust-colored bands dissimilarly to uninhibited
Marinobacter strain JG233 (E) and are located in similar positions as the
abiotic control (F), indicating Fe(II) oxidation by Marinobacter strain
JG233 required actively metabolizing cells.

oxidation by respiratory inhibitors supports Fe(III)-precipitation
by M. subterrani requires actively metabolizing cells, and thus
is not thought to occur due to an unmediated process, such as
production of acidic exopolysaccharides (Chan et al., 2009), which
would persist regardless of viability. Regardless of mechanism or
function of Fe(II) oxidation by M. subterrani, the prevalence of
this organism, and the abundance ofMarinobacter species isolated
from cathodic enrichments from other oxic-anoxic interface
environments (Rowe et al., 2015; Wang et al., 2015), imply this
genus plays a major role in the communities that dominate Fe(II)-
oxidizing environments.

Current models for the study of microaerophilic Fe(II)
oxidation lack the necessary genetic tools to properly interrogate
the possible mechanisms responsible for Fe(II) oxidation. This
lack of a robust genetic system stems from the obligate nature of
these model organisms for ferrotrophy, inherently coupling the
growth of the organism to be studied to the production of Fe(III)
oxides. The ability to grow M. subterrani under heterotrophic
conditions enables the use of well established methods for genetic
manipulation separately from phenotypic observations when
incubated with Fe(II). The establishment of a robust genetic
system inM. subterrani has application beyond the study of Fe(II)
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TABLE 2 | Marinobacter subterrani JG233 and defining species attributes of related species.

Characteristics 1 2 3 4 5 6 7

DNA G+C Content (mol%) 52.7% 57.1% 58.9% 56.9 58% 57.6 57.1
Salinity range (%a of Na+) 0.5–20.5 1–15 1–13 0.5–20 20 0.5–20 0.5–20
Temperature range (Co) 10–45 4–42 2–37 4–45 4–45 4–40 4–40
pH Range 6–9.5 5–9.5 5–9 5.5–10 5.5–8.0 6–9 6–9
Plasmids 2 (0.2 Mb) 0 2 0 0
Utilization of:

Acetate + + – +

Citrate + – + – – –
Fumarate + +

Lactate + + + +

Malate – +

Succinate + + – +

Arabinose – – – – – –
Fructose – + + + – +

Glucose – + + – – – –
Glycerol – + + – – – +

Lactose – – – – –
Mannitol – – – – –
NAG – + – – – –
Starch +

Sucrose – + – – – –
Hydrocarbons + +

Reduction of nitrate + + + – + + –
Reduction of nitrite + + – – – –
Fermentative + –

a in weight per volume.
NAG, N-acetyl-glucosamine.
Spaces left blank were not assayed in the original characterization paper of the species.1, M. hydrocarbonoclasticus (Gauthier et al., 1992); 2, M. guinea (Montes et al., 2008);
3, Marinobacter subterrani JG233; 4, M. adhaerens (Kaeppel et al., 2012); 5, M. flavimaris (Yoon et al., 2004); 6, M. similis (Hooi et al., 2014); 7, M. salarius (Hooi et al., 2014).

oxidation. Phylogenetic analysis using 16S rRNA gene would
suggest inclusion of M. subterrani in the genus Marinobacter
of the Gammaproteobacteria. Marinobacter are well regarded
as a metabolically diverse clade, containing representatives
capable of many biotechnologically and industrially relevant
biochemical processes. The development of a genetic system
for M. subterrani JG233 expands upon the genetic system
for M. adhaerens reported by Sonnenschein et al. (2011)
for the analysis and development of the genus Marinobacter
and establishes a crucial genetic system for the study
of microaerophilic Fe(II)-oxidizing species (Sonnenschein
et al., 2011). The genetic tools outlined in this study allow
methods previously unavailable in a microaerophilic Fe(II)-
oxidizing strain to be utilized. Transposon mutagenesis,
markerless deletion, and complementation via expression from
a plasmid enable the interrogation of the function of specific
gene products, as well as the use of hypothesis generating
experiments.

The isolation, description, and development of a genetic
system in M. subterrani JG233 establishes a foundation for

the genetic study of dominant organisms contributing to
Fe(II) oxidation in the subsurface. As Marinobacter species
are increasingly found in diverse environments, including
hydraulic fracturing effluent, deep marine sediments, and
beneath the iron ranges of Minnesota, a greater understanding
of these microbes will shed light on survival and metabolism
in the dark biosphere. Future studies should focus on the
mechanism of the demonstrated Fe(II) oxidation and the
contribution and mode of M. subterrani metabolism to the
microbial community structure and its functioning in the native
environment.
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The Lubin underground mine, is one of three mining divisions in the Lubin-Glogow Copper
District in Lower Silesia province (Poland). It is the source of polymetallic ore that is rich in
copper, silver and several heavy metals. Black shale is also significantly enriched in fossil
organic matter in the form of long-chain hydrocarbons, polycyclic aromatic hydrocarbons,
organic acids, esters, thiophenes and metalloporphyrins. Biological analyses have revealed
that this environment is inhabited by extremophilic bacteria and fungi. Kupfershiefer black
shale and samples of water, bottom and mineral sediments from the underground (below
600 m) Lubin mine were taken and 20 bacterial strains were isolated and characterized.
All exhibited multi-resistant and hypertolerant phenotypes to heavy metals. We analyzed
the plasmidome of these strains in order to evaluate the diversity and role of mobile
DNA in adaptation to the harsh conditions of the mine environment. Experimental
and bioinformatic analyses of 11 extrachromosomal replicons were performed. Three
plasmids, including a broad-host-range replicon containing a Tn3 family transposon,
carried genes conferring resistance to arsenic, cadmium, cobalt, mercury and zinc.
Functional analysis revealed that the resistance modules exhibit host specificity, i.e.,
they may increase or decrease tolerance to toxic ions depending on the host strain.
The other identified replicons showed diverse features. Among them we identified a
catabolic plasmid encoding enzymes involved in the utilization of histidine and vanillate,
a putative plasmid-like prophage carrying genes responsible for NAD biosynthesis, and
two repABC-type plasmids containing virulence-associated genes. These findings provide
an unique molecular insight into the pool of extrachromosomal replicons and highlight
their role in the biology and adaptation of extremophilic bacteria inhabiting terrestrial deep
subsurface.

Keywords: plasmid, Tn3 transposon, underground copper mine, terrestrial deep subsurface, extremophilic

bacteria, heavy metal

INTRODUCTION
Bacterial plasmids, as extrachromosomal mobile genetic ele-
ments, are components of many microbial genomes. They have
modular structures, since it is possible to dissect them into
several functional genetic modules. The plasmid backbone is
composed of a set of conserved modules, coding for replica-
tion, stability and conjugal transfer functions, which are cru-
cial for plasmid maintenance and spread. Many plasmids also
carry accessory genes determining various phenotypes, e.g.,
antibiotics resistance and utilization of toxic compounds. Such
genetic information is not crucial for host viability, but it may
play an important role in the adaptation of bacteria to vari-
ous environments, including terrestrial deep subsurface habitats
(Sobecky and Coombs, 2009; Heuer and Smalla, 2012; Nojiri,
2013).

It was shown that one of the most frequently found phenotypic
modules carried by bacterial plasmids are heavy metal resis-
tance genes (Silver, 1996). Moreover, metal resistance genes are
often co-localized on plasmids together with antibiotic resistance
genes, and they are frequently present within transposable and
integrative mobile elements (Rahube et al., 2014). Such plasmid-
encoded heavy metal resistance systems are usually related to
chromosomally-encoded determinants found in other bacteria,
which exemplifies the naturally occurring gene flow (Silver,
1996).

Horizontal gene transfer is a major mechanism contributing
to bacterial diversification and adaptation, and plasmids are the
main players in this process (Heuer and Smalla, 2012). Many plas-
mids are self-transmissible or mobilizable replicons, which can
be transferred from one host to another, together with various
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“passenger” genes (often embedded within transposons), which
can be useful under particular selection pressures (Tamminen
et al., 2012). This phenomenon is extremely profitable for bacteria
and, in effect, speeds up the process of evolution. To explain the
link between environmental conditions and the diversity of bac-
terial plasmids a complex molecular analyses or, so called, meta-
analyses of plasmidomes of bacteria inhabiting various (especially
unique) extremophilic environments are needed (Dziewit and
Bartosik, 2014).

The Lubin underground mine, is one of the three mining
divisions in the Lubin-Glogow Copper District located in the
Lower Silesia province (Poland). This mine is the source of
polymetallic ore that is highly rich in copper (10 wt.%) and
silver (100 mg kg−1) (Oszczepalski, 1999). Besides these two
elements As, Co, V, Ni, Pb, and Zn at high concentrations
were also detected (Speczik, 1994, 1995; Oszczepalski, 1999). All
mentioned elements occur in the form of sulfides and sulphos-
alts [e.g., bornite (Cu5FeS4), chalcopyrite (CuFeS2)], gersdorffite
(NiAsS), nickeline (NiAs), cobaltite (CoAsS), minerals belong-
ing to the tennantite-tetrahedrite series [(Cu, Fe)12As4S13—(Cu,
Fe)12Sb4S13, sphalerite (ZnS) and galena (PbS)]. A characteris-
tic feature of these deposits is a neutral or slightly alkaline pH
reaching 8.5. Black shale is also significantly enriched in fossil
organic matter (up to 30%) in the form of long-chain satu-
rated and unsaturated hydrocarbons, polycyclic aromatic hydro-
carbons, organic acids and esters, as well as thiophenes and
metalloporphyrins (Sklodowska et al., 2005; Matlakowska and
Sklodowska, 2011). Biological analyses have revealed that this
hostile environment is inhabited by endemic and extremophilic
microorganisms, including bacteria and fungi (Matlakowska and
Sklodowska, 2009; Rajpert et al., 2013).

In our previous work we analyzed several strains of the
genus Pseudomonas originating from the Lubin copper mine
(Szuplewska et al., 2014). Using a trap plasmid strategy to capture
functional transposable elements, we identified several insertion
sequences and transposons (autonomous and non-autonomous),
some of which carry predicted genetic modules of adaptive
value (Szuplewska et al., 2014). In this study we extended our
investigation of the mobilome of bacteria inhabiting this deep
underground environment. We isolated and analyzed the plas-
mids of strains representing various taxonomic groups, focusing
on replicons conferring heavy metal resistance. Such plasmids
(and their bacterial hosts) may be exploited in industrial pro-
cesses, e.g. bioleaching of metals or biormediation. Moreover, the
naturally occurring plasmids are good candidates for the con-
struction of vectors for the genetic manipulations of biotechno-
logically important bacteria. However, this requires an in-depth
understanding of the plasmid biology.

MATERIALS AND METHODS
BACTERIAL STRAINS, PLASMIDS AND CULTURE CONDITIONS
The bacterial strains and plasmids used in this study are listed
in Table S1. The strains were grown in LB (Luria-Bertani)
medium (Sambrook and Russell, 2001) at 37◦C (E. coli) or 22
and 30◦C (other strains). Where necessary, the medium was sup-
plemented with sucrose (10%) and the antibiotics, kanamycin
(50–1000 μg/ml) and rifampicin (50 μg/ml).

SAMPLE COLLECTION AND BACTERIAL ISOLATION
Samples of black shale, mineral sediment, bottom sediment and
water, collected from various sites within the Lubin underground
copper mine (below 600 m), were placed in sterile plastic tubes
and held at 4◦C until they were processed in the laboratory.

To isolate bacterial strains, samples of solid matter (10 g) were
resuspended in 20 ml of 0.85% NaCl (pH 7.0) and shaken at 22◦C
for 2 h. Then a series of dilutions were prepared in saline solu-
tion and plated onto solid LB medium. Diluted water samples
were plated directly onto LB medium. The plates were incubated
at 22◦C for 2 weeks. All operations were carried out aseptically.

AMPLIFICATION AND SEQUENCING OF 16S rRNA GENES
A colony PCR method was used for the amplification of 16S rRNA
gene fragments (Gathogo et al., 2003). PCR was performed with
the primers 27f and 1492r (Lane, 1991). The amplified 16S rDNA
fragments were used as templates for DNA sequencing with an
ABI Prism 377 automatic sequencer (Applied Biosystems).

PHYSIOLOGICAL ANALYSES OF THE BACTERIAL STRAINS
The temperature, pH and salinity tolerance of bacteria were
analyzed by monitoring changes in the optical density of cul-
tures (in comparison with non-inoculated controls) according to
the procedures described previously (Dziewit et al., 2013). For
the motility assay LB soft agar plates containing 0.3, 0.35, or
0.4% (w/v) agar were inoculated with the bacteria using a sterile
toothpick and incubated at 30◦C for 48 h.

The minimum inhibitory concentrations (MICs) of selected
heavy metal ions were established. For this purpose, analytical
grade salts (3CdSO4 × 8H20; CoSO4× 7H20; CuSO4; HgCl2;
K2Cr2O7; NaAsO2; Na2HAsO4× 7H2O; NiCl2× 6H20; NaO3V;
ZnSO4× 7H20) were used in an assay procedure described pre-
viously (Dziewit et al., 2013). Isolates that grew in the presence
of at least the following metal ion concentrations were consid-
ered resistant: (i) 20 mM V5+, (ii) 10 mM As5+, (iii) 1 mM As3+,
Cd2+, Co2+, Cu2+, Ni2+, Zn2+, or Cr6+, and (iv) 0.1 mM Hg2+
(Nieto et al., 1987; Abou-Shanab et al., 2007).

The ability to produce siderophores was examined by applica-
tion of the modified chrome azurol S (CAS) agar plate method
(Schwyn and Neilands, 1987). The plates were incubated at 30◦C
for 72 h in the dark and the formation of halos around colonies
was recorded.

DNA MANIPULATIONS, PLASMID ISOLATION AND INTRODUCTION OF
PLASMID DNA INTO BACTERIAL CELLS
Bacterial plasmids were isolated according to the method of
Birnboim and Doly (Birnboim and Doly, 1979), and when
required, the DNA was further purified by CsCl-ethidium bro-
mide gradient centrifugation (Sambrook and Russell, 2001).
Plasmid DNA was also isolated using a Plasmid Mini Kit (A&A
Biotechnology), Plasmid Miniprep Kit Gene Matrix (EURx) and
GeneJET Plasmid Miniprep Kit (Thermo SCIENTIFIC). The
visualization of mega-sized replicons was achieved by in-gel lysis
and DNA electrophoresis according to a method described previ-
ously (Wheatcroft et al., 1990). The common DNA manipulations
were performed as described earlier (Sambrook and Russell,
2001). PCR was performed in a Mastercycler (Eppendorf) using
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Taq DNA polymerase (Qiagen; with supplied buffer), dNTP mix-
ture and appropriate primer pairs (Table S1). Triparental mating
was performed as described previously (Bartosik et al., 2001).

PLASMID DNA SEQUENCING AND ASSEMBLY
The complete nucleotide sequences of plasmids pLM16A1,
pLM20P1-5, pLM8P1, and pLM12P1 were determined in the
Laboratory of DNA Sequencing and Oligonucleotide Synthesis
(oligo.pl) at the Institute of Biochemistry and Biophysics, Polish
Academy of Sciences, Warsaw, Poland. Plasmids pLM19O1,
pLM19O2, and pLM21S1 were sequenced at the Center for
Biotechnology (CeBiTec), Bielefeld University, Germany. High-
throughput sequencing of the MID-tagged shotgun plasmid-
libraries was performed using a Genome Sequencer FLX system
(Roche/454 Life Sciences). The GS de novo assembler software
(Roche) was applied for the sequence assemblies. Primer walk-
ing and polymerase chain reaction (PCR) were used to close
physical gaps between assembled contigs. The amplified DNA
fragments were sequenced using an ABI3730xl DNA Analyzer
(Applied Biosystems).

IDENTIFICATION OF ACTIVE TRANSPOSABLE ELEMENTS (TEs)
The identification of functional TEs using trap plasmid pMAT1
was performed as described previously (Szuplewska and Bartosik,
2009; Dziewit et al., 2012).

PHAGE INDUCTION
Phage of Sinorhizobium sp. LM21 was induced using mitomycin
C as described previously (Dziewit et al., 2014b).

FUNCTIONAL ANALYSIS OF THE HEAVY METAL RESISTANCE MODULES
A restriction fragment or PCR-amplified DNA regions con-
taining the resistance genes of plasmids pLM20P1 (ARS mod-
ule), pLM20P2 (CZC) and pLM16A1 (MER) were cloned into
the broad-host-range mobilizable vector pBBR1MCS-2, to pro-
duce plasmids pBBR-CZCLM20, pBBR-ARSLM20 and pBBR-
MERLM16 (Table S1). For comparison, two resistance cas-
settes of functional transposable elements identified within
Pseudomonas spp. strains LM7 and LM14 (Szuplewska et al.,
2014) were also included. Those were (i) the CZC module of
insertion sequence ISPpu12a (3372 bp, ISL3 family), encod-
ing a predicted CzcD protein, possibly involved in resistance
to Co2+, Zn2+, and Cd2+, and (ii) MER, a mercury resis-
tance operon of the Tn3 family transposon Tn5563a (6253
bp), containing three genes—merP, merT (encoding mercury
transporters) and merR (encoding a transcription regulator). To
analyze these modules we used two previously obtained deriva-
tives of the pBBR1MCS-2-based broad host range mobilizable
trap plasmid pMAT1, namely pMAT-ISPPU12A and pMAT-
TN5563A, carrying inserted ISPpu12a and Tn5563a, respectively
(Table S1) (Szuplewska et al., 2014).

All five plasmids containing predicted resistance modules
were introduced into 13 bacterial strains (LM5, LM6, LM7, LM8,
LM10, LM12, LM14, LM15, LM16, LM19, LM21, LM24, and
LM25), representing Alpha-, Beta- and Gammaproteobacteria.
As controls, two laboratory strains, Agrobacterium tumefaciens
LBA288 (type strain of Alphaproteobacteria) and E. coli TG1
(Gammaproteobacteria), were also selected as the hosts for the

plasmids. The resistance phenotypes of the obtained transcon-
jugants (or transformants) were then tested by determining the
minimum inhibitory concentrations (MICs) for As3+, As5+,
Cd2+, Co2+, Zn2+, and Hg2+ salts in liquid culture and the
obtained values were compared with those of the wild-type
strains.

PLASMID HOST RANGE TESTING
To analyze the host range of plasmids pLM16A1, pLM20P1, and
pLM20P2, three mobilizable shuttle plasmids (pABW-LM20P1,
pABW-LM20P2, and pABW-LM16A1) were constructed (Table
S1), containing the replication modules of the resistance plasmids
and an E. coli-specific pMB1 (ColE1-type) replication system
[vector pABW1 (Bartosik et al., 1997)]. The obtained plasmids
were introduced via conjugation into 14 strains (LM5, LM6, LM7,
LM8, LM10, LM12, LM14, LM15, LM16, LM19, LM21, LM24,
LM25, and LBA288). The plasmids were also introduced via
transformation into E. coli BR825 (Gammaproteobacteria). Since
the ColE1-type replication system is not functional in any of the
recipient strains (E. coli BR825 carries a mutation within the DNA
polymerase I gene that blocks ColE1-type replication), all func-
tions required for replication of the shuttle plasmids in the tested
hosts were provided by the REP modules of pLM20P1, pLM20P2
or pLM16A1.

BIOINFORMATIC ANALYSES
Plasmid nucleotide sequences were analyzed using Clone
Manager Professional, version 9.0 (Sci-Ed software), Artemis
(Carver et al., 2008) and GenDB 2.0 (Meyer et al., 2003).
Similarity searches were performed using the BLAST programs
(Altschul et al., 1997) and the PRIAM tool (Claudel-Renard et al.,
2003). Putative tRNA genes were identified with the tRNAscan-
SE program (Lowe and Eddy, 1997). Comparative genomic
analyses were performed with the application of the ACT: the
Artemis comparison tool (Carver et al., 2008). The reference
data set for the computational prediction of metabolic pathways
was obtained from the MetaCyc database (Caspi et al., 2014).
Phylogenetic analysis was performed using MEGA6 (Tamura
et al., 2013), applying the neighbor-joining algorithm with
1000 bootstrap replicates. The initial alignment obtained with
ClustalW (Chenna et al., 2003) was manually refined. For the
analysis 100 homologs (best BLAST hits) of proteins ArsB, ArsC,
CzcD, and MerA retrived from the UniProt database (Apweiler
et al., 2004) were used.

NUCLEOTIDE SEQUENCE ACCESSION NUMBERS
The sequences of 16S rRNA genes determined in this study
have been deposited in GenBank (NCBI), with the following
accession numbers: KF769960 (strain LM16), KF769961 (LM17),
KF769962 (LM18), KF769963 (LM19), KF769964 (LM20),
KF769965 (LM21), KF769966 (LM22), KF769967 (LM23),
KF769968 (LM24), KF769970 (LM26).

The plasmid sequences determined in this study have been
deposited in GenBank (NCBI), with the following accession num-
bers: KM659090 (plasmid pLM16A1), KM659091 (pLM19O1),
KM659092 (pLM19O2), KM659093 (pLM20P1), KM659094
(pLM20P2), KM659095 (pLM20P3), KM659096 (pLM20P4),
KM659097 (pLM20P5), KM659098 (pLM21S1), KM659088
(pLM8P1) and KM659089 (pLM12P1).
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RESULTS
IDENTIFICATION AND CHARACTERIZATION OF BACTERIA ISOLATED
FROM THE LUBIN COPPER MINE
In this study we analyzed 20 bacterial strains isolated from vari-
ous samples collected from the terrestrial deep subsurface envi-
ronment, namely Lubin copper mine: (i) black shale (strains
LM5, LM6, LM7, LM8, LM17, LM18, LM20, LM23, LM25,
LM26); (ii) water (LM10, LM12, LM24); (iii) mineral sedi-
ment (LM11, LM14, LM21) and (iv) bottom sediment (LM15,
LM16, LM19, LM22). Ten of the strains (belonging to the genus
Pseudomonas - LM5, LM6, LM7, LM8, LM10, LM11, LM12,
LM14, LM15, and LM25) were identified and subjected to pre-
liminary characterization in previous studies (Matlakowska and
Sklodowska, 2009; Szuplewska et al., 2014). However, detailed
physiological or genomic analyses have not been done for these
Pseudomonas strains so far. The remaining 10 strains were clas-
sified on the basis of comparative analyses of the obtained 16S
rDNA sequences applying the RDP (Ribosomal Database Project)
(Cole et al., 2009) and GenBank (NCBI) databases. This analysis
revealed that the majority of the uncharacterized bacterial iso-
lates represented different classes of Proteobacteria: (i) 5 strains
of Alphaproteobacteria—Brevundimonas sp. LM17 and LM18,
Ochrobactrum sp. LM19, Paracoccus yeei LM20 and Sinorhizobium
sp. LM21; (ii) 1 of Betaproteobacteria—Achromobacter sp. LM16;
and (iii) 2 of Gammaproteobacteria—Psychrobacter sp. LM26
and Stenotrophomonas sp. LM24. The two remaining strains
(LM22 and LM23) were identified as members of the genus
Sphingobacterium, belonging to the Bacteroidetes phylum. Based
on their 16S rDNA sequences three of the analyzed strains
(LM7, LM10, and LM20) could be identified as Pseudomonas
mendocina LM7, Pseudomonas aeruginosa LM10 and Paracoccus
yeei LM20.

Preliminary physiological characterization of all identified
bacterial strains revealed that 13 could grow at temperatures rang-
ing from 15 to 37◦C, or even 42◦C (this growth pattern is typical
for mesophilic bacteria), while 7 strains were psychrotrophs, able
to grow at temperatures between 4 and 37◦C (the optimum tem-
perature for all strains was either 21 or 30◦C) (Table S2). All
strains grew in LB medium at pH values close to 7, which is char-
acteristic for neutrophilic bacteria. Three strains (LM7, LM16,
and LM19) displayed properties of facultative alkaliphiles, since
they could tolerate pH values of up to 11 (Table S2) (Slonczewski
et al., 2009). Salinity tolerance testing revealed that the major-
ity (18) of the strains were non-halophilic bacteria, while LM14
and LM26 could tolerate a higher NaCl concentration (6%); thus
they were classified as halotolerant (Table S2) (Larson, 1986). The
motility assay revealed that 15 of the tested strains were motile
(Table S2). Moreover, application of the universal chrome azurol
S (CAS) agar plate assay indicated that 16 of the analyzed strains
produced iron-chelating siderophores (Table S2).

GENERAL CHARACTERIZATION OF THE PLASMIDOME OF THE
IDENTIFIED BACTERIA
Plasmid screening of all bacterial isolates revealed the pres-
ence of 12 circular replicons ranging in size from approx. 1.7
to 120 kb. Six strains contained plasmids: Achromobacter sp.
LM16, Ochrobactrum sp. LM19, P. yeei LM20, Pseudomonas sp.

LM8, Pseudomonas sp. LM12 and Sinorhizobium sp. LM21. The
nucleotide sequences of all but one of these replicons [pLM8P2
of Pseudomonas sp. LM8 was described in our previous study
(Szuplewska et al., 2014)], were obtained and analyzed. This
revealed that the plasmids contained from 2 to 150 predicted
genes and their average GC content varied between 53.5 and
67.3%. The plasmids carried as many as 22 types of predicted
genetic modules, involved in various functions. The results of
the overall characterization of the plasmids are shown in Table 1.
A summary of genes identified in each plasmid, including their
position, the size of the putative encoded proteins and their
closest homologs, is presented in Tables S3–S7.

For each plasmid, a conserved backbone, composed of the
maintenance and conjugal transfer modules (including modules
responsible for mobilization for conjugal transfer) was distin-
guished. In silico analysis of the plasmid-encoded accessory mod-
ules showed plasmids containing genes of direct adaptive value:
(i) heavy metal resistance plasmids (pLM16A1, pLM20P1 and
pLM20P2), (ii) a catabolic plasmid (pLM20P5), and other repli-
cons, including a (iii) plasmid-like prophage (pLM21S1), (iv)
putative virulence plasmids (pLM19O1 and pLM19O2) and (v)
cryptic plasmids (pLM20P3, pLM20P4, pLM8P1 and pLM12P1).
In our analyses we mainly focused on heavy metal resistance
plasmids.

GENOMICS OF HEAVY METAL RESISTANCE PLASMIDS
Three plasmids were found to carry predicted genetic mod-
ules involved in heavy metal resistance: pLM20P1 and pLM20P2
of P. yeei LM20, and pLM16A1 of Achromobacter sp. LM16
(Figure 1, Tables S3, S4). The average GC content of the
nucleotide sequences of the plasmids is 62.7, 63.4, and 64.2%
(Table 1), respectively, which is lower than the mean val-
ues determined for the total DNA of the bacteria belonging
to Achromobacter and Paracoccus genus—66.4% (mean result
for 11 genomes) and 67.3% (mean result for 27 genomes),
respectively.

Two plasmids of P. yeei LM20 are small replicons (6 and
6.2 kb, respectively) encoding replication initiation proteins with
homology to related proteins of plasmids occurring in several
carotenoid-producing strains of Paracoccus spp. (Maj et al., 2013).
Plasmid pLM20P1 carries three arsenic-tolerance genes (ARS
module; pLM20P1_p3-pLM20P1_p5) encoding arsenate reduc-
tase (ArsC), an efflux pump (ArsB) and an ArsR family tran-
scriptional repressor. The small cytoplasmatic arsenate reductase
ArsC is responsible for the conversion of arsenate (As5+) into
arsenite (As3+), while the membrane protein ArsB is an effec-
tive chemiosmotic efflux system mediating the removal of As3+
from the cell (Silver and Phung Le, 2005a,b). Interestingly, the
ARS module of pLM20P1 shares 80% nucleotide sequence iden-
tity with the appropriate gene cluster of chromid pAMI5 of
Paracoccus aminophilus JCM 7686 (Dziewit et al., 2014a). The
second plasmid, pLM20P2 carries a CZC module, encoding a
MerR family transcriptional regulator (pLM20P2_p3) and a pre-
dicted CzcD cation transport membrane protein (pLM20P2_p4)
[member of the cation diffusion facilitator (CDF) protein fam-
ily], which mediates cobalt (Co2+), zinc (Zn2+) and cadmium
(Cd2+) resistance (Anton et al., 2004). This DNA region shares
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Table 1 | General features of plasmids of bacteria from the Lubin mine.

Plasmid name Bacterial strain Plasmid

size

(bp)

GC

content

(%)

Number of

genes

Average gene

length (bp)

Percentage

of coding

regions

Genetic modules*

pLM16A1 Achromobacter sp. LM16 25,026 64.2 28 817 91.7 REP, PAR, RM, MOB, TE, MER

pLM19O1 Ochrobactrum sp. LM19 78,679 53.5 75 806 76.9 REP, PAR, TA, TE, RT, VIR

pLM19O2 Ochrobactrum sp. LM19 107,804 54.7 100 870 80.7 REP, PAR, TA, TE, TRA, VIR

pLM20P1 Paracoccus yeei LM20 5982 62.7 9 582 87.6 REP, TA, ARS

pLM20P2 Paracoccus yeei LM20 6235 63.4 9 619 89.4 REP, MOB, CZC

pLM20P3 Paracoccus yeei LM20 7244 62.0 9 610 75.8 REP, TA, MOB, TE

pLM20P4 Paracoccus yeei LM20 20,746 57.8 21 784 79.4 REP, PAR, TA, MOB

pLM20P5 Paracoccus yeei LM20 28,489 66.2 28 940 92.3 REP, MRS, PAR, TA, ABC, ALN,
HIS, HUT, LCT, MLR, VAN

pLM8P1 Pseudomonas sp. LM8 1679 58.1 2 651 77.5 REP

pLM12P1 Pseudomonas sp. LM12 5089 67.3 4 963 56.2 REP, MOB

pLM21S1 Sinorhizobium sp. LM21 117,539 59.5 150 685 87.4 REP, PAR, COB, NAD

*ABC, ABC-type transporter system; ALN, allantoate amidohydrolase; ARS, arsenic resistance module; COB, cobalamine biosynthesis module; CZC, cobalt, zinc,

and cadmium resistance module; HIS, histidinol-phosphate aminotransferase; HUT, histidine catabolism module; LCT, D-lactate dehydrogenase; MER, mercury resis-

tance module; MLR, microcystin LR degradation protein; MOB, mobilization to conjugal transfer module; MRS, multimer resolution module; NAD, NAD biosynthesis

module; PAR, partitioning module; REP, replication module; RM, restriction-modification system; RT, group II intron; TA, toxin-antitoxin module; TE, transposable

element; TRA, conjugal transfer module; VAN, vanillate utilization module; VIR, virulence factors.

FIGURE 1 | Linear maps showing the genetic structure of the circular

plasmids pLM20P1 and pLM20P2 of P. yeei LM20 and pLM16A1 of

Achromobacter sp. LM16. The predicted genetic modules are indicated by
black rectangles: ARS, arsenic resistance system; CZC, cobalt, zinc and
cadmium resistance system; MER, mercury resistance system; MRS,

multimer resolution system; PAR, partitioning system; REP, replication
system; RM, restriction-modification system; TA, toxin-antitoxin system; TE,
transposon TnAO22a within pLM16A1. The nucleotide sequences of the left
and right terminal inverted repeats (IRL and IRR) of TnAO22a are presented.
Arrows indicate genes and their transcriptional orientation.

high level (69%) of nucleotide sequence identity with appropriate
CZC module of a large, extrachromosomal, alphaproteobacte-
rial replicon—NT26_p1 of Rhizobium sp. NT-26 (Andres et al.,
2013).

The third plasmid, pLM16A1 of Achromobacter sp. LM16
(25 kb), has a mosaic structure. More than half of the plas-
mid genome shares at least 84% nucleotide sequence identity
with transposon TNCP23 of plasmid pKLC102, coexisting as
an autonomous replicon and a genomic island in Pseudomonas
aeruginosa (Klockgether et al., 2004; Bonnin et al., 2013).

Plasmid pLM16A1 contains the following modules: (i) a repli-
cation system, encoding a RepA protein (pLM16A1_p1); (ii) a
partitioning system (pLM16A1_p2- pLM16A1_p3); (iii) a puta-
tive multimer resolution system (pLM16A1_p5); (iv) a type II
restriction-modification system (pLM16A1_p7-pLM16A1_p8),
whose restriction endonuclease (predicted recognition sequence
GCCGGC) shares 68% amino acid sequence identity with
R.NgoMIV from Neisseria gonorrhoeae MS11 (Stein et al., 1992);
(v) a MOB module; and (vi) a mercury resistance module (MER;
pLM16A1_p23-pLM16A1_p28) (Figure 1).
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The MER module consists of 6 genes encoding proteins
responsible for the enzymatic conversion of Hg2+ ions to the less
toxic form Hg0 (metallic mercury). The key enzyme is the mer-
curic reductase (MerA), which reduces Hg2+ to Hg0. The other
five MER-encoded proteins include two mercury ion transporters
(MerT and MerP), two transcriptional regulators (MerR and
MerD) and an accessory membrane protein (MerE) of unknown
function. The pLM16A1 MER module is embedded within a
transposon (TnAO22a; 8240 bp), which is an isoform (99%
nucleotide sequence identity) of TnAO22, previously identified
in Achromobacter sp. AO22 (Ng et al., 2009). Using a positive-
selection trap vector (pMAT1) to identify functional transposable
elements, we demonstrated that TnAO22a is capable of trans-
position and therefore may contribute to the dissemination of
mercury resistance.

We also performed a phylogenetic analysis of the heavy
metal resistance modules of plasmids pLM20P1, pLM20P2, and
pLM16A1. For the analysis ArsB, ArsC, CzcD, and MerA pro-
teins were used. We found that the close homologs of ArsB
and ArcC proteins are encoded mostly within the genomes
of Alphaproteobacteria, including several strains of Paracoccus
spp. (Figures S1, S2). Interestingly, proteins related to CzcD are
encoded not only by Alphaproteobacteria, but also by members
of the phylum Thaumarchaeota (Archaea), which may suggest
the inter-domain gene transfer (Figure S3). The fourth analyzed
protein, MerA, has close relatives encoded within the genomes
of various gram-negative (Beta- and Gammaproteobacteria), as
well as gram-positive bacteria (Mycobacterium spp. and Bacilli)
(Figure S4).

HOST RANGE AND FUNCTIONAL ANALYSES OF HEAVY METAL
RESISTANCE PLASMIDS
Heavy metal tolerance of wild-type strains was determined. Ten
heavy metal ions were examined: As3+, As5+, Cd2+, Co2+,
Cr6+, Cu2+, Hg2+, Ni2+, V5+, and Zn2+. All tested strains
showed resistance to at least 4 of the 10 tested ions. In total
we found 146 (out of 200 tested) resistance phenotypes. One
strain, P. aeruginosa LM10, exhibited resistance to all of the tested
ions, while Pseudomonas sp. LM15 and LM25, Achromobacter
sp. LM16, Ochrobactrum sp. LM19, Sinorhizobium sp. LM21,
Sphingobacterium sp. LM22 and Stenotrophomonas sp. LM24
showed resistance to 9 of them (Table 2). All strains tolerated
high levels of arsenate (60–1200 mM), nickel (1–6 mM) and cop-
per (2–10 mM), while 19 isolates were resistant to arsenite (1–
25 mM). In contrast, only 8 isolates showed (low level) resistance
to chromium (VI) (Table 2).

Then, the functionality of the resistance modules (from plas-
mids pLM20P1, pLM20P2, and pLM16A1, and transposable ele-
ments ISPpu12a and Tn5563a) was tested in various hosts and the
obtained values were compared with those of the wild-type strains
(Figure 2). This analysis revealed that the introduction of the
plasmids to the recipient strains resulted in a significant increase
(at least 2-fold) in the MICs in 30 (20%) of the transconjugants,
while decreases in the MICs of at least 2-fold were observed in 22
(14.7%) (Figure 2, Table S8).

The putative CZC module of plasmid pLM20P2 (CZC-LM20)
was active, but produced a resistance phenotype in only a lim-
ited number of strains: Pseudomonas spp. LM5, LM6 and LM8
(increased resistance to Cd2+, Co2+, Zn2+; MIC increases of at

Table 2 | Heavy metals resistance of bacteria isolated from the Lubin mine.

Heavy metals resistance (MICs) (mM)*

As3+ As5+ Cd2+ Co2+ Cr6+ Cu2+ Hg2+ Ni2+ V5+ Zn2+

Achromobacter sp. LM16 25 1200 7 1.5 0.8 10 0.3 6 200 10

Brevundimonas sp. LM17 2 250 0.1 0.6 0.2 5 0.01 3 1 2

Brevundimonas sp. LM18 2 250 0.1 0.7 0.4 4 0.02 2 20 2

Ochrobactrum sp. LM19 9 1000 2 1 2 8 0.02 4 200 10

Paracoccus yeei LM20 6 400 1 1.5 0.1 3 0.08 2 5 1

Pseudomonas sp. LM5 1 400 0.1 0.5 0.6 3 0.06 2 75 0.6

Pseudomonas sp. LM6 0.6 75 0.1 0.5 0.2 3 0.2 3 15 0.6

Pseudomonas mendocina LM7 15 500 0.6 0.4 2 5 0.2 3 150 0.9

Pseudomonas sp. LM8 7 250 0.1 0.5 0.3 3 0.2 3 15 0.4

Pseudomonas aeruginosa LM10 4 250 6 2 2 9 0.2 3 30 15

Pseudomonas sp. LM11 3 500 0.1 0.4 0.6 2 0.2 3 75 0.3

Pseudomonas sp. LM12 2 400 0.2 0.6 0.3 4 0.2 3 75 0.8

Pseudomonas sp. LM14 15 250 0.1 1.5 0.4 9 0.1 4 250 6

Pseudomonas sp. LM15 7 500 1 4 3 8 0.01 6 40 6

Pseudomonas sp. LM25 6 500 4 3 2 8 0.01 6 30 5

Psychrobacter sp. LM26 4 200 0.1 0.8 2 5 0.02 1 100 2

Sinorhizobium sp. LM21 5 200 2 1.5 1 5 0.02 4 50 3

Sphingobacterium sp. LM22 3 250 2 2 0.3 7 0.2 5 100 9

Sphingobacterium sp. LM23 2 60 1 0.3 0.2 4 0.02 2 30 2

Stenotrophomonas sp. LM24 4 350 2 0.9 2 8 0.1 5 60 10

*MICs considered to represent the heavy metal resistance phenotype were shown in bold.
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FIGURE 2 | Influence of the CZC, ARS, and MER modules on the heavy

metal tolerance of bacterial strains inhabiting the Lubin copper mine,

plus the controls A. tumefaciens and E. coli. CZC-LM20, cobalt, zinc and
cadmium resistance module of plasmid pLM20P2; ARS-LM20, arsenic
resistance module of pLM20P1; MER-LM16, mercury resistance module of
plasmid pLM16A1; CZC-IS, cobalt, zinc and cadmium resistance module of
ISPpu12a; MER-TN, mercury resistance module of plasmid Tn5563a.

least 3-fold) and A. tumefaciens LBA288 (elevated resistance to
Cd2+ and Zn2+; MIC increases of 2- and 2.5-fold, respectively).
In contrast, the CZC-IS module of ISPpu12a did not confer resis-
tance to Cd2+, Co2+, or Zn2+ in any of the tested transconjugant
strains and hence probably was inactive. In a few cases, presence
of the CZC-LM20 and CZC-IS modules resulted in a decrease in
the MIC values (Figure 2, Table S8).

The arsenic resistance module of pLM20P1 (ARS-LM20) was
tested for its ability to increase the tolerance of bacteria to arsen-
ite and arsenate ions. Only 5 strains carrying pBBR-ARSLM20
(Pseudomonas spp. LM5, LM6, LM12, Sinorhizobium sp. LM21
and A. tumefaciens LBA288) exhibited at least 2-fold higher resis-
tance to arsenite or arsenate compared to their parental wild-type
strains (Figure 2, Table S8).

The MER modules analyzed in this study originated from plas-
mid pLM16A1 (MER-LM16 module) and transposon Tn5563a
(MER-TN module) and were predicted to confer resistance to
mercury ions. As mentioned above, the MER-LM16 module car-
ries a complete set of genes commonly found in other well
defined mercury resistance operons (Silver and Phung Le, 2005b),
while MER-TN is a partial module, carrying only three genes
(merRTP). Introduction of the MER-TN module resulted in a
significant increase in the MIC for Hg2+ in only two strains,
while the MICs of six other strains were at least 2-fold decreased.
In contrast, presence of the MER-LM16 module increased tol-
erance to Hg2+ in 11 (73.3%) strains. Interestingly, introduc-
tion of plasmid pBBR-MERLM16 into two strains (LM6 and
LM16) originally exhibiting high levels of resistance to mercury,

resulted in an unexpected decrease in tolerance (Figure 2,
Table S8).

We also tested the host range of plasmids pLM20P1, pLM20P2,
and pLM16A1. The replication system of pLM16A1 was func-
tional in all tested strains, which indicates its broad host range.
In contrast, plasmids replication modules of pLM20P1 and
pLM20P2 were found to have a relatively narrow host range, lim-
ited to a few strains of Alphaproteobacteria. Both plasmids were
able to replicate in A. tumefaciens LBA288, and the latter one
could also replicate in Sinorhizobium sp. LM21.

DIVERSITY AND GENOMICS OF OTHER PLASMIDS OF BACTERIA
ISOLATED FROM THE LUBIN MINE
Amongst identified replicons we found one catabolic plasmid,
pLM20P5 of P. yeei LM20. The plasmid carries 28 predicted
genes (Figure 3A). Of these, 12 encode enzymes directly linked
with: (i) purine metabolism, (ii) pyruvate metabolism, (iii) vanil-
late utilization and (iv) amino acid and peptide transport and
metabolism (Figure 3A, Table S3). Two of the pLM20P5-encoded
phenotypic modules are of particular interest. One, responsi-
ble for the utilization of vanillate (an important intermediate
in the lignin degradation process), is composed of three genes
encoding vanillate O-demethylase [VanA and VanB subunits; (EC
1.14.13.82)] and a predicted LysR family transcriptional regula-
tor (VanR). The formaldehyde-producing monooxygenase-type
vanillate O-demethylase VanAB is crucial for the utilization of
vanillate by its demethylation to protocatechuate (Figure 3A),
which can then be degraded to central metabolism intermedi-
ates using the meta or ortho cleavage pathways (Masai et al.,
2007; Chen et al., 2012). The second distinguished module (HUT)
is involved in histidine utilization. It is composed of 7 genes
encoding histidine ammonia lyase (HutH, EC 4.3.1.3), urocanase
(HutU, EC 4.2.1.49), imidazolone propionate amidohydrolase
(HutI, EC 3.5.2.7), formiminoglutamate deiminase (HutF, EC
3.5.3.13), formylglutamate amidohydrolase (HutG, EC 3.5.1.68),
plus a histidine utilization repressor (HutR) and a HutD-family
protein. The final products of this utilization pathway are L-
glutamate and formate (Figure 3A) (Bender, 2012).

Another plasmid, pLM21S1 of Sinorhizobium sp. LM21, was
found to carry numerous phage-related genes, encoding pro-
teins required for DNA packaging, capsid and tail assembly, and
cell lysis. This predicted plasmid-like prophage lacks an integrase
gene, which suggests that it is not able to integrate into chromoso-
mal DNA. Interestingly, pLM21S1 carries a RepC-like replication
system, commonly found within large alphaproteobacterial plas-
mids (Cevallos et al., 2008). To check whether pLM21S1 is an
active phage, we treated cells of Sinorhizobium sp. LM21 with
mitomycin C, a classical inducer of lambdoid prophages. This
approach did not cause phage induction, although it resulted in
the induction of another indigenous prophage residing in the bac-
terial genome (Dziewit et al., 2014b). We speculate that pLM21S1
may be an inactive prophage, or alternatively it may require
specific, as yet unidentified, environmental factors for induction.

Plasmid/phage pLM21S1 carries 147 putative genes and 3
tRNA-encoding sequences (Table S5). In total 83 of its genes
are conserved in the genome of a related phage, RHEph10 of
Rhizobium etli CFN42 (Santamaria et al., 2014) (Figure 3B).
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FIGURE 3 | Linear map showing the genetic structure of the circular

plasmid pLM20P5 of P. yeei LM20 and schematic pathways for vanillate

and histidine utilization (A), and linear map showing the genetic

structures of the circular plasmid-like prophage pLM21S1 of

Sinorhizobium sp. LM21 and Rhizobium phage RHEph10, and a

schematic pathway for NAD biosynthesis (B). The predicted genetic
modules are indicated by black rectangles: ABC, ABC-type transporter
system; ALN, allantoate amidohydrolase; COB, part of a cobalamine

biosynthesis module; HIS, histidinol-phosphate aminotransferase; HUT,
histidine utilization system; LCT, D-lactate dehydrogenase; MLR, microcystin
LR degradation protein; MRS, multimer resolution system; NAD, NAD+
biosynthesis module; PAR, partitioning system; REP, replication system; TA,
toxin-antitoxin system; VAN, vanillate utilization system. Arrows indicate
genes and their transcriptional orientation. The tRNA-encoding sequences
are marked by black dots. The gray-shaded area connects genes of plasmid
pLM21S1 and phage RHEph10 that encode homologous proteins.

These two replicons carry homologous replication and parti-
tioning systems, as well as putative genetic modules for cobal-
amine biosynthesis (cobTS) (Figure 3B). The CobT and CobS
proteins form a complex, which together with an additional

subunit, CobN (not encoded by the prophages) catalyzes
cobalt incorporation into the corrin ring during the biosyn-
thesis of coenzyme B12 (Debussche et al., 1992). Interestingly,
pLM21S1 carries also genes involved in nicotinamide adenine
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dinucleotide (NAD) biosynthesis, which are not present in
RHEph10. Of these, pLM21S1_p57 encodes a bifunctional
nicotinamide mononucleotide adenylyltransferase/ADP-ribose
pyrophosphatase (NadM, EC 2.7.7.1), while pLM21S1_p58
encodes nicotinamide phosphoribosyltransferase (NadV, EC
2.4.2.12). NadV catalyzes the transformation of nicotinamide
(NAm) to β-nicotinamide ribonucleotide (NMN), which is then
converted to NAD by the NadM enzyme (Figure 3B) (Martin
et al., 2001). It has been suggested that the nadV-nadM module
is not only responsible for NAD biosynthesis, but also for overall
recycling of endogenous nicotinamide, which may be generated
by the hydrolysis of NAD (Gerdes et al., 2006).

Next two replicons identified in the course of this study origi-
nated from Ochrobactrum sp. LM19. The plasmids pLM19O1 and
pLM19O2 contain repABC modules (replication and partitioning
functions) and carry 75 and 100 genes, respectively (Figure S5,
Table S6). The bioinformatic analyses revealed that both replicons
encode several virulence-associated proteins, including: (i) outer
membrane autotransporter barrel domain-containing proteins of
the type V secretion system, (ii) three invasion-associated locus B
(IalB-like) proteins, whose homologs determine the erythrocyte-
invasive phenotype of Bartonella bacilliformis (Coleman and
Minnick, 2001), (iii) a YadA-like autotransporter adhesin of the
non-fimbrial adhesins family, whose representatives are respon-
sible for adhesion in infected tissues and protection against lysis
(Hoiczyk et al., 2000), and (iv) an ATP-binding ABC-type trans-
porter (HlyB) and hemolysin D (HlyD) of the hemolysin A type I
secretion system (Fath and Kolter, 1993) (Figure S5, Table S6).

The remaining four plasmids (pLM20P3 and pLM20P4 of
P. yeei LM20, pLM8P1 of Pseudomonas sp. LM8 and pLM12P1
of Pseudomonas sp. LM12) identified in bacteria from the
Lubin mine were designated as cryptic replicons, since they lack
accessory modules (Tables S3, S7).

DISCUSSION
In this study we analyzed the plasmid content of 20 bacterial
strains (representing eight genera of three classes of Proteobacteria
and one genus of the Bacteroidetes phylum) isolated from the
Lubin underground copper mine. The plasmidome of these
strains comprised 12 replicons, whose genetic structure was
revealed. We demonstrated the diversity of the plasmids and
defined their adaptive value, focusing on heavy metal resis-
tance, since these toxic elements are major contaminants of
the Lubin copper mine environment influencing indigenous
microoganisms.

The black shale horizon is exposed to the activity of oxy-
gen, water, and microorganisms. These factors cause the chemical
and biological weathering of the rock and strongly influences the
geochemical cycles of heavy metals, as well as organic carbon,
which results in further redistribution of the elements within the
environment (Matlakowska et al., 2010, 2012; Matlakowska and
Sklodowska, 2011). The geochemical examination of environ-
mental samples of water and bottom sediment used in presented
study confirmed the presence of heavy metals. For example, the
concentrations of Cu, Pb, Zn, As and Ni in sample of bot-
tom sediment originated from underground pond were 6839 mg
kg−1, 1128 mg kg−1, 115 mg kg−1, 110 mg kg−1 and 14 mg kg−1,

respectively. Similarly, the mineral sediment taken from the sur-
face of black shale contained copper at concentration 721 mg
kg−1.

High concentrations of heavy metals act as a specific selection
pressure permitting the survival of only well adapted indige-
nous strains expressing multi-resistant and hypertolerant phe-
notypes. Our analysis confirmed that all the strains analyzed in
this work exhibited such characteristics. The majority of them
were resistant to high levels of copper, arsenic and nickel, which
correlates with the composition of Kupferschiefer black shale
[35000 mg kg−1 for Cu, 398 mg kg−1 for As, 479 mg kg−1 for
Ni (Matlakowska et al., 2012)]. We showed that some of the
resistance phenotypes were confirmed by the mobile genetic
elements.

Among the mobile genetic elements identified in the ana-
lyzed bacteria we found three plasmids (pLM16A1, pLM20P1,
pLM20P2) and three transposable elements [TnAO22a, Tn5563a,
ISPpu12a] that mediate resistance to arsenate, arsenite, cadmium,
zinc, cobalt, and mercury. In-depth analyses demonstrated that
the resistance phenotypes conferred by the particular elements
are highly dependent on the host strain. Surprisingly, these results
revealed that acquisition of a predicted resistance module is not
always beneficial for the host, and may paradoxically lead to
increased sensitivity. We speculate that this phenomenon may be
the result of an unfavorable influence of the introduced genetic
module on the overall homeostasis of the cell, e.g., by altering
intracellular ion concentrations. All of the analyzed resistance
modules encode influx/efflux pumps that are likely to have a
relaxed substrate specificity [e.g., ArsB recognizes and functions
with antimony, as well as arsenite (Silver and Phung Le, 2005a,b)],
which may significantly influence ion fluxes.

An interesting example of a resistance module leading to
increased sensitivity is the MER module of Tn3 family trans-
poson Tn5563a [deletion derivative of Tn5044 of Xanthomonas
campestris; (Kholodii et al., 2000)]. Transposon Tn5563a lacks
merA (which is present in Tn5044), but it carries merP and merT
genes encoding transporters responsible for the uptake of toxic
mercuric ions. In six of the tested strains, the acquisition of this
genetic module resulted in significant decreases in their MICs,
which is probably the result of an increased intracellular concen-
tration of toxic ions plus the inability of the strains to inactivate
Hg2+ caused by the lack of MerA mercuric reductase. In con-
trast, increased tolerance was observed in two Pseudomonas spp.
strains, possibly due to the presence of a chromosomal copy of the
merA gene. Therefore it seems that the phenotypes determined
by this module depend on the genetic background of the host
strain.

The analyzed resistance modules are present on mobile genetic
elements, so they may be readily transferred to other bacteria.
We found that the replication system of the mobilizable plas-
mid pLM16A1 (containing MER) is functional in a broad range
of hosts, which makes this replicon ideal for the horizontal dis-
semination of the mercury resistance phenotype. Moreover, the
MER module of pLM16A1 (determining resistance in the great
majority of tested strains) is located within an active Tn3 family
transposon (TnAO22a), which enables its spread among different
replicons co-residing in a single cell.
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The host range of the tested plasmids correlates with the results
of phylogenetic analyses, which showed that the close homologs
of ArsB, ArcC, and CzcD proteins (whose genes are located
within narrow host range plasmids, pLM20P1 and pLM20P2)
are encoded mostly within the genomes of Alphaproteobacteria,
while MerA protein (encoded by the broad host range plas-
mid pLM16A1) is conserved among various gram-negative
and gram-positive bacteria. Interestingly, it was also found
that the homologs of the MER module are frequently co-
localized with antibiotic resistance genes in various plasmids
of Gammaproteobacteria [e.g., pACM1 (Preston et al., 2014),
pHCM1 (Parkhill et al., 2001), pKOX_R1 (Huang et al., 2013)].
Those findings reflect the pivotal role of broad host range repli-
cons in the dissemination of various resistance genes.

In the course of this study other replicons which may con-
tribute to adaptation of their bacterial hosts to harsh environmen-
tal conditions of the Lubin mine were also identified. Amongst
them, there was a catabolic replicon pLM20P5 of P. yeei LM20. It
carries genetic modules, enabling the utilization of histidine and
vanillate. These substrates can be used as alternative sources of
carbon, nitrogen and energy. Since there is a limited amount of
easily degradable carbon sources in the Lubin mine, it is likely
that acquisition of catabolic plasmids such as pLM20P5 may be
beneficial to the host.

An intriguing finding was also the identification of an unusual
plasmid-like prophage element in Sinorhizobium sp. LM21. The
replicon pLM21S1 has features typical of both, plasmids (repli-
cation and stable maintenance modules) and phages (complete
set of proteins necessary for the phage “life cycle”). Plasmid
pLM21S1 is related to the phage RHEph10, which is able to
infect various Rhizbium etli strains (Santamaria et al., 2014).
Accordingly, both replicons may be considered as the archetypes
of a novel group of plasmid-like prophages. Interestingly,
pLM21S1 carries the nadV-nadM genes responsible for NAD
biosynthesis. The introduction of such genes into bacteria that
neither possess the NAD de novo biosynthesis pathway, nor the
NAD salvage pathway (e.g., Haemophilus influenzae), may trans-
form them into “NAD-independent” strains, able to synthesize
NAD from nicotinamide (Martin et al., 2001). We postulate that
the presence of pLM21S1 may be beneficial to the host because
NAD production is likely to improve the overall fitness of the
bacterium, since NAD (and its derivative, NADP) is the most
important coenzyme in cellular redox reactions (Martin et al.,
2001).

Current knowledge concerning the direction, frequency and
range of DNA transfer among microorganisms living in extreme
environments, and especially deep terrestrial habitats, is sparse.
We believe that the approach followed in the present study,
linking geochemical data with physiological characterization of
bacteria and detailed analyses of their plasmidome, may con-
siderably increase our understanding of the influence of mobile
DNA and horizontal gene transfer on the biology of extremophilic
bacteria.
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Figure S1 | Phylogenetic tree of the ArsB proteins homologous to ArsB

efflux pomp encoded within pLM20P1. The analysis was based on 100

sequences retrieved from the UniProt database. The unrooted tree was

constructed using the neighbor-joining algorithm and statistical support for

the internal nodes was determined by 1000 bootstrap replicates. Values

of ≥50% are shown. UniProt accession numbers of the protein

sequences used for the phylogenetic analysis are given in parentheses.

The underlined accession numbers indicate Paracoccus proteins.

Figure S2 | Phylogenetic tree of the ArsC proteins homologous to ArsC

arsenate reductase encoded within pLM20P1. The analysis was based on

100 sequences retrieved from the UniProt database. The unrooted tree

was constructed using the neighbor-joining algorithm and statistical

support for the internal nodes was determined by 1000 bootstrap

replicates. Values of ≥50% are shown. UniProt accession numbers of the

protein sequences used for the phylogenetic analysis are given in

parentheses. The underlined accession numbers indicate Paracoccus

proteins.

Figure S3 | Phylogenetic tree of the CzcD proteins homologous to CzcD

cation transport membrane protein encoded within pLM20P2. The

analysis was based on 100 sequences retrieved from the UniProt

database. The unrooted tree was constructed using the neighbor-joining

algorithm and statistical support for the internal nodes was determined by

1000 bootstrap replicates. Values of ≥50% are shown. UniProt accession

numbers of the protein sequences used for the phylogenetic analysis are

given in parentheses. The underlined accession numbers indicate

Paracoccus proteins.

Figure S4 | Phylogenetic tree of the MerA proteins homologous to MerA

mercuric reductase encoded within pLM16A1. The analysis was based on

100 sequences retrieved from the UniProt database. The unrooted tree

was constructed using the neighbor-joining algorithm and statistical

support for the internal nodes was determined by 1000 bootstrap

replicates. Values of ≥50% are shown. UniProt accession numbers of the

protein sequences used for the phylogenetic analysis are given in

parentheses. The underlined accession numbers indicate Achromobacter

proteins.

Figure S5 | Linear map showing the genetic structure of the circular

plasmids pLM19O1 and pLM19O2 of Ochrobactrum sp. LM19. The

predicted genetic modules are indicated by black rectangles: PAR,

partitioning system; REP, replication system; RT, group II intron; TA,

toxin-antitoxin system; TE, transposable element; TRA, conjugal transfer

system; VIR, virulence module. Arrows indicate genes and their

transcriptional orientation. The gray-shaded area indicates the inversion

region within pLM19O1.
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Pyhäsalmi mine in central Finland provides an excellent opportunity to study microbial

and geochemical processes in a deep subsurface crystalline rock environment through

near-vertical drill holes that reach to a depth of more than two kilometers below the

surface. However, microbial sampling was challenging in this high-pressure environment.

Nucleic acid yields obtained were extremely low when compared to the cell counts

detected (1.4 × 104 cells mL−1) in water. The water for nucleic acid analysis went

through high decompression (60–130 bar) during sampling, whereas water samples for

detection of cell counts by microscopy could be collected with slow decompression.

No clear cells could be identified in water that went through high decompression. The

high-pressure decompression may have damaged part of the cells and the nucleic

acids escaped through the filter. The microbial diversity was analyzed from two drill

holes by pyrosequencing amplicons of the bacterial and archaeal 16S rRNA genes

and from the fungal ITS regions from both DNA and RNA fractions. The identified

prokaryotic diversity was low, dominated by Firmicute, Beta- and Gammaproteobacteria

species that are common in deep subsurface environments. The archaeal diversity

consisted mainly of Methanobacteriales. Ascomycota dominated the fungal diversity and

fungi were discovered to be active and to produce ribosomes in the deep oligotrophic

biosphere. The deep fluids from the Pyhäsalmi mine shared several features with other

deep Precambrian continental subsurface environments including saline, Ca-dominated

water and stable isotope compositions positioning left from the meteoric water line. The

dissolved gas phase was dominated by nitrogen but the gas composition clearly differed

from that of atmospheric air. Despite carbon-poor conditions indicated by the lack of

carbon-rich fracture fillings and only minor amounts of dissolved carbon detected in

formation waters, some methane was found in the drill holes. No dramatic differences in

gas compositions were observed between different gas sampling methods tested. For

simple characterization of gas composition the most convenient way to collect samples

is from free flowing fluid. However, compared to a pressurized method a relative decrease

in the least soluble gases may appear.

Keywords: microbiome, geochemical characterization, crystalline bedrock, gas, deep subsurface, high-pressure

sampling

88

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://dx.doi.org/10.3389/fmicb.2015.01203
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2015.01203&domain=pdf&date_stamp=2015-10-30
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:hanna.miettinen@vtt.fi
http://dx.doi.org/10.3389/fmicb.2015.01203
http://journal.frontiersin.org/article/10.3389/fmicb.2015.01203/abstract
http://loop.frontiersin.org/people/182769/overview
http://loop.frontiersin.org/people/227051/overview
http://loop.frontiersin.org/people/182344/overview
http://loop.frontiersin.org/people/240089/overview
http://loop.frontiersin.org/people/153211/overview
http://loop.frontiersin.org/people/234305/overview


Miettinen et al. Pyhäsalmi subsurface microbiome and geochemistry

INTRODUCTION

Microbial life has been observed in deep subsurface continental
bedrock fractures and aquifers despite the harsh conditions
in terms of energy, nutrients, pressure, and space. Nutrient
and energy sources in the form of dissolved gases, solutes,
or colloids are available via fracture fluids as most crystalline
rocks lack extensive and continuous water-filled porosity. In a
fractured rock environment, rock itself may provide a nutritional
and energetic substrate to sustain minimal metabolic activity
(Fredrickson and Balkwill, 2006). Microbial cells in these settings
catabolize 104–106 fold more slowly than model organisms
in nutrient-rich cultures and subsist with energy fluxes that
are 1000-fold lower than the typical culture-based estimates
of maintenance requirements (Hoehler and Jørgensen, 2013).
The total number of bacteria found in groundwater ecosystems
may vary by several orders of magnitude between 102 and
106 cells per mL of groundwater (Griebler and Lueders, 2009;
Itävaara et al., 2011; Nyyssönen et al., 2012). The dominant
bacterial and archaeal groups in different deep subsurface
bedrock environments vary based on prevailing lithology and
hydrogeochemistry (Nyyssönen et al., 2014; Bomberg et al.,
2015). The diverse microbial communities detected in deep
subsurface exploit various metabolic pathways, including nitrate,
sulfate, manganase, and iron reduction, sulfur oxidation,
methanogenesis, acetogenesis, and anaerobic methane oxidation
(AOM) (Kotelnikova and Pedersen, 1998; Haveman et al., 1999;
Hallbeck and Pedersen, 2012; Bomberg et al., 2015). In addition
fungi (Pedersen, 1987) and viruses (Eydal et al., 2009) have
been detected in bedrock aquifers by cultivation and DNA-based
methods. Furthermore, fungal communities are suggested to be
active in continental and deep subseafloor sediments (Edgcomb
et al., 2010; Orsi et al., 2013), and recently, evidence of rich and
active fungal communities were found in continental crystalline
bedrock facture zones (Sohlberg et al., 2015).

Physical parameters influencing microbial physiology and
competitiveness are temperature and pressure to which microbes
need to be adapted. The increase of temperature with depth in the
Fennoscandian crystalline bedrock is about 15◦C per kilometer
(Kukkonen, 1989). Due to the low geothermal gradient, life
can potentially thrive down to several kilometers in depth in
these settings. Hydrostatic pressure created by the interconnected
porosity of the fracture network increases by about 100 bar per
kilometer. High-pressure is not only a distinctive feature of deep
subsurface environment where microbial life needs to integrate,
but also makes sampling of these environments particularly
challenging. While water sampling is rather straightforward,
representative sampling of dissolved gases can face problems
such as uncontrolled degassing and air contamination. In
addition, microbial sampling has its demands depending on the
method of analysis. Intact cells are needed for microscopy, RNA
analysis and culturing, whereas damaged cells are applicable
for DNA analysis. Contamination, the effect of pressure and
sampling time also need to be controlled for.

In order to gain samples for deep biosphere studies, sampling
groundwater by pumping has the advantage of yielding large
volumes of water from a defined depth range, which can also be

isolated by packers to abstract water from a particular fracture
zone (Purkamo et al., 2013). Pressure decrease in the water line
can be controlled by pumping rate, but uncontrolled gas release
due to the pressure decrease can take place in the ascending
water line. Deep subsurface samples at in situ pressure can
be obtained with pressure core samplers in oceanic sediments
(Reed et al., 2002; Kubo et al., 2014) and from bedrock drill
holes by samplers equipped with the ability to compensate for
decreasing hydrostatic pressure during sample retrieval with e.g.,
Positive Displacement Sampler (PDS; Regenspurg et al., 2010;
Kietäväinen et al., 2013) and PAVE-samplers, pressurized water
sampling system (Hatanpää et al., 2005).

In general, mines, as drained bedrock systems, have the
investigational advantage that spontaneous fluid flow from drill
holes made for ore exploration and evaluation is common. Thus,
mines have provided an access to deep subsurface microbial
ecosystems e.g., in Arctic Canada (Stotler et al., 2009; Onstott
et al., 2009) and South Africa (Moser et al., 2003, 2005; Davidson
et al., 2011). On the other hand, the hydrostatic pressure field
around operative mines is typically disturbed, because natural
and excavation related active fractures drain the surrounding
bedrock.

In recent years, information on microbial communities in
deep subsurface has become increasingly important as deeper
parts of the bedrock are utilized in construction, for example
in the case of deep storages of nuclear waste and CO2 as
well as deep mining and production of geothermal energy.
However, to date, only few sites within crystalline shields have
been studied for their microbial communities below 2 km
depth. Pyhäsalmi mine in central Finland provides an excellent
opportunity to study microbial processes in deep subsurface
crystalline rock environment. In addition to being one of the
deepest mines in Europe (1400m), near-vertical drill holes
starting from the deepest levels of the mine reach the depth
of more than two kilometers below the surface. Furthermore,
due to the surrounding high hydrostatic pressure, the risk that
some portion of the high-pressure flush water will remain in
fractures and contaminate the samples is clearly smaller than in
drilling from the surface. In this studymicrobial and geochemical
samples from deep extreme subsurface mine environment from
prospectively uncontaminated drill holes that produce high
amounts of water were taken. The objective was to explore
bacterial, archaeal, and fungal communities. The geochemical
aim was to compare different geochemical sampling methods in
order to find the most suitable ways of collecting fluid samples
from high-pressure drill holes, as well as to reveal environmental
and nutritional restrictions faced by the deep biosphere. By
studying the results obtained from microbial and geochemical
samples, we aimed to identify potential relationships between
biological and geological factors.

MATERIALS AND METHODS

Description of the Site
Pyhäsalmi Mine is situated in a volcanogenic massive sulfide
(VMS) deposit, which was formed during the Paleoproterozoic
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FIGURE 1 | Locations and under ground surface level depths (m) of the

studied drill holes and the Pyhäsalmi ore in yellow.

era (1.93–1.92Ga). It is located within the Fennoscandian
Shield in central Finland. The stratigraphy from the lower parts
of the area is composed of felsic volcanites with tuffaceous
and pyroclastic rocks. The upper part of the stratigraphy is
composed of mafic massive lavas, pillow lavas, pillow breccias,
and pyroclastic rocks. Related tonalitic subvolcanic intrusions are
also present in the area. After formation, the Pyhäsalmi deposit
was subjected to multiphase deformational history where all the
formations were refolded in to an upright position (Laine et al.,
2015).

The massive sulfide deposit (average grade: Cu 1%, Zn 2.5%,
S 41%) is exploited for the production of copper, zinc and pyrite
concentrates. The chalcopyrite, sphalerite, and pyrite containing
ore is hosted by quartz-rich felsic volcanic rock. The main targets
of the present study are the deep drill holes R-2250 and R-2247
drilled from 1350 and 1430m levels below the surface (bsl),
respectively (Figure 1). They are situated within the new deep ore
body (1050–1425m bsl) that was taken in production in 2001 and
reaches a total depth of about 2000 and 2400m bsl, respectively.
The drilling method used was the common diamond drilling
technique preserving a core sample of the rock, from which
the rock types were determined (Figure 2). Flush water used
in drilling was taken from a near-by Lake Pyhäjärvi. Diameters
of the drill holes are 75.7mm (R-2250) and 60.3mm (R-2247).
Additional drill holes situated at the level of 1430m bsl (R-2227,
R-2229), 1080m bsl (PH-101) and 850m bsl (R-2222) were also
studied for geochemistry (Figure 1).

The drilling of both R-2250 and R-2247 was terminated
because of a voluminous discharge of water from the drill hole,

FIGURE 2 | Generalized lithologies in drill holes R-2247 and R-2250

starting from the mine levels of 1430m and 1350m below ground

surface.

which exceeded the water injection pressure of the drilling
machine (70 bar) and indicated that a water-conducting fracture
zone was hit. The fresh drilling water was flushed out and
replaced by the formation water before the drilling rods were
removed and a plug was installed. The most prominent brittle
tectonic feature in the area is the Oulujärvi shear zone (OSZ)
(Kärki et al., 1993). It is unclear how the fracture systems that
met during drilling are related to OSZ but the location (Figure 1)
and lithologies (Figure 2) of the drill hole R-2250 fracture zone
indicates close resemblance to it. The fracture zone perforated by
the drill hole R-2247 could be evidence of an overthrust structure
identified from previous seismic surveys (Laine et al., 2015). No
graphite or carbonate fillings have been found in either of the
fracture zones, demonstrative of a carbon-poor environment.
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Geochemical Sample Collection and

Analysis
Groundwater samples for detailed geochemical and
microbiological analysis were collected from the drill holes
R-2250 and R-2247 (Figure 1). Maximum pressures measured
on the collars of the drill holes were 60 and 140 bar, respectively.
R-2247 was sampled three times (in May and August 2013, and
in June 2014) while samples from R-2250 were taken only once,
in August 2013. In order to get a wider view on groundwater
systematics in the mine four additional drill holes (R-2222,
PH-101, R-2227, and R-2229) were studied for geochemistry.
R-2222 was unplugged and was not sampled for gas composition.
Samples for water stable isotopes of the drilling fluid (Pyhäjärvi
lake water) were taken in February 2015.

Groundwater samples were taken directly from the free
flowing fluid. Temperature, pH and electrical conductivity (EC)
were measured at the site using handheld meters (WTW).
Untreated groundwater samples of 500mL each were taken
for the determination of anions and alkalinity. Alkalinity was
measured within the same day by titration to pH 4.5 using
a digital titrator (Hach). Samples for the determination of
water stable isotopes (60mL) and cations (100mL) were filtered
(<0.45µm, Whatman FP). In addition, cation samples were
acidified with ultra pure 65% HNO3 (0.5mL per 100mL of
water). Anions and cations were analyzed at Labtium Oy (Espoo,
Finland) using ion chromatographic and spectrometric methods,
respectively (Kietäväinen et al., 2013). Water stable isotopes
were determined at the Geological Survey of Finland (Espoo,
Finland) using a cavity ring-down spectrometer (Picarro) and
reported as h relative to Vienna Standard Mean Ocean Water
(VSMOW). Total and dissolved organic carbon were determined
from unfiltered and filtered (<0.45µm, Whatman XP) samples
(50mL each), respectively, using a TOC analyzer at Labtium Oy.
Sulfide samples were taken into 100mL glass bottles (Winkler)
and immediately fixed by adding 0.5mL of 1MNaOH and 0.5mL
of 1M zinc acetate and were analyzed within 48 h at Ramboll
Analytics (Vantaa, Finland) with a spectrophotometer.

Gas samples were collected in a bucket from the free flowing
fluid into inverted glass bottles (Schott), which were kept
under sample water, sealed with 2 cm thick black butyl rubber
septa (Glasgerätebau Ochs) and closed with cut screw caps.
The gas/water ratio was monitored during sampling. From the
drill holes R-2247 and R-2227 gas samples were also taken by
collecting the gas first into an inverted modified 1 L plastic
syringe (Hamilton) and injecting it with a double-ended needle
(Venoject) into evacuated glass bottles (Laborexin) sealed with
blue butyl rubber septa (Bellco Glass) and aluminum open top
crimp caps (Bellco Glass). A few grains of solid HgCl2 were
added into one of the Laborexin bottles prior to evacuation in
order to provide a killed control to test if biological activity
affects the gas composition during storage of untreated samples.
In addition, one fluid sample from R-2247, R-2229, and R-2227
each was collected into pressure tight 500mL stainless steel
cylinders (Swagelok) that were attached directly to the collar.
From the cylinders, the gas was later separated into smaller
25 or 50mL Teflon coated stainless steel cylinders (Swagelok)

in a vacuum line. Gas compositions were analyzed by gas
chromatography at Ramboll Analytics or Isotech Laboratories
Inc. (Illinois, USA).

Based on the determinations of groundwater and gas
composition, reduction oxidation pairs [C(–4)/C(4), H(0)/H(1)
and S(–2)/S(6)] were modeled at in situ T and pH using
PHREEQC software wateq4f database (USGS, 2014).

Microbial Sample Collection
In August 2013 the groundwater from the drill holes R-2247 and
R-2250 was sampled as triplicate samples for DNA and RNA
study. The sample line was equipped with a pressure reduction
valve (Swagelok) in order to reduce the pressure to less than 2
bar. In 2014 two microbial samples were taken from the drill
hole R-2247 with a different pressure reduction system. Three
pressure reduction valves (Swagelok) were used and 500mL
stainless steel pressure cylinders were installed between the
first and the second, and between the second and the third
reduction valves to allow some time for the sample water and
microbes to recover from each pressure reduction step. The
recovery times were around 15–20 s. The measured pressures
during the sampling in each pressure reduction step before the
actual sample collection are presented in Table 1. In 2013 cells in
the groundwater were collected by filtration with Sterivex filter
units (Millipore Corporation, USA) and in 2014 with Steripak
(Millipore) 0.22 pore size filter units connected directly to the
stainless steel sampling system with a sterile ¼inch NPT to a
Luer connector (Adhesive Dispensing Ltd, UK) or silicon tube,
respectively. Filters were immediately frozen on dry ice after
sampling and stored at −80◦C until use. The sample sizes are
shown in Table 1. In 2013 samples for microbial cell counts were
collected in acid-washed sterile, anaerobic 100mL glass infusion
flasks through butyl rubber septa with a sterile needle. In 2014
water was collected in sterile pressure cylinders. The pressure in
the cylinders was initially 90 bar but when the inlet valve was
closed the pressure dropped to 50 bar in the cylinders and as the
valve between the two cylinders was closed the pressure dropped
to 40 bar. The residual pressure was reduced before the cell count

TABLE 1 | Collected microbial groundwater samples from two drill holes:

Sampling methods, measured pressures during sampling, and sample

volumes.

Drill Year Sampling Pressures Sample

hole method (bar) volume (L)

R-2250 2013 Filtration 60–2 0.5 (RNA), 1.0 (DNA)

Head space bottle 60–1 0.1 (TNC)

R-2247 2013 Filtration 130–2 0.5 (RNA), 1.0 (DNA)

Head space bottle 130–1 0.1 (TNC)

R-2247 2014 Filtration 130–90–60a-60-35-1 100 (DNA)

Filtration 130–90a–60–35–1 155 (DNA)

Pressure cylinder 130–90a–50–40 0.5 (TNC)

aRepresents a pressure drop due to gas leakage in the collar of the drill hole connection

that changed during the collection. The pressure after leakage was measured every now

and then and was found to be between 90 and 60 bar.

TNC, Total number of microorganism.
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analysis in the laboratory during a half hour in each of the six
pressure reducing steps.

Microbiome Composition Analysis
Total Number of Cells
The total number of microbial cells (TNC) was estimated
by epifluorescence microscopy based on DAPI staining. The
number of microbial cells was determined by fluorescent
staining with 4′,6-diamidino-2-phenylindole (DAPI) (Keppner
and Pratt, 1994; Itävaara et al., 2008) from the headspace bottle
and pressure cylinder waters. Two 50mL subsamples of each
groundwater sample were stained with 1µg mL−1 of DAPI
for 20min at room temperature in the dark under aerobic
conditions and filtered on black 0.2µm pore-size polycarbonate
membrane filters (Isopore™ Membrane filters, 0.2µm GTBP,
Millipore) with a Millipore 1225 Sampling Manifold (Millipore)
using low vacuum suction. The number of cells in the
sample was then calculated from 30 random microscopy fields
according to the magnification factor (Olympus BX60, Olympus
Optical Ltd., Tokyo, Japan and 100 × magnification). The
groundwater samples from 2014 (50mL) were also stained with
Live/Dead stain (Life Technologies) according to manufacturer’s
instructions and the portions of live and dead cells were counted.

DNA Extraction
DNAwas extracted and purified from the frozen Sterivex samples
(1 L) separately from each of the triplicate samples per drill
hole by aseptically breaking filter units and by cutting the filter
and moving it to PowerWater DNA Isolation kit tube (MoBio
Laboratiories, USA). The isolation was performed according
to the manufacturer’s instructions. Extracted DNA amounts
were measured with a Qubit-fluorometer (Life Technologies)
according to the manufacturer’s instructions from 20µL of
undiluted sample.

DNA from the two Steripak filters (100 and 155 L) was
separately extracted as follows. The outlet of the filter was closed
with ethanol treated parafilm. 15mL of SET-buffer (50mM Tris-
HCl, 40mM EDTA, 0.75M sucrose, pH 7.8) and 500µL acid
washed sterile glass beads (Sigma 150–212µm) was added to the
filter and shaken (900 r min−1) for 10min at room temperature.
Lysozyme (final concentration in buffer 0.8mg mL−1) was added
and the filter units were incubated for 30min at 37◦C. Proteinase
K (final concentration in buffer 0.2mg mL−1) and 1mL of
20% sodium dodecyl sulfate was added and the incubation was
continued for 90min at 65◦C. The buffer liquid was drained
out from the inlet and the treatment was repeated. DNA was
precipitated from the combined buffer liquids by adding 95%
ethanol (78mL) and freezing at −80◦C over night. The sample
was thawed and DNA was centrifuged (30min, 11.000 g). Liquid
was removed and the precipitate was washed with 70% ethanol.
DNA was further purified with the PowerWater DNA Isolation
kit (MoBio Laboratiories). The isolated and purified DNA was
stored frozen at−80◦C until use.

RNA Extraction and Reverse Transcription
Total RNA from triplicate 0.5 L groundwater samples collected
on the Sterivex filter units (0.22µm pore-size) was isolated with

the PowerWater RNA isolation kit (MoBio Laboratories). The
filters were thawed on ice and care was taken to minimize
the time of thawing. The filter units were aseptically broken
and the filter membranes were removed using sterile scalpels.
The intact filters were inserted into the bead tubes with
flame-sterilized forceps and the RNA extraction was performed
according to the manufacturer’s instructions. Negative isolation
controls were also included in all nucleic acid extractions. DNA
contamination of the RNA extracts was checked by PCR with
bacteria 16S rRNA gene specific primers U968 and U1401
(Nübel et al., 1996). If no PCR product was obtained, no DNA
contamination was assumed. If a PCR product was obtained, the
RNA extract was first treated with DNase (Promega) according
to the manufacturer’s instructions. The RNA was subsequently
subjected to cDNA synthesis. Aliquots of 11.5µL of RNA were
incubated together with 250 ng random hexamers (Promega) and
0.83mMfinal concentration dNTP (Finnzymes, Finland) at 65◦C
for 5min and cooled on ice for 1min. The cDNAwas synthesized
with the Superscript III kit (Invitrogen), by adding 4µL 5×
First strand buffer, 40 u DTT and 200 u Superscript III to the
cooled reactions. To protect the RNA template from degradation,
40 u recombinant RNase inhibitor, RNaseOut (Promega), was
used. The reactions were incubated at 25◦C for 5min, 50◦C
for 1 h and 70◦C for 15min. Duplicate reactions per sample
as well as no template controls were performed. The duplicate
reactions were subsequently pooled. RT-PCR was also performed
on the negative RNA extraction controls as well as negative
reagent RT-PCR controls to ensure that these steps had remained
uncontaminated during the process.

Quantitative PCR
The abundances of bacterial 16S rRNA genes were estimated
by real-time quantitative PCR (qPCR). 1µL of DNA extract
was used as template from each samples as triplicate. The
qPCR was performed with KAPA™ SYBR R© Fast 2× Master mix
for Roche LightCycler 480 (Kapa Biosystems, USA) and triple
reactions were performed for each sample. The amplifications
were performed with primers P1 and P2 (Muyzer et al., 1993),
which specifically target the V3 region of the bacterial 16S
rRNA gene. Each reaction contained 3 pmol of each primer. The
amplification was performed for 45 cycles, with denaturation
(10 s at 95◦C), annealing (35 s at 57◦C), and extension (30 s at
72◦C). The number of bacterial 16S rRNA genes was determined
by comparing the amplification result (Cp) to that of a dilution
series (101–107 copies µl−1) of Esherichia coli (ATCC 31608)
16S rRNA genes in plasmid. Inhibition of PCR was tested with
comparing the amplification of standard to standard with sample
liquid addition (1µL).

Amplicon Library Preparation
The amplicon libraries for high throughput pyrosequencing were
prepared by PCR from the DNA and cDNA samples from 2013.
Amplicons were made as duplicates from each triplicate sample.
All amplicons were produced by nested PCR as follows: the
bacterial 16S rRNA genes were first amplified with primers fD1
(Weisburg et al., 1991) and U1401 (Nübel et al., 1996) and
then for the V1-V3 variable regions with tagged primers 8F
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(Edwards et al., 1989) and P2 (Muyzer et al., 1993). Archaeal 16S
rRNA gene fragments were amplified first with primers A109f
(Großkopf et al., 1998) and Arch915R (Stahl and Amann, 1991)
for an 806 bp long fragment of the 16S rRNA gene. Then, a
second PCR with tagged ARC344f (Bano et al., 2004) and Ar774r
primers (modified from Barns et al., 1994) was used to produce
the tagged product for sequencing (covering the V3-V4 variable
areas). For the fungal ITS fragments a 420-825 bp long fragment
was first amplified with primers ITS1F and ITS4 (White et al.,
1990; Gardes and Bruns, 1993). The product of this PCR was
used as a template in a secondary PCR with tagged primers ITS1F
and ITS2 (Buée et al., 2009) generating a ca. 400 bp product.
Amplifications were also made of PCR reagent controls. The first
step of PCR amplification was performed in 10µL and second
step in 50µL reactions containing 1× KAPA Fidelity buffer
(Kapa Biosystems), 0.3mM final concentration of dNTP, 6 pmol
of each primer in 10µL reaction and 25 pmol in 50µL reaction,
1 unit of KAPA Hifi polymeraze enzyme (Kapa Biosystems) and
1µL in 10µL reaction, and 2µL in 50µL reaction of template.
The PCR program for both PCR steps consisted of an initial
denaturation step at 98◦C for 5min, 39 cycles of 20 s at 98◦C, 15 s
at 53◦C (for archaea and fungi at 50◦C), and 30 s at 72◦C. A final
elongation step of 5min was performed at 72◦C. The products
were cleaned with NucleoSpin PCR Clean-up kit (Macherey-
Nagel) according to manufacturer’s instructions. The amplicon
products from the six replicates of each sample were pooled and
the pyrotag libraries were sent to Beckman Coulter Genomics
(USA) for pyrosequencing with a Genome Sequencer FLX 454
titanium platform according to manufacturer’s protocol (454 Life
Sciences/Roche Applied Biosystems).

Sequence Processing and Analysis
The bacterial and archaeal sequence reads obtained from the
sequencing center were batch processed with an in-house
developed pipeline (Miettinen et al., 2015). Briefly, the sequence
reads were first subjected to quality control using the Mothur
software version 1.31.2 (Schloss et al., 2009). Adapters, barcodes
and primers were removed from the reads, and the quality
of base-calls was assessed in order to remove erroneous reads
from the data set. Chimeric sequence reads were identified
in the data set with the USEARCH algorithm (Edgar, 2010)
by de novo detection and through similarity searches against
the 97% representative OTU set of the Greengenes reference
database of 13_8 version (DeSantis et al., 2006) andwere removed
from the analyses. Operational Taxonomic Units (OTUs) were
detected from the chimera-filtered sequence data set following
the open-reference OTU-picking protocol of QIIME version
1.7.0 (Caporaso et al., 2010) against the 97% identity Greengenes
13_8 OTU sets. OTU clustering was performed with UCLUST
v. 1.2.22q (Edgar, 2010), and the cluster seed sequences were
selected as the representative OTU sequences. OTUs with less
than two members were discarded. Taxonomy was assigned with
RDP classifier v. 2.2 (Wang et al., 2007).

The raw fungal ITS sequence data were analyzed as above,
except that the reference database was UNITE (Kõljalg et al.,
2013), and the taxonomic assignments were made by the BLAST
algorithm with a maximum E-value of 0.001 (Altschul et al.,

1990). OTUs found in bacterial and fungal negative controls
were filtered from the sample data. Alpha diversity chao1 was
calculated for all microorganism types (Chao, 1984).

Accession Number
The bacterial and archaeal 16S rDNA and 16S rRNA and fungal
ITS gene region sequences have been submitted to the European
Nucleotide Archive (ENA) under accession number PRJEB9160
(http://www.ebi.ac.uk/ena/data/view/PRJEB9160).

RESULTS

Geochemistry
A summary of the results of geochemical characterization of
groundwater in the drill holes R-2247 and R-2250 at the time of
microbiological sampling is given in Table 2. A full geochemical
dataset, including the other time points and drill holes, is
provided in Supplementary Tables 1 and 2.

In situ temperature at the sampling sites and of the
groundwater was approximately 23◦C at 1430 and 1350m bsl.
Groundwater from R-2247 was saline [total dissolved solids
(TDS) up to 76 g L−1] and of Ca-Na-Cl type. Water from the
drill hole R-2250 was approximately 4 times more dilute, less
Ca-dominated and more sulfide rich compared to R-2247. Water
from the both drill holes contained 1–2mM of sulfate. Nitrate
was below detection, i.e., <0.16 and <3.2mM in R-2247 and R-
2250, respectively. Based on alkalinity and TOC measurements
carbon contents were found to be low. The amount of DOC
was 70–80% of the total organic carbon. Dissolved gas phase in
both R-2250 and R-2247 was comprised mostly of nitrogen and
helium (Figure 3). R-2250 also contained a significant amount
of methane. CO2 was detected only in two samples, which were
either fixed with HgCl2 (PYS-1B, R-2247) or collected using a
pressure cylinder (PYH-2A, R-2229; Supplementary Table 2).
Small amounts of oxygen were present in all other samples
but the one sample pressurized from R-2247. However, based
on C(–4)/C(4), H(0)/H(1), and S(–2)/S(6) redox pairs, Eh-
values are between –0.3 and –0.4V in both R-2247 and R-2250
indicating clearly reductive conditions. CO was not detected but
small amounts of C2+ hydrocarbons up to pentane (C5) were
found. The amount of gas in the drill hole R-2247 in 2014
was approximately doubled compared to the same sample in
August 2013. The most notable change was the increase in H2,
while relative amounts of other gases stayed relatively constant.
Furthermore, He and H2 were more enriched in the pressurized
samples compared to other samples taken at the same time.

Within groundwater samples δ2H and δ18O vary from −96.8
to −69.8h VSMOW and −13.70 to −11.96h VSMOW,
respectively (Supplementary Table 1). Isotopic composition of
the most saline water (R-2247) plots clearly left from the
Finnish Meteoric Water Line (FMWL, Kortelainen 2007) while
groundwaters sampled from the shallower levels of –1080m
(PH-101) and –850m (R-2222) feature compositions typical for
meteoric, fresh groundwater (Figure 4). Both compositions are
clearly distinct from the lake water used for drilling with δ2H
of−73.3h VSMOW and of δ18O of−9.33h VSMOW.
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TABLE 2 | Geochemistry of groundwater in the drill holes R-2247 and

R-2250 in the Pyhäsalmi mine.

Drill hole R-2247 R-2247 R-2250

Sampling date 13.8.2013 11.6.2014 14.8.2013

pH 8.6 8.7 8.8

EC mS cm−1 103.3 102.0 34.0

Alk. mM 0.09 0.08 0.09

TOC mM 0.092 0.117

DOC mM 0.066 0.085

Ca mM 565 488 119

Fe mM 0.0024 <0.0009 0.0006

K mM 0.83 0.97 0.14

Mg mM 0.14 0.13 0.04

Na mM 324 320 112

P mM 0.005 0.004 0.003

S mM 1.23 1.30 1.16

Si mM 0.14 0.10 0.18

Sr mM 3.06 3.02 0.61

Br mM 7.48 6.65 2.17

Cl mM 1272 1097 285

SO4 mM 1.78 1.58 1.23

Sulfide mM 0.0023 0.0020 0.057

TDS g L−1 76.2 66.9 17.7

Gastot mL L−1 56 119 60

Ar mL L−1 0.58 1.06 0.40

O2 mL L−1 0.31 0.40 0.19

N2 mL L−1 39 73 26

H2 mL L−1 0.10 9.0 0.74

He mL L−1 14 30 19

CH4 mL L−1 1.6 3.9 14

C2H6 mL L−1 0.24 0.46 0.08

C3H8 mL L−1 0.007 0.014 0.002

Iso-butane mL L−1 0.0002

N-butane mL L−1 0.0012

N-pentane mL L−1 0.00012

EC, electrical conductivity; Alk, alkalinity; TOC, total organic carbon; DOC, dissolved

organic carbon; TDS, total dissolved solids.

Microbiology
Microbial cells could not be detected in the water samples from
2013 by microscopy. Only some blurred stains were visible that
could not be identified as cells. In 2014 the number of microbial
cells detected in the groundwater by microscopy was 1.4 × 104

cells mL−1 at R-2247 (drill hole bottom at∼2400m bsl) from the
pressure cylinder groundwater stained with DAPI. The amount
of live cells determined with Live/Dead staining was 1.2 × 104

cells mL−1 and the injured cell count was 1.5× 102 cells mL−1.
The amount of isolated DNA from both of the drill holes

(2013; 1 L samples) was less than 0.05 ng. In 2014 the total isolated
DNA amount from 100 and 155 L groundwater was 1.1 and
1.3 ng, respectively. Even though more DNA was obtained from
the samples from 2014 compared to those from 2013, no PCR
product was obtained from the 16S rRNA gene qPCR in either

FIGURE 3 | Relative compositions of dissolved gases in the drill holes

sampled in the Pyhäsalmi mine. Areas of the charts are proportional to the

average gas volumes measured in each of the drill holes, with the largest chart

(R-2247) corresponding to a gas volume of 90mL per 1 L of groundwater.

Other gases include O2, CO2, propane, butane, and pentane (Supplementary

Table 2).

year. However, no PCR inhibition was seen. As 16S rRNA qPCR
was not successful no other qPCRs were performed for marker
genes. Amplicon sequencing analysis targeting the bacterial and
archaeal 16S ribosomal genes and fungal internal transcribed
spacer (ITS) gene region were done with the nested PCR products
of the year 2013 samples. As no products were obtained from
the year 2014 samples with 16S rRNA gene qPCR, the samples
were considered not to represent the original drill hole diversity
any better than the year 2013 samples and no high-throughput
amplicon sequencing analysis was performed on these samples.

Bacterial and archaeal 16S rRNA gene sequences were
obtained from all samples. Most of the sequences were obtained
from the shallower drill hole R-2250, consisting of around
3000 archaeal sequences from both DNA and RNA fractions
but less than a thousand sequences were obtained from each
bacterial amplicon library (Supplementary Table 3). From the
deeper drill hole R-2247 the sequence amounts from each
sample (<138 sequences) serve only as an exemplary of the
drill hole prokaryotic diversity. Fungal sequences dominated in
both drill hole samples (over 11,700 sequences from each sample
type). Rarefaction curves from all samples with more than 300
sequences are presented in Supplementary Image 1. Different
operational taxonomic unit (OTU) counts were lowest in the
case of archaea (<7 OTUs) and the highest number of OTUs
was found in deeper R-2247 fungal DNA fraction (77 OTUs).
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FIGURE 4 | Stable isotope compositions of groundwaters in the

Pyhäsalmi mine. Values are given in h relative to Vienna Standard Mean

Ocean Water (VSMOW). FMWL, Finnish Meteoric Water Line (Kortelainen,

2007) depicts the average composition of precipitation in Finland. Most of the

samples plot left from the FMWL. This is typical for deep saline groundwaters

within crystalline rocks, which have been modified by water-rock interaction

(e.g., Frape et al., 2003). Circles = R-2247, open circle = R-2250, triangles =

R-2227, open triangles = R-2229, diamond = PH-101, square = R-2222,

open squares = drilling water from Lake Pyhäjärvi.

The bacterial, archaeal, and fungal community compositions are
shown in Figure 5.

Bacterial diversity was low and the highest number of detected
OTUs was only 45 OTUs found from R-2250 with 946 sequences.
The sequences found in all samples grouped into three phyla:
Proteobacteria, Firmicutes, and Cyanobacteria (Figure 5). All
samples included also unidentified bacterial sequences especially
in the RNA fraction describing a potentially active community
(20–38% of the sequences). In both drill holes the DNA fraction
describing the total community was dominated by sequences
affiliating with the phyla Firmicutes and Proteobacteria. The
majority of the bacterial 16S rRNA sequences (63 and 42%) were
classified to genus Alicyclobacillus of the phylum Firmicutes in
both R-2250 and R-2247, respectively. The bacterial diversity
detected from the RNA fraction was higher than that of the DNA
fraction in R-2250. The sequence reads belonged especially to
Gammaproteobacteria (44%) and Firmicutes (13%) lineages. The
Solimonadaceae (39%) was the most abundant separate family.

The archaeal diversity was very low. The number of sequences
(5) found from R-2247 does not describe any real diversity in
this sample. In R-2250 sample the sequencing depth seemed
to be sufficient (over 3000 sequences in each sample) as the
rarefaction curve stabilized and the chao1 estimate was the
same as the actual number of identified OTUs (Supplementary
Image 1 and Supplementary Table 3). However, the archaeal
diversity was very low as only 4 and 6 OTUs were found in DNA
and RNA fractions, respectively. These OTUs belonged to three
euryarchaeotal orders: Methanobacteriales, Methanosarcinales,
and Thermoplasmata and oneOTU to crenarchaeotalMCG class.

The majority of the archaeal sequences belonged to the order
Methanobacteriales.

Fungal diversity detected from the DNA fraction was highest
in R-2247 with 77 OTUs identified. In R-2250 28 OTUs were
detected in the DNA fraction and 13 OTUs in the RNA
fraction. The sequencing efficiency was appropriate for the fungal
communities as the number of detected OTUs was close to
the chao1 estimated OTU numbers (Supplementary Table 3).
Ascomycota was the dominating fungal phylum detected in both
of the drill holes (Figure 5). The dominating ascomycotal class
was Eurotiomycetes (67 and 98%) in DNA fraction in both
of the drill holes. These OTUs related most closely to genera
Penicillium and Aspergillus. Sequences similar to the fungal class
Dothideomycetes (7%) were detected in R-2247 in the total fungal
community. Basidiomycota constituted theminor fungal phylum
detected in the R-2247 DNA fraction (5%). Basidiomycota
sequences belonged toMicrobotryomycetes andmore specifically
Rhodosporidium-like yeasts. 17% of the sequences in the DNA
fraction of the R-2250 were identified to represent other fungal
phylotypes. However, their exact phylogenetic affiliation remains
elusive. In the active fungal community of both of the drill holes
most of the fungal sequences were similar to ascomycotal class
Sordariomycetes and more closely to genus Nectria. In R-2250 in
the RNA fraction also fungal sequences belonging to ascomycotal
class Eurotiomycetes and to genus Paecilomyces were found.

DISCUSSION

Geochemical Aspects on

Representativeness and Limits of the Deep

Biosphere
Deep fluids from the Pyhäsalmi mine have several features in
common with other deep Precambrian continental subsurface
environments (e.g., Nurmi et al., 1988; Frape et al., 2003): they are
saline, Ca-dominated and have water stable isotope compositions
left from the meteoric water line. Even though the dissolved
gas phase is dominated by nitrogen, the gas composition clearly
differs from the atmosphere. These features may indicate long-
term water-rock interactions. Estimated residence times of saline
fluids within the Fennoscandian Shield vary between 4 and
60Ma (Kietäväinen et al., 2014; Trinchero et al., 2014). High
concentrations of helium likely indicate similar residence times of
the saline groundwaters also analyzed in our study. Even though
we cannot exclude other sources due to a lack of information on
the isotopic composition of helium, it is likely that this helium
originates from long-term accumulation due to radioactive decay
of U and Th in the crust (e.g., Ballentine et al., 2002). No
mantle helium was detected from the 2.5 km deep Outokumpu
Deep Drill Hole located within the Precambrian bedrock some
160 km SE from the Pyhäsalmi mine in a similar tectonic setting
(Kietäväinen et al., 2014).

Small amounts of oxygen detected in the gas samples likely
originate from atmospheric contamination during sampling or
analysis. This is because no O2 could be found in the pressure
cylinder sample collected from R-2247. This sampling technique
does not include any injection of sample into sample container or
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FIGURE 5 | Bacterial, archaeal, and fungal taxonomy in deep groundwaters of the Pyhäsalmi mine in drill holes R-2247 and R-2250. Taxonomic

classification of the bacterial, archaeal, and fungal sequence reads obtained by high throughput sequencing of the total (DNA) and potentially active (RNA)

communities presented at the genus level.

analysis line, which clearly decreases the risk of contamination.
However, not all pressure cylinder samples were O2 free. Further
evidence of strictly anaerobic conditions is brought by reduction
oxidation pairs of carbon, hydrogen and sulfur, which give
negative values down to −0.4V, indicative of clearly reductive
conditions. The hydrogen pair gives the most negative values,
which could be related to the mobility of H2 in the system and
thus redox disequilibrium within the samples.

It was observed that gases with the lowest solubility, i.e., H2

and He, were preferably found in the pressurized samples. This
is likely an indication of escape of these gases during sampling
from free flowing fluid. However, it may also be due to partial
degassing and preferential enrichment of less soluble gases during
gas separation from the pressure cylinders. Variability in the

concentration of H2 between different samplings can also be
explained in terms of solubility as H2 is easily enriched if there is
a gas pulse. Such a gas pulse might be caused by a pressure drop
within the formation. In a mine environment this may include
opening of fractures due to blasting and drilling operations.
These operations might also trigger chemical reactions between
freshly crushed rock and water, releasing H2 (Kita et al., 1982;
Hirose et al., 2011). Episodic release of H2 from fracture
networks has been proposed to provide energy for deepmicrobial
communities within crystalline shields (Sherwood Lollar et al.,
2007). H2 can accumulate into sealed pockets within crystalline
bedrock as a result of radiolysis of water (Lin et al., 2005a,b) or
through reactions including oxidation of Fe(III)hydroxides (e.g.,
Mayhew et al., 2013). Due to the co-existence of H2 with high
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FIGURE 6 | Mixing model for groundwaters collected from the

Pyhäsalmi mine. The model is based on oxygen isotopic composition of

water (δ18O h Vienna Standard Mean Ocean Water, VSMOW) and salinity

(represented by the concentration of Cl). End-members used are (1) drilling

water (open squares), (2) deep saline formation water (R-2247, circles), (3)

shallow groundwater (R-2222, square), and (4) approximated composition of

local precipitation/fresh groundwater (open diamond). Due to the

semi-logarithmic scale, simple two-component mixing appears as a curve in

this plot. Mixing of drilling water with the end-members (2) and (3) is illustrated

by the dotted lines, and mixing with the end-member (2) with (3) and (4) is

shown by the dashed lines. Proportions of the end-members are indicated by

small circles, as exemplified for the mixing between (1) and (2). Composition of

groundwater from the drill hole R-2250 (open circle) can be explained by

mixing of the end-member (2) with either (3) or (4), with the proportion of saline

formation water around 0.2 or 0.3 i.e., 20 or 30%, respectively, without

significant mixing with drilling water. Symbols are as in Figure 4.

amounts of most likely radiogenic helium, the radiolytic origin
seems more probable for H2 in the Pyhäsalmi mine.

Despite the carbon poor conditions indicated by the lack of
carbon-rich fracture fillings and only minor amounts of dissolved
carbon detected in the formation waters, some methane was
found especially in the drill hole R-2250 (Table 2). There a
surface driven, more carbon-rich groundwater may mix with
deep sourced H2-rich formation water (Figure 6) producing
methane either through microbial metabolism or abiotically.
Microbial involvement may be substantiated by the presence of
CO2 in the HgCl2 treated sample, but not in the comparative
samples. However, more data would be needed to confirm this
relationship.

Compared to natural variability, no dramatic differences
were observed between the different gas sampling methods.
Thus, for a simple characterization of gas composition the most
convenient way to collect samples is from a free flowing fluid.
However, changes may appear in the amounts of the least
soluble gases as discussed above. Drawbacks of the pressurized
method include the laborious separation of gas from the sample
cylinder and the relatively small sample volume obtained. In

addition, quantitative gas separation still needs to be confirmed.
Nevertheless, dissolved gas phase forms the most interesting part
of the fluid geochemistry in terms of availability of energetic
compounds in deep subsurface environments.

Microbial Diversity
The bacterial 16S rRNA gene diversity was low and only
describes the most abundant species or the cells most resistant
to the decompression. Despite the low sequence counts the
diversities in the total community of the drill holes R-2247 and
R-2250 were quite similar. The dominating OTU was a sequence
similar to the Firmicutes genus Alicyclobacillus. Representatives
of this genus inhabit mostly acidic geothermal environments
(Imperio et al., 2008) and a few strains of Alicyclobacillus are
known to reduce nitrate to nitrite and some strains also reduce
Fe3+ (Da Costa and Rainey, 2009). Alicyclobacillus are spore-
forming, which may explain its abundant presence due to better
decompression tolerance. In addition, alphaproteobacterial
orders Rhizobiales and Sphingomonadales, betaproteobacterial
order Burkholderiales, and gammaproteobacterial order
Pseudomonadales sequences were frequently found in the DNA
fractions of both samples. These lineages are often found in
deep subsurface terrestrial aquifers (Moser et al., 2003; Itävaara
et al., 2011; Nyyssönen et al., 2014). A small portion of the
sequences (6%) in R-2250 was similar to Cyanobacteria and was
further grouped to order Nostocales. Low numbers of sequences
belonging to the Cyanobacteria have previously been reported
from deep extreme environments (Kormas et al., 2003; Bomberg
and Itävaara, 2013), however their presence as photosynthetic
bacteria in the deep dark subsurface seems unclear and their role
is not known.

The diversity of the potentially active community was higher
than that of the community detected from the DNA fraction
in the shallower drill hole R-2250 (Figure 5). There were
especially sequences similar to Gammaproteobacteria (44%) and
Firmicutes (13%), the gammaproteobacterial Solimonadaceae
(39%) being the most abundant separate lineage. Members of the
Solimonadaceae are usually associated with soil and freshwater
and described for their ability to decompose chemical pollutants
(Zhou et al., 2014). The RNA fraction of the sample from R-
2247 yielded only few sequences of which most grouped with
betaproteobacterial Delftia genus. Similar sequences have been
found from river estuary sediment in southern China (GenBank
accession EU880508.1) and saline hydrothermal water in a
Mexican mine (Ragon et al., 2013).

Archaeal sequences obtained in the deeper drill hole R-2247
identify only a few species likely present in this environment and
give a hint that there might be more archaea to be found. In R-
2250 the sequencing was more successful but again only a portion
of the diversity was detected as the initial DNA and RNA amounts
were small. The majority of the archaeal sequences belonged
to the Euryarchaeota while a low number of crenarchaeotal
sequences were detected only in R-2250 (Figure 5). Almost all
sequences from R-2250 DNA and RNA fractions and also in R-
2247 DNA fraction belonged to the Methanobacteriales order,
which are generally hydrogenotrophic and use H2 to reduce
CO2 to CH4 (Bonin and Boone, 2006). These sequences were
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further affiliated within the SAGMEG1 (South African Cold
Mine Euryarchaeal Group 1) group that was first detected in
deep South African gold mines (Takai et al., 2001). The first of
the two additional rare euryarchaeal groups found from R-2250
RNA fraction was similar to the Methanomicrobia class and was
further grouped with the anaerobic methane oxidizing ANME-
2D family. The second rare sequence type was similar to the
Thermoplasmata and belonged to the E2 order, which is known
to associate with anoxic environments and includesmethanogens
(Yashiro et al., 2011).

More fungal than bacterial and archaeal OTUs were detected
in the deeper R-2247 drill hole (82 and 21 OTUs in DNA
and RNA fractions, respectively). Moreover, the fungal diversity
was higher in R-2247 than in R-2250 contrary to the bacterial
and archaeal diversities. Similar or higher fungal diversity (7–
163 OTUs) have been detected in the Fennoscandian deep
subsurface groundwater in several drill holes using the same
454 pyrosequencing method for fungal ITS regions as used here
(Sohlberg et al., 2015), and up to 43 fungal OTUs in deep-sea
environments have been detected by sequencing clone libraries
constructed with three different primer sets of the fungal ITS gene
region (Nagano et al., 2010). The dominating fungal class in the
total community of both of the drill holes was Eurotiomycetes
and these sequences were most closely related to Penicillium
and Aspergillus. These fungi are known to be ubiquitous and
cosmopolitan and function in virtually all ecosystems. They
have been detected in deep-sea environments where they were
found to be adapted to the aquatic environment (Damare and
Raghukumar, 2008) and to tolerate high salt concentrations and
anaerobic conditions (Raghukumar, 2012) that also prevail in the
Pyhäsalmimine bedrock. Another abundant sequence type found
from the total community of the drill hole R-2247 was affiliated
with the class Dothideomycetes and was closely related to the
genus Cercospora. Species within the Cercospora act as parasites
of plants and are globally distributed and spores ofCercospora are
easily aerosolized (Kellogg and Griffin, 2006). Their role in deep
terrestrial groundwater is unknown. The total community in R-
2247 also included fungal sequences similar to the Basidiomycota
phylum, which is closely related to the genera Rhodosporidium
and Pseudozyma. Rhodosporidium is the sexual state of several
species of Rhodotorula. The genus Rhodotorula is thought to be
of polyphyletic origin and is phylogenetically a mixed grouping
with the genus Rhodosporidium (Nagahama et al., 2001). These
yeasts have been previously detected with cultivation-based
methods from groundwaters within Fennoscandian crystalline
rocks (Ekendahl et al., 2003) and from deep-sea environments
(Nagahama et al., 2006). Both Rhodosporium- and Pseudozyma-
species have been detected in deep-sea environments (Nagahama
et al., 2001) and brackish and sea water environments (Fell et al.,
1988). Interestingly, Rhodosporium—species have been able to
grow at as high as 400 bar pressure (Lorenz and Molitoris, 1997).

In the active community the dominant fungi belonged to
the class Sordariomycetes (81–99%) and more closely to the
genus Nectria in both of the drill holes. The Nectricea includes
facultative anaerobic microscopic fungal genera able to use
nitrate or nitrite as a final electron acceptor as an alternative to
oxygen (Kurakov et al., 2008). In terrestrial environments they

act as parasites of plants and are saprophytes. Their origin and
role in the deep terrestrial environment is unknown although
Nectria -species have been isolated from deep-sea sediments
(Singh et al., 2012). The active community in the shallower drill
hole also has a smaller amount (19%) of sequences grouping
with the class Eurotiomycetes and further classified to genus
Paecilomyces. Paecilomycetes—species have been isolated from
marine sediments. They have been found to be capable of
growing in anoxic conditions and to perform denitrification
(Cathrine and Raghukumar, 2009). Overall, the dominant fungal
taxa found both in the DNA and RNA fractions were also
detected abundantly in a study from Fennoscandian Shield
crystalline bedrock in Olkiluoto, Finland (Sohlberg et al., 2015).
This indicates that these fungal classes could be characteristic to
the deep terrestrial biosphere.

This study performed in the Fennoscandian Shield crystalline
bedrock, with groundwater samples from 2.4 km below the
ground surface level with high salinity (TDS up to 76 g L−1)
and especially high calcium and magnesium concentrations
(22 and 0.4 g L−1, respectively), found the bacterial taxa
Alicyclobacillus genus and Solimonadaceae that are not found as
dominant bacterial groups in the Fennoscandian Shield bedrock
studies earlier. The fungal taxa identified here provide further
evidence for the fungal core microbiome detected recently from
the Fennoscandian Shield bedrock (Sohlberg et al., 2015). In
addition, the fungal genus Cercospora was detected. To the best
of our knowledge, this genus has not been found in either deep
subsurface bedrock or sediment environments before.

Microbial Sampling in High-pressure

Environment
The microbiological results of the first sampling session
were surprising as no recognizable microorganisms were
microscopically detected. In addition, very low DNA and RNA
amounts were obtained from the groundwater filtration samples
and microbial communities could only be detected with a nested
PCR approach. It is possible that the abrupt pressure drop of
58 or 128 bar during sampling may have ruptured at least a
part of the microbial cells and therefore the nucleic acids could
escape through the filters. Hemmingsen andHemmingsen (1980)
have shown that fast (1–2 s) decompression from gas saturation
pressures (25–50 bar) ruptured cell envelopes and decreased the
counts of viable cells of three different species of Gram negative
gas vesicle containing bacteria. Pressure drops between 50 and
100 bar ruptured the majority of these cells, however cells that
did not have gas vesicles were not affected by decompression
from gas saturation pressures of up to 300 bar (Hemmingsen and
Hemmingsen, 1980). However, the cell envelope can be ruptured
regardless of whether a membrane-enclosed vacuole is present as
was seen in the case of a deep-sea methanogen Methanococcus
jannaschii that ruptured upon rapid decompression (1 s) from
260 bar of hyperbaric pressure to atmospheric pressure (Park and
Clark, 2002). To avoid this possible reason for the low nucleic
acid yield we added two pressure-decreasing steps for the second
sampling session. In practice altogether four pressure-reduction
steps occurred as the drill hole’s first joint started to leak during
the microbiological sampling and gases were partly escaping
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which caused a pressure drop estimated to be as high as 40–70
bar. We also included some time difference between the pressure
reductions by placing cylinders between the pressure reduction
points.

In addition to having a better control of the pressure, we
wanted to maximize the amount of harvested microorganisms
from groundwater with extremely low microbial counts by
collecting larger sample volumes. Thus, we used Steripak filter
units that are designed for pressure driven tissue media filtration
but are substantially faster and have bigger filtration capacity than
that of the small Sterivex filters. However, the filters cannot be
cut out from the Steripak filter unit and moved to commercial
extraction kits. Instead, themicrobial cells need to be released and
lysed to the liquid phase inside the intact filter unit. To ensure
that we would get at least a confirmation that there really were
microorganisms present in the Pyhäsalmi mine groundwater, we
took a small water sample without the harsh pressure decrease
procedure into a pressure cylinder and lowered the residual
pressure with small steps in the laboratory. The microbial cell
count from this pressure cylinder was 1.4×104 cells mL−1 (DAPI)
with 1.2× 104 live cells mL−1 (Live/Dead) from the R-2247 drill
hole. The injured cells were a minority (1.5 × 102 cells mL−1).
This cell count is consistent with the average cell counts from
this depth of groundwater (McMahon and Parnell, 2013) and is
10-fold higher than that detected from 2.3 km depth from the
Outokumpu Deep Drill Hole (Purkamo et al., 2013; Nyyssönen
et al., 2014). This also confirms that microorganisms are present
in the deepest groundwater of the Pyhäsalmi mine.

Another reason for the low DNA and RNA amounts isolated
might be the filter breakage during sampling. However, this
seems unlikely as the maximum inlet pressure for both used
filter types is over 3 bar, according to the manufacturer, and
during sampling the pressures were mainly 1 bar and at most
2 bar. A more probable cause for the low DNA and RNA
extraction amount could be inhibitory substances within the
filtered groundwater, as the water was very saline with a
calcium concentration over 20 g L−1. Both microbial cells and
nucleic acids tend to have high adsorption on soil components
(Frostegård et al., 1999). This may be especially relevant if part
of the cells were damaged during collection and nucleic acids
became susceptible to environmental conditions. The adsorption
of nucleic acids to surface-reactive soil fractions such as mineral
matrixes can result in low extraction yields (Direito et al.,
2011). The filters collecting samples overnight were turned from
white to gray and almost black throughout indicating particle
accumulation and/or chemical reactions occurring on the filter
surface. Especially in clay silicates (Direito et al., 2011) and iron
rich clays, DNA and RNA yields can be minimal or absent,
primarily due to nucleic acid adsorption (Hurt et al., 2014). The
polyanionic property of the phosphate groups of the nucleic
acids support a large number of binding sites for divalent
or multivalent cations that further bind to negatively charged
mineral particles (Hurt et al., 2014). The effect of mono- or
divalent cations has also been shown to be dependent on the
species of cation species, with a greater adsorption of DNA
in the order of Ca2+, Mg2+ and Na+ (Paget et al., 1992;
Nguyen and Elimelech, 2007). The Pyhäsalmi mine groundwater

contained a high concentration of Na+ and especially Ca2+.
It is probable that at least part of the DNA was bound to
mineral particles due to presence of high Ca2+ concentration.
To prevent DNA adsorption supported by cations, chelating
agents removing metal ions from aqueous solutions, are often
incorporated into the lysis buffer. The extraction method used
for Steripak filters included some chelating EDTA in the lysis
buffer but more attention could have been paid to desorption of
DNA from the solid particles. The commercial isolation kit used
was functioning in terms of purification as no PCR inhibition
was found. However, efficient purification is again a source of
decreased DNA yield.

There were probably several reasons for the very low nucleic
acid gain as described above. However, the most probable reason
for this was the strong pressure drop causing rupture of at least
part of the cells and nucleic acid drift through the sampling
filters. This is supported by the fact that no whole cells were
seen by microscopy in decompressed water sample compared to
clear cells seen in water collected into pressure cylinder without
harsh decompression. In addition higher sequence counts were
obtained from the drill hole R-2250 than from R-2247 as the
pressure drop during sampling in R-2250 was half of that
compared to the deeper R-2247.

Microbial Contamination of Drill Holes
In the Pyhäsalmi mine the possible microbial contamination
of the drill hole waters has to be considered as the drill
holes were plugged and not continuously flowing after drilling.
Contamination due to drilling water is relevant especially in
R-2250 as it was newly drilled. However, the high hydrostatic
pressure in the drill hole caused by the depth, and the voluminous
discharge of groundwater encountered during drilling, decrease
the risk of microbial contamination. R-2247 was drilled more
than a year prior to our sampling and it had been allowed
to flow freely for about a month before it was plugged and
the water flow amount was estimated to be around 500 m3,
equivalent to approximately 175 borehole volumes. The isotopic
composition of water from the drill hole R-2250 can be explained
by mixing of a saline formation water end-member such as
that represented by R-2247 with shallower fresh groundwater,
such as the one collected from R-2222 (Figure 6). No evident
contribution of drilling water was observed. As the geochemical
parameters of both of the R-2250 and R-2247 were also very
different from the lake water that was used as a drilling water,
this confirms that the sample water originated from the bedrock
fractures. In addition, the conditions in the deep bedrock are
extreme and very different from those in the water used for
drilling. For this reason any possible contaminating agent could
survive only as fungal or bacterial spores that may better endure
extreme environments. The dominant bacterial sequences found
were related to a spore-forming genus in the total community
analysis. However, whether this is due to contamination or
strong decompression during sampling destroying most live
cells is difficult to determine. Nevertheless, the detection of
potentially active bacterial, archaeal and fungal taxa suggests that
the identified microorganisms were adapted to deep terrestrial
subsurface conditions and are able to live in this environment.
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Yet, evidence indicates that rRNA has some limitations when
used as an indicator of current activity as dormant cells could
also contain high number of ribosomes (Blazewicz et al., 2013).
However, the ITS1 gene region used in this study is present
between the 5.8D and 18S units of the mRNA transcript only
when the genomic copy of the genes is being actively transcribed.
After transcription, the ITS area is quickly spliced out in order for
the rRNA units to fold properly and thus is conclusive evidence
that the fungi are active and produce ribosomes in the deep
biosphere of the Pyhäsalmi mine.

CONCLUSIONS

The presence of deep saline fluids was confirmed in the Pyhäsalmi
mine, which supports the previous findings from crystalline
shield areas elsewhere in Finland and around the world that
these fluids are common below a relatively thin layer of fresh
groundwater. The successful geochemical sampling campaign
also revealed dissolved gases with compositions clearly distinct
from atmospheric air and indicative of long term water-rock
interaction. As a mobile phase, dissolved gases such as H2 form
a potential source of energy for microbial communities in deep
terrestrial environments. The microbial high-pressure sampling
succeeded only partially as the amount of prokaryotic DNA/RNA
collected was especially low. This was probably due to the high-
pressure decompression that may have damaged part of the cells
and the nucleic acids likely have passed through the filter. The
fungal community was discovered to be live and active in the deep
subsurface oligotrophic environment, since fungal ITS-sequences
were found in the samples. The fungal taxa discovered assist in
confirming the fungal core microbiome recently detected from
the Fennoscandian Shield bedrock (Sohlberg et al., 2015). The
identified prokaryotic diversity was low, however it consisted of
species often found from other subsurface environments, but also
included taxa such as Alicyclobacillus genus and Solimonadaceae
that have not been found as dominant bacterial groups in

the Fennoscandian Shield bedrock environments before. The
majority of the archaeal community was closely-related species
to methanogens that use H2 and carbon dioxide to produce
methane. The geochemical results identified H2 and methane as
being present, but carbon dioxide was detected at very low levels
in two samples. Carbon dioxide may be a limiting factor for these
archaea and it may be used rapidly in this highly oligotrophic
environment. Conversely, in an alkaline environment (pH over
8), carbon dioxide is present in water as HCO−

3 and in the
Pyhäsalmi drill holes low concentrations of HCO−

3 was detected.
Carbonate minerals, indicative of the precipitation of dissolved
carbon, have not been found on fracture surfaces in the studied
drill holes. As a result of these experiments we note that a better
way to perform microbial sampling in an environment with
high water pressure is to maintain high-pressure throughout the
filtering and allow for a slow decompression afterwards.
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The metallic low and intermediate level radioactive waste generally consists of carbon
steel and stainless steels. The corrosion rate of carbon steel in deep groundwater is
typically low, unless the water is very acidic or microbial activity in the environment
is high. Therefore, the assessment of microbially induced corrosion of carbon steel
in deep bedrock environment has become important for evaluating the safety of
disposal of radioactive waste. Here we studied the corrosion inducing ability of
indigenous microbial community from a deep bedrock aquifer. Carbon steel coupons
were exposed to anoxic groundwater from repository site 100 m depth (Olkiluoto,
Finland) for periods of 3 and 8 months. The experiments were conducted at both
in situ temperature and room temperature to investigate the response of microbial
population to elevated temperature. Our results demonstrate that microorganisms from
the deep bedrock aquifer benefit from carbon steel introduced to the nutrient poor
anoxic deep groundwater environment. In the groundwater incubated with carbon steel
the planktonic microbial community was more diverse and 100-fold more abundant
compared to the environment without carbon steel. The betaproteobacteria were the
most dominant bacterial class in all samples where carbon steel was present, whereas
in groundwater incubated without carbon steel the microbial community had clearly less
diversity. Microorganisms induced pitting corrosion and were found to cluster inside
the corrosion pits. Temperature had an effect on the species composition of microbial
community and also affected the corrosion deposits layer formed on the surface of
carbon steel.

Keywords: deep biosphere, microbial corrosion, terrestrial biosphere, carbon steel, sulfate reducing bacteria

Introduction

During the last two decades the Fennoscandian deep terrestrial biosphere has been extensively
studied due to the geological repositories planned for spent nuclear fuel and radioactive
decommissioning waste (Haveman and Pedersen, 2002; Itävaara et al., 2011; Purkamo et al., 2013;
Bomberg et al., 2015; Rajala et al., 2015). Despite the extensive study of deep biosphere, the potential
of indigenous microbial communities to induce corrosion under the prevailing environmental
conditions is not well known. The assessment of microbially induced corrosion (MIC) of carbon
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steel in deep bedrock environment has become important
for evaluating the long-term safety of disposal of low and
intermediate level radioactive (LLW/ILW) waste. Such
waste is produced during the operation, maintenance, and
decommissioning of nuclear power plants (NPPs). The
LLW/ILW produced in Olkiluoto NPP, Finland, has since
1992 been disposed into an underground repository excavated in
to bedrock to a depth of 60–100 m below sea level [Teollisuuden
voima Oyj (TVO), 2015]. The metallic portion of LLW/ILW
generally consists of carbon steel and stainless steels.

In oxygen-free water, the corrosion rate of carbon steel is low,
unless the water is acidic or microbial activity in the environment
is high. In Olkiluoto NPP the LLW/ILW is packed into
concrete silos or concrete boxes. Concrete generates a high pH
environment, which in turn is assumed to reduce the corrosion
rate of carbon steel (Rajala et al., 2014). Nevertheless, over the
time the pH decreases, for example due to the carbonization of
concrete.

The groundwater at the repository depth contains large
microbial populations of up to 105 microorganisms mL−1

with considerable diversity of species (Haveman and Pedersen,
2002; Nyyssönen et al., 2012). Microorganisms may significantly
contribute to the corrosion of metallic waste and can accelerate
corrosion rates up to 1000–10,000 fold (Videla, 1996; Carpén
et al., 2013). Microorganisms are able to affect various corrosion
mechanisms, such as general corrosion and localized corrosion,
the latter including pitting and stress corrosion cracking (Little
et al., 1992). Sulfate-reducing bacteria (SRB), in particular, are
known to cause corrosion of carbon steel (Bryant et al., 1991).
Carpén et al. (2012) demonstrated that the corrosion rate might
be as high as 10–63 µm a−1 in the repository environment
and localized corrosion rates even higher. Such high corrosion
rates in anoxic groundwater cannot occur without acceleration of
the corrosion process by microbial activity. Especially microbial
biofilm formed on carbon steel surface has been shown to
accelerate corrosion (Little et al., 1992).

In nutrient poor conditions, such as in deep anoxic
groundwater, microorganisms may significantly accelerate the
corrosion rate of metals by using metallic iron as electron
donor (Xu and Gu, 2011). Microorganisms are also able to
produce corrosive agents, such as organic acids or sulfide, and
consume hydrogen that is produced in the corrosion process
(Little et al., 1992; Lee et al., 1995). As a consequence of the
accelerated corrosion and increased solubility of the metal ions
in acidic environments, radioactive nuclides may be released
into groundwater and transferred to neighboring areas of the
repository.

The aim of this study was to characterize microbial biofilms
associated with corrosion, study the ability of the indigenous
groundwater microbes to benefit from carbon steel, and compare
the corrosion rate of carbon steel in groundwater at room

temperature and in situ temperature. In general, elevated
temperatures accelerate corrosion, but the effect of temperature
on the corrosion-accelerating bacterial community is unknown.
Electrochemical measurements are often conducted at room
temperature instead of at in situ temperature. Therefore,
the effect of temperature on the community composition of
the biofilm formed on the surface of carbon steel was also
studied.

Materials and Methods

Sample Collection
The experiment was conducted using the native groundwater
from Olkiluoto VLJ-cave the geological disposal site of low and
intermediate level radioactive waste (LLW/ILW) (61◦14′13′′N
21◦26′27′′E) from the drill hole located next to the repository
silos. The drill hole was located at the depth of 100 m, which
is the same level as the bottom of the repository silo and
can be reached from the maintenance tunnel in the repository
cave. Groundwater sampling was performed in June 2011. The
groundwater was funneled into an anoxic glove bag (AtmosBag R©,
Sigma-Aldrich, St. Louis, MO, USA) without exposure to oxygen
through a factory clean polyamide tube directly from the drill
hole located in the cave wall. Anoxic conditions within the
glove bag were maintained with constant N2 (99.999%) flow and
anaerobic generators (Anaerocult R© A, Merck, Germany). In the
anoxic glove bag, microbial biomass for DNA extraction was
collected from three parallel 250 mL groundwater samples on
0.22 µm pore-size Sterivex- filtration units (Millipore, Billerica,
MA, USA) for DNA extraction. The filtration units were frozen
on dry ice immediately after sampling.

Sterile, acid washed, 250 mL boro-silicate incubation bottles
(Schott, Germany) each containing one carbon steel coupon
(AISI/SAE 1005, 5 mm × 80 mm × 1 mm; Table 1) had
been prepared in advance by autoclaving. The bottles were
rendered anoxic under N2 flow inside the glove bag on site.
The surface finish of carbon steel coupons was as received.
The incubation bottles were filled with 250 mL groundwater
and were subsequently sealed with tight fitting butyl rubber
septum and open top cap within the glove bag to enable
anoxic sampling from the incubation bottles. The carbon steel
coupons were exposed to groundwater in the microcosms at
room temperature or at 6◦C, which represents in situ temperature
of the repository cave, for 3 and 8 months. In addition, reference
groundwater incubations without carbon steel coupons were
prepared in order to observe the change in the microbial
community during the incubation without the influence of
carbon steel. Three replicate groundwater samples were prepared
for microbiological analyses and corrosion analyses of each
treatment, respectively.

TABLE 1 | Composition of carbon steel.

C Si Mn S P Cr Ni Mo Cu Al W V Ti Co B

0.03 0.009 0.21 0.007 0.007 0.04 0.05 0.01 0.02 0.048 <0.01 0.003 0.002 0.004 –
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Groundwater Chemistry
The conductivity (Radiometer CDM92, Radiometer, France) and
pH (HACHSension 156, Loveland, CO, USA) of the groundwater
was measured immediately on site. The chemical composition
of the groundwater was analyzed at the TVO’s laboratory
(Eurajoki, Finland). At the end of the incubation periods (3
and 8 months) the pH, conductivity, redox-potential and oxygen
content of the water in each bottle were measured inside the
glove bag to protect the samples from oxygen. Conductivity
was measured as above, pH using a Orion 5-star pH meter,
redox with a HACH Sension 156 meter and oxygen with a
dissolved oxygen test kit (CHEmetrics, 0–1 ppm, Midland, VA,
USA; 3 months exposure) or HACH Sension 156 m (8 months
exposure).

Nucleic Acid Extraction
After the incubation periods (3 and 8 months) the carbon steel
coupons were removed from the bottles under N2 flow inside
the glove bag. Coupons for molecular biological analyses (three
parallel coupons for each treatment) were stored in sterile 50 mL
screw cap test tubes (Corning, Tewksbury, MA, USA) at −80◦C.
The microbial biomass from the water from each incubation
bottle was collected on Sterivex- filtration units by filtration,
and they were frozen at −80◦C until DNA extraction. DNA was
extracted from microbial biomass collected on filtration units
from 3 replicate water samples. The biofilm DNA was extracted
from the surface of the carbon steel as described by Rajala et al.
(2014). Briefly, the carbon steel coupons were shaken in 10 mL
sterile phosphate buffered saline (PBS) and Tween R©20 (Merck,
Germany; 1 µL Tween R©20 1 mL−1 PBS) for 20 min at 150 rpm
agitation followed by ultra sonication for 3 min. The removed
biomass was then collected on Sterivex- filtration units. For
DNA extraction, the filtration units were opened in a laminar
flow hood with flame-sterilized pliers as described by Itävaara
et al. (2011). DNA was extracted using the PowerWater DNA
Isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) in
accordance with the manufacturer’s protocol and eluted in 50 µL
elution buffer supplied by manufacturer. Possible contamination
from different reagents and sample handling was determined by
including DNA extraction controls. These controls comprised
unused Sterivex- filtration units and the same DNA extraction
protocol as used for the samples. These negative reagent control
extraction were performed in parallel with the DNA extraction of
the actual samples.

Quantitative PCR
Quantitative PCR (qPCR) was used to determine the abundance
of bacteria and sulfate reducers based on the amount of 16S
rRNA and dsrB gene copies in the groundwater and in the
biofilm. qPCR was performed in 10 µL reaction volumes using
LightCycler 480 qPCR instrument and LightCycler 480 Software
1.5.0 (Roche Applied Science, Germany). The reaction mixture
contained 1 µL DNA template, standard dilution or water,
1 × KAPA SYBRR© FAST Universal qPCR Master Mix (KAPA
Biosystems, Wilmington, MA, USA), 2.5 µM of both forward
and reverse primer and nuclease free water. The primers used
for the bacterial 16S rRNA gene qPCR were fD1 (Weisburg

et al., 1991) and P2 (Muyzer et al., 1993) and for dsrB genes
primers 2060F and dsr4R (Wagner et al., 1998; Geets et al.,
2006). As a standard, a plasmid dilution series containing
the corresponding gene insert (101–109 copies per reaction)
was used. The PCR program consisted of an initial 15 min
incubation at 95◦C, followed by 45 cycles of denaturation at
95◦C for 10 s, annealing at 55◦C for 35 s and extension
72◦C for 30 s, and with final extension at 72◦C for 3 min.
Sample fluorescence was measured at the end of each elongation
phase. Subsequently, a melting curve was recorded, to test the
specificity of the qPCR, with a program consisting of 10 s of
denaturation at 95◦C, 1 min of annealing at 65◦C, and a melting
and continuous measuring step rising gradually (20◦C s−1) to
95◦C. Three parallel qPCR reactions were performed for each
extracted DNA sample, as well as for the no-template controls
which were used to determine the background noise of the
qPCR.

One-way analysis of variance and subsequent multiple
comparisons analysis using Tuckey’s variance test was performed
for qPCR results using the PAST software version 3.06 (Hammer
et al., 2001).

DGGE Analysis of the Bacterial and Sulfate
Reducing Community
The bacterial diversity was investigated by PCR-denaturing
gradient gel electrophoresis (DGGE) analysis of 16S rRNA gene
fragment and SRB diversity was investigated by PCR-DGGE
analysis of the dissimilatory sulphite reductase gene (dsrB)
fragment as described in Muyzer et al. (1993) and Nyyssönen
et al. (2012), respectively. For the 16S rRNA gene targeted
DGGE, a 193 bp fragment covering the V3 variable region of the
bacterial 16S rRNA gene was amplified with primers P2 and P3
(Muyzer et al., 1993). The amplification was performed in 50 µL
reaction volumes, containing 4 µL template or nuclease free
H2O for no template controls, 1 × Dynazyme Reaction Buffer
(Finnzymes, Finland), dNTP 62.5 µM each (final concentration;
Finnzymes, Finland), 0.2 µM (final concentration) of both
forward- and reverse primers (Eurogentec, Sweden), 1 U
Dynazyme II polymerase (Finnzymes, Finland) and nuclease
free H2O (Sigma, St. Louis, MO, USA). Formamide, 0.1 µL
10−1 µL reaction mix, was used for amplification of the 16S
rRNA gene fragments. The amplification in all PCR reactions
was carried out on a thermal PCR cycler (Mastercycler gradient,
Eppendorf, Germany) using the following conditions: 95◦C
initial denaturation for 5 min, followed by 40 cycles of 94◦C
for 1 min, 55◦C for 1 min and 72◦C for 1 min, with a final
extension step at 72◦C for 10 min. PCR products were visualized
with agarose gel electrophoresis on a 1% agarose gel (LE-agarose,
Lonza, Switzerland) in 1 × SB-buffer (Brody and Kern, 2004).
The gel was stained with 1× SyberSafe (Invitrogen, Carlsbad, CA,
USA) and run at 300 V for 15 min. The 16S PCR products were
resolved by DGGE on 8% acrylamide with denaturing gradient
20–65% at constant voltage of 65 V and temperature at 60◦C for
18 h in 0.5 × TAE running buffer as described by Itävaara et al.
(2011).

A 470 bp fragment of the dsrB gene was amplified with primers
2060F+GC and dsr4R (Wagner et al., 1998; Geets et al., 2006).
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The PCR program and reaction mixture were as described above.
The dsrB PCR products were resolved with a denaturing gradient
of 40–70% at constant voltage of 85 V and temperature at 60◦C
for 20 h in 0.5 × TAE running buffer. The gels were imaged
and DNA from DGGE bands was prepared for sequencing as
described by Nyyssönen et al. (2012).

The DNA fragments were sequenced atMacrogen Inc. (Korea)
using primer P2 and dsr4R primer for the 16S rRNA and dsrB
gene fragments, respectively.

Analysis of DGGE Profiles and Phylogeny
The obtained DGGE profiles were normalized and analyzed
with the BioNumerics software version 5.10 (Applied Maths,
Kortrijk, Belgium). During this processing, the different DGGE
lanes were defined, background was subtracted, differences in the
intensity of the lanes were compensated by normalization, and
a correlation matrix was calculated. Clustering was done with
Dice’s coefficient for similarity.

Sequences obtained from DGGE bands were imported into
the Geneious Pro Software package (version 5.5.6, Biomatters
Inc., New Zealand, Drummond et al., 2010) where they were
manually checked, assembled and edited before subjecting them
to phylogenetic analyses. The sequences were compared with
the BLAST tool (blastn and blastx, http://blast.ncbi.nlm.nih.
gov/Blast.cgi; Altschul et al., 1990) to the sequences in NCBI
databases. The closest matching sequences, relevant reference
sequences and sequences of type strains were included in
the phylogenetic analyses. The nucleic acid sequences of the
bacterial 16S rRNA gene fragments were aligned using ClustalW
(Thompson et al., 1994) in Geneious Pro, and the alignment
was manually edited. The dsrB sequences were converted to
amino acid sequences and aligned using ClustalW using default
parameters. The alignments were checked and manually edited.
Maximum likelihood analysis was performed using PhyML
(Guidon and Gascuel, 2003) with the Jukes–Cantor substitution
model (Jukes and Cantor, 1969) for the nucleic acid sequence
alignments, and the Whelan and Goldman (WAG) substitution
model (Whelan and Goldman, 2001) for the amino acid sequence
alignments. Bootstrap support for the nodes was calculated on
1000 random repeats. Due to the high number of similar 16S
rRNA and dsrB gene sequences, the sequences were grouped
into operational taxonomic units (OTUs) according to their
alignment. Each OTU consisted of 16S rRNA or dsrB sequences
sharing over 97% similarity of the nucleic acid or amino acid
sequence, respectively. One representative sequences was chosen
from each sample for each phylogenetic group.

Accession Numbers
The obtained sequences (16S rRNA, dsrB) have been submitted
to European Nucleotide Archive (ENA), and are available under
accession numbers LN869402–LN869518.

Corrosion
After retrieving the carbon steel coupons for corrosion analyses
they were immediately rinsed with ethanol (96%) and air-
dried and stored in glass desiccators until analyzed. The
representative coupons from both temperature treatments (RT
and 6◦C) were chosen for examination with an energy-
dispersive x-ray spectrometry (EDS) coupled to scanning
electron microscopy (SEM). The coupons were weighed, cleaned
with a brush and pickled according to the Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Coupons
(ASTM standard G 1-90, 2011). The pickling (HCl + 20 g/L
Sb2O3 + 50 g/L SnCl2, 23◦C, 5 min) was performed four times.
To determine the mass loss of the base metal when removing the
corrosion products, a replicate uncorroded control coupon was
cleaned by the same procedure as that used for the test coupons.
Loss of mass of the carbon steel coupons was determined and the
average corrosion rates (µm a−1) were calculated in the following
way (Equation 1):

Corrosion rate = (K × W)/(A × T × D), (1)

where K, constant (0.365 × 104), W, mass loss (mg), T, time of
exposure (days), A, area (cm2) of carbon steel coupon, D, density
(carbon steel)(g/cm3).

The coupons were subsequently inspected under a low
magnification stereomicroscope to reveal the nature of the
possible corrosion attack.

Scanning Electron Microscopy of Biofilms
Carbon steel coupons were immersed in phosphate (0.1 M,
pH 7.2) buffered 2.5% glutaraldehyde, immediately after they
were removed from incubation bottles, for fixation of presumed
biofilm. After 2–16 h the coupons were rinsed with phosphate
buffer three times. Dehydration was carried out with an ethanol
series, followed by hexamethyldisilazane (Fluka, Switzerland).
The membrane was coated with Au/Pd (10 nm, 208 HR High
Resolution Sputter Coater, Cressington Scientific Instruments
Inc., USA) and examined with Hitachi S-4800 FESEM (Japan)
operated at 1–5 kV.

Results

Water Chemistry
The groundwater from 100 m depth from a borehole in the VLJ-
repository in Olkiluoto was brackish and sulfate rich (Table 2).
The water was slightly alkaline with pH of 7.8 measured on site.
Conductivity (Ec) of the groundwater was 2.11 mS cm−1. After
the 3 months (3M) incubation period the conductivity of the
water in the incubation bottles slightly decreased to 2.07 at RT
(3M-RT) and 1.91 at 6◦C (3M-6◦C). However, after 8 months

TABLE 2 | The main chemical components in the groundwater in the beginning of the experiment.

Al
µg L−1

Br
mg L−1

Ca
mg L−1

Cl
mg L−1

Fe
mg L−1

Mg
mg L−1

Mn
mg L−1

K
mg L−1

SiO2

mg L−1
Na

mg L−1
SO4

mg L−1
pH Ec

mS cm−1

4 1.4 57 430 0.08 17 0.12 7.7 14 354 123 7.8 2.11
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(8M) the conductivity increased to 2.95 and 2.97 in the RT
and 6◦C incubations, respectively (Table 3). The redox potential
(mV vs. standard hydrogen electrode, SHE) was −78.7 in 3M-
RT and −42.8 in 3M-6◦C. After 8 months the redox potential
was −78.3 mV vs. SHE and −77.7 in the 8M-RT and 8M-
6◦C microcosms, respectively. The pH also increased during the
experiment period to 8.2 and 8.4 in the microcosms at 6◦C and
room temperature, respectively (Table 3).

Microbial Community Analyses
The number of bacterial 16S rRNA genes in the groundwater was
1.69× 106 copies mL−1 at the beginning of the experiment. After
3-months a 10-fold increase in the concentration of bacterial 16S
rRNA genes was detected (1.95 × 107 copies mL−1 in 3M-6◦C,
and 2.23 × 107 mL−1 in 3M-RT, p < 0.01) in the groundwater
exposed to carbon steel (Figure 1A). After 8 months the
concentrations of 16S rRNA gene copies were 4.53 × 106 mL−1

in 8M-6◦C and 2.76 × 107 mL−1 in 8M-RT (Figure 1A). The
number of 16S rRNA gene copies from groundwater without
carbon steel at 6◦C remained at the same level as in the
beginning of the experiment, i.e., 1.29 × 106 mL−1 in 3M-
6◦C and 1.43 × 106 mL−1 in 8M-6◦C, p < 0.01 (Figure 1A).
However, at room temperature the concentration of 16S rRNA
gene copies had increased to 8.81 × 106 copies mL−1 in 3M-
RT compared to that of the baseline samples but decreased again
toward 8 month of incubation to 3.81 × 105 copies mL−1 in 8M-
RT (Figure 1A). A denser biofilm, according to the number of
16S rRNA gene copies, was detected on RT-coupons (2.82 × 106
and 7.03 × 106 copies cm−2, after 3 and 8 months, respectively,
p < 0.05) than on 6◦C-coupons (4.42 × 104 and 1.77 × 105
copies cm−2, after 3 and 8 months, respectively, p < 0.05;
Figure 1A).

The DGGE analysis of the bacterial community showed
a distinct and diverse banding pattern in the groundwater
samples at the beginning of the experiment (Figure 2A). The
bacterial 16S rRNA gene profiles showed between 4 and 35
different bands per sample, after the 3-months incubation period
(Figure 2A). DGGE analysis revealed between 7 and 26 bands
after the 8-months incubation period (Figure 2A). The diversity
of DGGE bands increased notably compared to the baseline
samples over the 3-months incubation period (Figure 2A).
DGGE analysis showed that the bacterial species composition
of the biofilm formed on carbon steel coupons was diverse and
bacterial communities of the incubation water and the biofilms
of the corresponding carbon steel samples were generally similar,
with exception of the water and biofilm of the microcosms at
room temperature after 3-months. It was also shown that the

bacterial diversity was greater in the groundwater exposed to
carbon steel compared to the groundwater without carbon steel
(Figure 2A).

The obtained 16S rRNA gene sequences fell into four
different bacterial clusters in the phylogenetic analysis,
Betaproteobacteria, Alphaproteobacteria, Epsilonroteobacteria,
and Deltaroteobacteria (Figure 3). The dominating class was
Betaproteobacteria (Figure 3). In the original groundwater,
only sequences belonging to Betaproteobacteria were detected
(Figure 3).

The Composition of the SRB Community
The number of dsrB gene copies mL−1 analyzed by qPCR was
6.3 × 104 in the original groundwater. After 3-months at 6◦C
the concentration increased to 2.3 × 106 copies mL−1 in the
water (p < 0.01), but decreased to 8.7 × 103 copies mL−1

at the end of the 8 months of incubation at 6◦C (p < 0.01;
Figure 1B). At RT the detected amounts of dsrB copies were
slightly higher, 3.4 × 106 and 1.5 × 104 copies mL−1 after 3
and 8 months incubation, respectively (Figure 1B). When the
groundwater was exposed to carbon steel the amount of dsrB
copies in water increased to 3.5 × 106 mL−1 after 3 months in
both temperatures (p < 0.01) and decreased to the level of 2–
3 × 105 copies mL−1 after 8 months (Figure 1B). The amount
of dsrB gene copies in biofilm on the 3M-6◦C-coupons and
3M-RT-coupons was 1.9 × 102 and 2.3 × 102 copies cm−2,
respectively (Figure 1B). After 8-months the amount of dsrB in
biofilm increased to 5 × 104 and 1.9 × 103 copies cm−2 on
8M-6◦C-coupons and 8M-RT-coupons, respectively (p < 0.01;
Figure 1B).

In all samples, the PCR-DGGE profiles revealed diverse
SRB communities with several different dsrB amplicons.
In the original groundwater three DGGE bands were
detected belonging to genus Thermodesulfovibrio (Figure 4).
Between 7 and 13 dsrB-gene DGGE bands were observed
per sample after 3-months and between 7 and 17 bands after
8-months of incubation (Figure 2B). The diversity of the SRB
community had changed over the 3-months incubation at
6◦C when bands belonging to families Desulfovibrionaceae,
Desulfobulbaceae, and Thermodesulfovibrio were detected
in the water. At RT the detected bands belonged to families
Desulfobacteraceae, Desulfovibrionaceae, Desulfobulbaceae,
and Thermodesulfovibrio. All dsrB amplicons detected
belonged to Deltaproteobacteria and affiliated with the families
Desulfobacteraceae, Desulfovibrionaceae, Desulfobulbaceae
and Thermodesulfovibrio (Figure 4). Similar dsrB-genes were
detected both from the biofilm on the carbon steel and from

TABLE 3 | Characteristics of water and surface layers.

pH Conductivity (mS cm−1) Redox potential (mV vs. SHE) Deposits main components (w%) Corrosion rate µm a−1

Groundwater in the beginning 7.8 2.11 – –

3M-RT 8.2 2.07 ± 0.006 −78.7 ± 3.7 60.9 Fe, 10.4 C, 31.4 O, 0.2 S 1.4

3M-6◦C 8.1 1.91 ± 0.06 −42.8 ± 0 62.7 Fe, 9.4 C, 14.9 O, 14.1 S 11.4

8M-RT 8.4 2.95 ± 0 −77.7 ± 37.6 76.5 Fe, 2.2 C, 15.6 O, 8.2 S 1.4

8M-6◦C 8.2 2.97 ± 0.02 −78.3 ± 12.8 91.2 Fe, 2.2 C, 13.2 O, 0.5 S –
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FIGURE 1 | (A) 16S rRNA gene copies ml−1 groundwater or carbon steel (cm2)−1. The error bars present SE of mean (n = 3). (B) dsrB gene copies ml−1

groundwater or carbon steel (cm2)−1. The error bars present SE of mean (n = 3).

the water (Figures 2B and 4). The majority of all sequences
resembled dsrB genes of the family Desulfobulbaceae. SRB
belonging to the genus Desulfobacula were detected only
from samples that were incubated at room temperature
(Figure 4).

Corrosion
After 3 months of exposure to groundwater a small amount
of dark deposit could be seen on the surfaces of carbon steel
coupons (Figure 5) at both temperatures. By visual examination,
the carbon steel coupons were covered by a thicker, more even
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FIGURE 2 | Denaturing gradient gel electrophoresis (DGGE), (A) 16S rRNA (B) dsrB gene.

and darker deposit layer when incubated at room temperature
(3M-RT-coupons) compared to those kept at 6◦C (3M-6◦C-
coupons; Figure 5). In addition, the 3M-6◦C-coupons had
light brown areas on the surfaces, which were not detected
on the surfaces of the 3M-RT-coupons (Figure 5). A higher
concentration of sulfur was detected in the deposit on the
3M-RT-coupons compared to the 3M-6◦C-coupons (14.1 and
0.2 w-%, respectively; Table 3). During 8 months (8M) the
formation of the deposits became more intensive, the deposits
were darker and contained more iron (w-% 76.5 RT/ 91.2 6◦C)
but less oxygen (w-% 15.6 RT/ 13.2 6◦C) and carbon (w-% 2.2
RT/6◦C) on the surfaces both 8M-6◦C-coupons and 8M-RT-
coupons compared to 3-months exposure (Figure 5; Table 3).
In addition, the concentration of sulfur was higher on the 8M-
RT-coupons compared to the 8M-6◦C-coupons (8.2 w-% and
0.5 w-%, respectively).

After 3 months of exposure, measurable corrosion rates of
1.4 and 11.4 µm a−1 were detected on 3M-RT-coupon and
one 3M-6◦C-coupon, respectively. After 8 months of exposure

measurable corrosion of 1.35 µm a−1 was detected in one
3M-RT-coupon. In addition, incipient localized corrosion was
observed by stereomicroscope and FE-SEM examination in
all coupons after pickling (Figures 6 and 7). The 8M-RT-
coupon, having the measurable corrosion rate, also presented
shallow corrosion pits with a maximum diameter of 200 µm
(Figure 7). Also, a small number of smaller corrosion pits with
a diameter of 50 µm were observed on one 8M-6◦C-coupon
(Figure 6).

Besides the corrosion pits, the FE-SEM examination
revealed microorganisms adhered to the carbon steel surfaces.
Microorganisms were detected on the steel surface already
after 3-months but the corrosion pits evolved toward the
end of the incubation period and were visible in samples
incubated for 8 months (Figures 6 and 7). A higher number
of microorganisms were detected on the surface of the 3M-
RT-coupons than on the 3M-6◦C-coupons. After 8 months
of incubation a dense biofilm as well as a substantial number
of corrosion pits had formed on the carbon steel coupons
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FIGURE 3 | Phylogenetic tree of bacterial diversity, based on
the 16S rRNA gene sequences obtained by 16S gene-based
PCR-DGGE, in relation to cultured- and the closest uncultured
relatives. Parentheses indicate the number of individual sequences

within the OTU. Bootstrap values, calculated from 1,000 repetitions,
are shown at branch points with >50% support. The scale bar
indicates 0.08 nucleic acid substitutions. The tree is rooted by
Aquifex aeolicus.

incubated at both temperatures. Temperature also affected
the type of microorganisms predominating on the carbon
steel surfaces (Figures 6 and 7). In the pits formed at 6◦C
microbial cells were mostly 2 µm × 1 µm rods covered
with corrosion products (Figure 6), whereas at RT the
pits were covered with long spirilli-formed microbial cells
(Figure 7).

Discussion

Microbially induced corrosion and its effects on metallic
materials are of critical importance globally. For example, the
annual cost of corrosion problems caused by MIC is estimated
to be 1 trillion USD worldwide (Fleming, 1996). The biofilm
formation is the key step in inducing MIC (Lee and Characklis,
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FIGURE 4 | Phylogenetic tree of sulfate reducing bacteria, based
on the dsrB sequences (amino acid) obtained by dsrB
gene-based PCR-DGGE, in relation to cultured SRB and the
closest uncultured relatives. Parentheses indicate the number of

individual sequences within the OTU. Bootstrap values, calculated from
1,000 repetitions, are shown at branch points with >50% support.
The scale bar indicates 0.08 amino acid substitutions. The tree is
rooted by Archaeoglobus veneficus.

1993). Corrosion accelerating conditions, especially localized
corrosion, can evolve rapidly under the biofilm. In the present
study, it was demonstrated that microorganisms in natural deep
groundwater have great affinity to form biofilm on the surface of
carbon steel and cause localized corrosion even when corrosion
cannot be detected by gravimetric analysis. Our results indicate
that deep groundwater microorganisms benefited from carbon
steel. In the presence of carbon steel the planktonic microbial

community in the incubation water was more diverse and 100-
fold more abundant compared to the environment without
carbon steel.

The Betaproteobacteria were the most dominant bacterial
class in all samples where carbon steel was present, whereas in
groundwater incubated without carbon steel the microbial
community was less diverse and resembled more the
community detected from groundwater in the beginning of
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the experiment. Betaproteobacteria belonging to Burkholderiales
and Hydrogenophilales are known to use hydrogen as an energy
source (Willems et al., 1989; Stöhr et al., 2001). Hydrogen

FIGURE 5 | Surface of carbon steel.

is released at the cathodic site, i.e., from the carbon steel, in
corrosion processes and thus may attract hydrogenotrophic
Betaproteobacteria (Cord-Ruwisch and Widdel, 1986).
Betaproteobacteria also belonging to Burkholderiales, on
the other hand, are able to oxidize iron, which has been
shown to accelerate corrosion of iron (Hedrich et al., 2011;
Liu et al., 2012). In our study the dominant iron oxidizing
Betaproteobacteria appeared to be temperature dependent,
showing Leptothrix species in the samples incubated at
6◦C. At RT the dominant iron oxidizing Betaproteobacteria
resembled most closely Sideroxydans species. The reddish
corrosion deposit formed on surfaces of carbon steel is likely
to be a result from iron oxidizing bacteria. Iron reducing
Betaproteobacteria were detected in samples where carbon steel

FIGURE 6 | Surface of carbon steel incubated at 6◦C by FE-SEM. (A,B) After 3 months incubation. (C–F) After 8 month incubation.
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FIGURE 7 | Surface of carbon steel incubated at RT by FE-SEM. (A,B) After 3 months incubation. (C–F) After 8 months incubation.

was available. These iron reducers may cause corrosion
by the reduction and removal of passive films of ferric
compounds under anoxic conditions whereas under oxic
conditions they are able to protect carbon steel from corrosion
by improving the surface passivation (Herrera and Videla,
2009).

Sulfate-reducing bacteria are generally assumed to be the main
bacterial group causing MIC in anoxic environments (Hamilton,
1985; Lee et al., 1995). SRB produce hydrogen sulfide, which
is a corrosive agent. They are also believed to consume the
excess hydrogen and thus stimulate the corrosion reaction.
Nevertheless, an alternative reaction has recently been reported
by which microbes can induce the corrosion of steels by using

elemental iron (Fe0) as electron source (Dinh et al., 2004). This
process is used by at least some SRB and methanogenic archaea.
In nutrient-poor environments, such as the deep groundwater
examined in this study, the microbes may be more “aggressive”
toward steels, since the concentration of organic electron donors
is low (Xu and Gu, 2011). In the native groundwater at the
beginning of our experiment, only dsrB sequences belonging to
the Thermodesulfovibrio family were detected. However, in the
presence of carbon steel the diversity of the SRB community
was increased to comprise Deltaproteobacterial SRB. The SRB
were detected from both the incubation water and as part
of the biofilm attached to the surfaces of carbon steel. The
planktonic and biofilm SRB communities were similar but were
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affected by temperature. At RT SRB belonging to the family
Desulfobacteraceae were detected whereas at 6◦C the dsrB genes
belonged to family Desulfobulbaceae. The Desulfobulbaceae
include Fe0-utilizing SRB, such as the Desulfopila inferna. In our
experiment, this bacterium was abundant in water exposed to
carbon steel, and it has been proposed that Desulfopila inferna is
capable of using Fe0 as electron donor for sulfate reduction (Dinh
et al., 2004; Enning et al., 2012). In addition, dsrB sequences
matching Desulfobacterium corrodens, another Fe0 utilizing SRB,
were found in biofilm at RT (Enning et al., 2012). Enning et al.
(2012) reported that the corrosion crust observed together with
these SRB consisted of Fe, S, O, and C. This is in accordance
with our results, where these compounds were also detected,
especially after the 3-months incubation period. Both the SRB
community and the corrosion products were different depending
on the temperature of incubation. At RT the amount of sulfur in
deposits was 14 times higher than at 6◦C while the abundance
of Si was higher at 6◦C than at RT. However, the amount
of Fe in the deposits was not affected by temperature and
was elevated in all conditions after 8-months of incubation.
Microbial cells in the samples incubated at room temperature
were typically long (up to 4 µm), slender (0.3 µm) and had
curved or corkscrewed shape. Cells had very smooth cell envelope
suggesting that they may be Gram-positive. In addition, stalk-like
structures, formed customarily by iron oxidizing Proteobacteria
were clearly visible at RT. At 6◦C microbes were rod shaped
and frequently observed as diplobacilli and had an appearance
suggesting that they are Gram-negative bacteria. According to

SEM images, the incubation temperature had significant effect on
the morphology of the microorganisms attached on the surfaces
of the samples. In conclusion, our results demonstrate that in
order to obtain reliable results on MIC, the measurements should
be carried under in situ temperature. In addition, the carbon
steel had a positive effect on the bacterial community size and
composition, indicating that the native groundwater bacterial
communities may benefit from compounds in carbon steel and
that the corrosion of carbon steel and subsequent release of these
compounds may cause the number of microorganisms to increase
and composition of microbial community to change.
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The diversity and functional role of fungi, one of the ecologically most important groups of

eukaryotic microorganisms, remains largely unknown in deep biosphere environments.

In this study we investigated fungal communities in packer-isolated bedrock fractures in

Olkiluoto, Finland at depths ranging from 296 to 798m below surface level. DNA- and

cDNA-based high-throughput amplicon sequencing analysis of the fungal internal

transcribed spacer (ITS) gene markers was used to examine the total fungal diversity and

to identify the active members in deep fracture zones at different depths. Results showed

that fungi were present in fracture zones at all depths and fungal diversity was higher than

expected. Most of the observed fungal sequences belonged to the phylum Ascomycota.

Phyla Basidiomycota and Chytridiomycota were only represented as a minor part of

the fungal community. Dominating fungal classes in the deep bedrock aquifers were

Sordariomycetes, Eurotiomycetes, and Dothideomycetes from the Ascomycota phylum

and classes Microbotryomycetes and Tremellomycetes from the Basidiomycota phylum,

which are the most frequently detected fungal taxa reported also from deep sea

environments. In addition some fungal sequences represented potentially novel fungal

species. Active fungi were detected in most of the fracture zones, which proves that

fungi are able to maintain cellular activity in these oligotrophic conditions. Possible roles

of fungi and their origin in deep bedrock groundwater can only be speculated in the light

of current knowledge but some species may be specifically adapted to deep subsurface

environment and may play important roles in the utilization and recycling of nutrients and

thus sustaining the deep subsurface microbial community.

Keywords: fungal communities, high-throughput sequencing, crystalline bedrock fracture, Fennoscandian shield,

deep biosphere

Introduction

Fungi are mainly decomposers that play a major role in the biodegradation of plant materials in
terrestrial ecosystems. In deep biosphere environments, however, fungal diversity, and their role
in ecosystem functioning remains largely unknown. According to the small number of studies
conducted thus far viable fungi have been detected in different sub-seafloor and subterranean
environments, such as groundwater aquifers, continental sedimentary and hard rocks, and deep
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subseafloor sediments (Sinclair and Ghiorse, 1989; Madsen and
Ghiorse, 1993; Fredrickson and Onstott, 1996; Palumbo et al.,
1996; Raghukumar and Raghukumar, 1998; Ludvigsen et al.,
1999). Based on a recent review by Nagano and Nagahama
(2012) deep sea extreme environments harbor diverse fungal
communities. These fungi represent mainly Ascomycota phyla
with Eurotiomycetes, Dothideomycetes, Sordariomycetes, and
Saccharomycetes being the most abundant fungal classes but
also fungi belonging to Basidiomycota and Chytridiomycota have
been detected with culture-independed methods. The first viable
fungi isolated from deep continental hard rock environments
originated from deep crystalline bedrock aquifers in Äspö,
Sweden (Pedersen, 1987) and later several yeast species were
detected also with DNA-based methods (Pedersen et al., 1996).

Physiological properties of fungi isolated with traditional
cultivation-based methods from deep crystalline bedrock
fractures indicate that they are adapted to and capable of
growing in the subterranean environment (Ekendahl et al.,
2003). Identification of facultative anaerobic or strictly anaerobic
fungi from deep sea environments indicates that anaerobic
conditions are not a limiting factor for fungal growth (Cathrine
and Raghukumar, 2009; Jebaraj et al., 2010; Raghukumar,
2012). Remains of bacterial biofilms in these environments also
suggest that the biofilms may have supported the nutritious
demands of the fungal cells in otherwise extremely oligotrophic
environments (Gadd, 2006). Fungi generally prefer mono- or
polysaccharides as carbon and energy sources, which would
have been provided by the bacterial biofilms. In addition, fungi
may be involved in the formation of humic aggregates and
carbon contribution by fungal biomass as well as production
of extracellular enzymes involved in the cycling of nutrients, as
suggested by Raghukumar et al. (2010).

Cultivation-based techniques reveal only a small part of
the fungal communities in any environment and with these
methods activity of fungi in deep subsurface environments
cannot be determined. Novel sequencing technologies would
have great potential for obtaining new information on the
diversity and ecological role of fungi in the deep geosphere.
However, in contrast to the characterization of the bacterial and
archaeal communities of deep subsurface habitats, the fungal
communities in deep crystalline bedrock fractures have not been
characterized by modern culture-independent methods, such as
high throughput amplicon sequencing. In this study DNA- and
cDNA-based high-throughput amplicon sequencing analysis of
the fungal internal transcribed spacer (ITS) gene markers was
used to examine the total fungal diversity and to identify the
active members of the fungal communities in deep bedrock
fracture zones at different depths in Olkiluoto, Finland. The
results reveal previously unexplored fungal communities in deep
groundwater of crystalline rock fracture zones.

Materials and Methods

Site Description and Sampling
Olkiluoto is an island situated in the western coast of Finland.
The bedrock of Olkiluoto belongs to the Fennoscandian Shield
and consists mostly of Precambrian highly deformed and

metamorphosed migmatitic mica gneisses. The characteristics of
the site have been described in more detail by Pitkänen et al.
(2004), Posiva (2013), Nyyssönen et al. (2012) and Bomberg et al.
(2015). In brief, the groundwater in Olkiluoto is anaerobic and
saline and salinity increases with depth from 0.1 g L−1 at ground
level to 100 g L−1 at 900m. The temperature of the groundwater
varies from ca. 7◦C at 50m to 20◦C at 1000m and pH is slightly
alkaline in all fracture zones. Sulfate is enriched in the upper
300m and beneath this depth zone, only traces of sulfate are
observed. The concentration of methane increases with depth
from 300m.

Altogether, deep groundwater samples from 17 different
boreholes at depths ranging from 296 to 798m were collected
between December 14th, 2009 and August 21st, 2013 from the
Olkiluoto island in Finland (Table 1). Sampling was done as
described in Bomberg et al. (2015). In short, the samples were
collected from multi-packered boreholes as well as from open
boreholes where the sampling section was packered-off in order
to seal off a specific water-conducting fracture zone from the
rest of the borehole. This isolated fracture zone was purged
by pumping out the water collected between the packers and
allowing water from the isolated fracture zone to run into the
packered off section of the borehole. In order to assure that
sample water was coming only from fracture zones, the packer-
sealed fracture zones were pumped for at least 4 weeks before
sampling. The conductivity and pH of the pumped water was
followed, and when the values settled, it was assumed that the
water represents the endemic fracture zone water. Microbial
biomass for nucleic acid analyses was concentrated from 500 to
1000mL samples by filtration on cellulose acetate filters (0.2µm
pore size, Corning) by vacuum suction in the anaerobic chamber.
The filters were immediately cut out from the filtration funnels
with sterile scalpels and frozen on dry ice.

Geochemical Analyses of the Groundwater
Conductivity, pH, total dissolved solids (TDS), alkalinity, total
organic, and dissolved inorganic carbon and different cations and
anions were analyzed from the sampled groundwater. Analysis
methods are described before (Posiva, 2013; Bomberg et al.,
2015). All analyses were conducted by Posiva Oy (Olkiluoto,
Finland).

Nucleic Acid Isolation
Total DNA was isolated directly from the frozen cellulose-acetate
filters. The filters were cut to pieces with sterile scalpels in a
laminar flow hood, and the DNA was extracted and purified with
the PowerSoil DNA extraction kit (MoBio Laboratories, Inc.,
Solana Beach, CA). The isolation was performed according to
the instructions of the manufacturer. The isolated and purified
DNA was then stored frozen at −80◦C until use. Total RNA
was isolated directly from the frozen cellulose-acetate filter with
the PowerWater RNA isolation kit (MoBio Laboratories, Inc.,
Solana Beach, CA). The filters were thawed on ice and care was
taken to minimize the time of thawing. The intact filters were
inserted into the bead tubes with flame-sterilized forceps and the
RNA extraction was performed according to the manufacturer’s
instructions. Negative DNA and RNA isolation controls were
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TABLE 1 | Selected hydrogeochemical characteristics of the Olkiluoto fracture zones investigated in this study.

Sample* Ec (ms/m) pH TDS (mg L−1) N tot (mg L−1) NPOC (mgC L−1) DIC (mgC L−1) HCO3(mg L−1)

OL-KR13/296m_10 897 7.9 4994 0.71 10 27 134

OL-KR13/296m_12 807 7.8 4481 4.4 38 28 116

OL-KR3/303m_12 987 8 5378 0.6 7.8 4.3 26

OL-KR20/323m_13 1116 7.7 6242 0.91 11 13 67

OL-KR6/328m_10 1832 7.9 10670 <0.05 <2.40 4.1 22.6

OL-KR6/330m_13 1800 8 10590 0.051 <2.40 4.6 27

OL-KR25/330m_11 642 7.9 3502 0.96 13 33 171

OL-KR3/340m_11 1012 8.3 5656 1.1 12 4.1 25

OL-KR23/347m_09 2190 7.5 12710 0.42 5.1 3.9 17.1

OL-KR46/372m_13 1778 7.7 10460 1.5 18 5.9 32

OL-KR46/390m_13 1701 7.7 10370 0.86 4.7 18 98

OL-KR5/405m_12 2170 8.1 12880 1.2 19 <3 16

OL-KR49/415m_09 2670 8.1 15900 0.16 <3 <3 9.8

OL-KR9/423m_11 2300 7.5 13430 0.38 5.1 3 11.6

OL-KR9/510m_11 2960 8.1 18580 0.66 6.6 <3 7.3

OL-KR2/559m_10 4110 8.6 25500 1.1 11 <3.75 17.7

OL-KR1/572m_10 3770 7.8 23260 0.41 5 <3.75 14

OL-KR44/693m_13 5520 7.3 37410 10 110 6.5 30

OL-KR29/798m_10 7820 7.3 53210 3.1 <12 <12 7.9

*Vertical depth and sampling year are presented in the sample name.

also included. DNA contamination of the RNA extracts was
checked by PCR with bacterial 16S rRNA gene specific primers
8F (Edwards et al., 1989) and P2 (Muyzer et al., 1993). If no PCR
product was obtained, sample was assumed uncontaminated and
the RNA extract was submitted to cDNA synthesis. If a PCR
product was obtained, the RNA extract was first treated with
DNase (Promega, Madison, WI) according to the manufacturer’s
instructions before cDNA synthesis. Aliquots of 11.5µL of RNA
was incubated together with 250 ng random hexamers (Promega,
Madison, WI) and 0.83mM final concentration dNTP (Thermo
Fisher Scientific, Vantaa, Finland) at 65◦C for 5min and cooled
on ice for 1min. The cDNA was synthesized with the Superscript
III kit (Invitrogen), by adding 4µL 5 × First strand buffer, 40
U DTT and 200 U Superscript III to the cooled reactions. To
protect the RNA template from degradation, 40 U recombinant
RNase inhibitor, RNaseOut (Promega, Madison, WI), was used.
The reactions were incubated at 25◦C for 5min, at 50◦C for
1 h and at 70◦C for 15min. Two to four parallel reactions per
sample as well as no template controls were performed. The
parallel reactions were subsequently pooled. RT-PCR was also
performed on the negative RNA extraction controls as well as
negative reagent RT-PCR controls.

Amplification Library Preparation
The amplification libraries for 454 high throughput sequencing
were prepared by PCR from the DNA and cDNA samples. Fungal
ITS fragments were amplified in a two-step PCR. First, a 420–
825 bp long fragment was amplified with primers ITS1F and
ITS4 (White et al., 1990; Gardes and Bruns, 1993). Length of the
ITS region varies between species (Manter and Vivanco, 2007).
The product of this PCR was used as template in a secondary
PCR with tagged primers ITS1F and ITS2 (Buée et al., 2009)

generating a ca. 400 bp product. First step of PCR amplification
was performed in 10µL and second step in 50µL reactions
containing 1x KAPA Fidelity buffer (Kapa Biosystems, Cape
Town, South Africa) (2mMMgCl2), 0.3mM final concentration
of dNTP, 6 pmol of each primer in 10µL reaction and 25 pmol
in 50µL reaction, 1 unit of KAPA Hifi polyeraze enzyme (Kapa
Biosystems, Cape Town, South Africa) and 1µL of template.
The PCR program for both PCR steps consisted of an initial
denaturation step at 98◦C for 5min, 39 cycles of 20 s at 98◦C, 50 s
at 50◦C, and 30 s at 72◦C. A final elongation step of 5min was
performed at 72◦C. In addition negative reagent PCR controls
with only PCR-grade water as template were performed to rule
out possible contamination. PCR products were confirmed in 1
× SYBR safe-stained 1% agarose gel electrophoresis. The pyrotag
libraries were sent for sequencing to Beckman Coulter Genomics
(Danvers, MA, USA) where amplicon libraries were purified and
smallest and largest fragments were removed based on fragment
analysis. Pyrotaq libraries were run on a Genome Sequencer
FLX 454 System according to manufacturer’s protocol (454 Life
Sciences/Roche Applied Biosystems, Branford, CT, USA).

Sequence Processing and Analysis
The sequence reads obtained from the 454 high-throughput
sequencing were partly processed with in-house pipeline
(Salavirta et al., in press). First, sequences were subjected to
quality control using the MOTHUR software version v.1.31.2
(Schloss et al., 2009). During this step, adapters, barcodes, and
primers were removed from the sequence reads, and the quality
of base-calls was assessed in order to remove erroneous reads
from the data set. Subsequently, chimeric sequence reads were
removed from the data set with the USEARCH algorithm version
5.2.236 (Edgar, 2010) by de novo detection and through similarity
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searches against the 97% representative OTU set of the UNITE
reference database (Kõljalg et al., 2013).

Groups of similar sequences, i.e., Operational Taxonomic
Units (OTUs), were selected from the chimera-filtered sequence
data set following open-reference OTU-picking protocol of
QIIME v. 1.7.0 (Caporaso et al., 2010) against the 97% identity
UNITE database OTU sets (Kõljalg et al., 2013). OTU clustering
was performed with UCLUST v. 1.2.22q (Edgar, 2010) and
the seed sequences were selected as the representative OTU
sequences. Only few fungal sequences were amplified from
negative control. This is possibly due to two-step PCR and
these OTUs based on these sequences were removed from the
entire sequence data set. All reads that failed to hit the UNITE
reference database with a minimum of 60% identity threshold
were discarded as sequencing error. Next, singleton OTUs, i.e.,
OTUs that were represented by a single sequence, were filtered
from the data set. Finally, taxonomy from domain to species-
level was assigned to OTUs via representative OTU sequences
with BLASTN with a maximum E-value of 0.001 (Altschul
et al., 1990). Alpha diversity indexes chao1 (Chao, 1984) and
Shannon diversity index (Shannon, 1948) were calculated from
normalized sequence data where sequence data was subsampled
to 1500 sequences to adjust for sequencing coverage. Heatmaps
of the fungal communities were generated in the R environment
(R Development Core Team, 2008) utilizing the reshape2
(Wickham, 2007), grid (Murrell, 2005), and ggplot2 (Wickham,
2009) packages.

Statistical Analysis
Non-metric multidimensional scaling analyses (NMDS) for
comparing the similarity of the fungal communities at class
level between the different samples and the effect of chemical
parameters on the microbial communities was performed using
the PAleontological STatistics (PAST) program (Hammer et al.,
2001). Non-Euclidean Bray-Curtis distance matrix was generated
with PAST and correlation coefficient values of the matrix
was calculated with 1000 permutations with R. In addition
Pearson’s correlation between total (DNA fraction) and active
(RNA fraction) fungal communities was calculated at genus level
with compare_taxa_summaries.py command within QIIME.
Venn diagrams of each sample were calculated with MOTHUR
showing shared OTUs between DNA and RNA fraction.

Accession Numbers
The fungal ITS gene region sequences have been submitted to the
EuropeanNucleotide Archive (ENA, https://www.ebi.ac.uk/ena/)
under accession numbers ERS706390- ERS706426.

Results

Fungal Diversity and Community Structure in

Different Bore Holes
Fungal sequences were detected in the DNA fraction of all of
the 19 analyzed fracture water samples and in 18 samples of
the RNA fraction. In total 378,831 quality-filtered fungal ITS
sequences were obtained from the different fracture zones. The
number of obtained sequences ranged from 306 to 24,616 in

different samples with a median of 10,941 sequences per sample
(Table S1). When comparing the Chao1 OTU richness estimate
values to true detected OTU numbers, 22–100% of estimated
fungal OTUs were obtained from the subsampled sequence data
meaning that sequencing depth was sufficient enough to fully
characterize the fungal communities in most of the samples.
Altogether, 965 fungal OTUs ranging from 33 OTUs at 328m
in OL-KR6 to 163 OTUs in OL-KR9 at 423m in DNA fraction
and 7 OTUs in OL-KR3 at 303m to 69 OTUs at 330m and
405m in RNA fraction were detected in the total sequence data
(Table S1). Fungal diversity based on subsampled OTU richness
in the DNA samples originating from the fracture waters peaked
at 347m in OL-KR23 (79 OTUs) and was lowest at 328m in
OL-KR6 (19 OTUs) (Figure 1). In RNA fraction highest OTU
richness was detected at 390m in OL-KR46. However, no clear
connection between sampling depth and fungal OTU numbers
was detected. In the DNA fraction highest Shannon diversity
index (H′ = 4.3), which indicates the abundance and evenness of
the species present, was obtained at 423m depth in sample OL-
KR9 and lowest at 330m depth in sample collected fromOL-KR6
(H′ = 1.0). In the active fungal community highest diversity was
observed at 510m in OL-KR9 (H′ = 3.5). No fungi were detected
in OL-KR44 at 693m in the active fungal community.

Most of the observed fungal sequences belonged to the
phylum Ascomycota (63.9%). Phylum Basidiomycota was
represented by 8.9% of all the sequences. Other fungal
phyla detected were Chytridiomycota, Glomeromycota, and
Zygomycota, which were represented as a minor (0.1–2.1%)
part of the whole fungal community. Altogether approximately
25% of the fungal sequences obtained were identified as
fungal according to UNITE database but a more specific
classification remained unknown. This can be due to insufficient
representation of fungal sequences in the sequence databases or
these species have not been characterized before and could be
considered as novel.

Structure of the fungal communities varied between different
fracture zones and sampling times (Figure 2). Sequences
affiliating with Ascomycota dominated fungal community in
both DNA and RNA fraction in most of the fracture zones.
However, Basidiomycota was the dominating phylum in OL-
KR2 at 559m (58%) in the total fungal community and in OL-
KR9 at 423m (98.5%) and OL-KR29 at 798m in the active
fungal communities. In addition, Chytridiomycota was the
dominating phylum in OL-KR44 at 693m (66%) in the total
fungal community.

Sordariomycetes from the Ascomycota phylum was the major
active fungal class (47–100% of all the sequences) in most of the
boreholes and also the dominating fungal class in the total fungal
community in OL-KR13 at 296 m, OL-KR3 at 303 m, OL-KR25
at 330 m, OL-KR3 at 340 m, OL-KR49 at 415m and OL-KR29 at
798m (39–65%) (Figure 2). OTUs belonging to Sordariomycetes
were mostly related to Nectria genus and minority to Fusarium,
Pochonia, Pseudallescheria, and unidentified Hypocreales groups
(Figure S1). Fungal class Eurotiomycetes was identified as
dominating fungal class in total fungal community of OL-KR20
at 323m (84%) and OL-KR6 at 330m (2013) (95%) and in active
fungal community of OL-KR25 at 330m (94%). The majority
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FIGURE 1 | Fungal diversity in deep groundwater of crystalline bedrock fracture zones in Olkiluoto, Finland. Number of observed taxonomic units (OTUs),

estimated number of OTUs (Chao1) and Shannon diversity index achieved from the sequence data subsampled to 1500 sequences are presented.

of the sequences belonging to the class Eurotiomycetes were
members of the Penicillium genus. In addition sequences most
closely related to genus Aspergillus were found from OL-KR46 at
390m and OL-KR2 at 559m as a minor group. Other detected
Ascomycota fungal classes in Olkiluoto groundwater samples
were Dothideomycetes that dominated the active community in
OL-KR6 at 328m (2010) (40,5%), Leotimycetes that dominated
the active fungal community in OL-KR49 at 415m (47%) and
total identified fungal community in OL-KR6 at 328m (2010)
(26%) and OL-KR1 at 572m (23%) and Saccharomycetes in OL-
KR25 at 330m (19%) and OL-KR6 at 328m (2010) (5%) total
community (Figure 2). In addition sequences belonging to class
Orbilliomycetes was only found in OL-KR13 at 296m (2012),
but they contributed only as a minor (1.2%) part of the fungal
community.

In OL-KR2 at 559m in the total fungal community and OL-
KR29 at 798m in the active community where Basidiomycota
was the dominating identified phylum most of the sequences
were closely related to class Microbotryomycetes (37–39%) and
more closely to Sporodiobolales order and Sporobolomyces and
Rhodotorula genera (Figure S2). In addition in OL-KR2 at 559m
Tremellomycetes and more specifically Cryptococcus-like yeast
sequences were detected in total community and Malasseziales

order in active community. Other identified Basidiomycota
classes in Olkiluoto boreholes were Agaricomycetes in OL-
KR13 at 296m and in OL-KR49 at 415m in the active
community (Figure 2). Pucciniomycetes was detected in OL-
KR46 at 390m as aminor part of the total community (0.2%). The
Chytridiomycota phylum dominated the total fungal community
in OL-KR44 at 693m (66%) and was also present in OL-KR29
at 798m. Chytridiomycota sequences from these boreholes were
most similar with order Rhizophydiales. No Chytridiomycota
sequences were detected in the active fungal community.

Statistical Analysis of Fungal Diversity and

Correlation to Geochemistry
Non-metric multidimensional scaling analysis of fungal
communities and environmental parameters grouped the
samples into four clusters in both DNA and RNA fractures
(Figure 3 and Table S2). The deepest samples (693 and 798m)
clustered together in the DNA fraction that indicates that depth
has an influence in the fungal community structure and fungal
communities in the deepest communities are most similar.
In addition, at greater depth higher salinity also affect the
communities and slightly lower pH was observed to significantly
correlate with fungal community structure (p < 0.05). At depths
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FIGURE 2 | Heatmap of fungal taxonomy in deep groundwater of

crystalline bedrock fracture zones in Olkiluoto, Finland. Taxonomic

classification of the fungal sequence reads obtained by high throughput

sequencing of the total (DNA) and active (RNA) fungal communities

presented at the class-level. The samples are arranged by true vertical depth

from the surface down. d, detected; but relative abundance less than 0.1%.

from 296 to 340m carbon availability (DIC, HCO3) affected the
fungal communities in both DNA and RNA fractions and these
samples grouped together. In those fracture zones concentrations
of DIC and HCO3 were higher than in deeper fracture zones
ranging from 4.1 to 33 mgC L−1 of DIC and 25 to 134mg L−1 of
HCO3 (Table 1 and Table S3). Amount of total organic carbon
was highest at 693m in OL-KR44 where concentration of NPOC
was 110 mgC L−1. However, in the NMDS analysis organic
carbon concentration did not significantly affect the fungal
community structure (p > 0.1). Ammonium, nitrate, nitrite,
magnesium, and sulfate concentrations were associated with the
changes in fungal community profiles especially in OL-KR46 at
372 and 390m and OL-KR6 at 328 and 330m in both RNA and
DNA fraction that grouped together (Figure 3). Especially nitrite
and nitrate had a significant effect on the fungal communities in
the DNA fraction (p < 0.001), but concentrations are very low.

The similarities of fungal communities between DNA and

RNA fractions were assessed at genus level by Pearson’s one-sided
t-distribution tests, with the hypothesis that positive correlation

would be detected between total and active communities. In the
total dataset Pearson’s correlation was 0.33 (± 0.3 95% CI, p <

0.001) between the total and active fungal communities. When
we compared specific samples, statistically significant correlation
(p < 0.05) was found in 10 of the 18 fracture zones (Table S4).
Statistically significant Pearson’s correlations varied between 0.20
and 0.99 with highest correlation found at 372m inOL-KR46 and
weakest at 303m OL-KR3. Moderate or strong correlation was
found in seven of the fracture zones (0.32–0.99). The number
of shared OTUs between DNA and RNA fraction was 0–23%
(Figure S3).

Discussion

Terrestrial deep subsurface mycology is still an unexplored
research field as the major research done until now has been
focusing on the diversity and functional studies of bacteria and
archaea. To our knowledge this is the first study where fungal
communities in deep groundwater of crystalline bedrock fracture
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FIGURE 3 | Fungal community structure in relation to sample

depth and its associated environmental factors in the

groundwater of Olkiluoto fracture zones. A non-metric

multidimensional scaling analysis of Bray–Curtis distances was

performed to examine the relative abundance of fungal OTUs

clustering at the class level.

zones were studied using high-throughput amplicon sequencing.
Our results show that diverse and active fungal communities
exist in the deep subsurface in Olkiluoto, Finland. Actually, in
most of the studied fracture zones the fungal diversity was higher
than what has been detected so far in deep sea environment.
Deep sea studies have reported up to 43 fungal OTUs with
>99% sequence similarity by using fungal ITS region cloning
and sequencing (Lai et al., 2007; Nagano et al., 2010; Singh
et al., 2012) and Orsi et al. (2013a) detected up to 26 fungal
OTUs with 454 pyrosequencing of the eukaryotic 18S rRNA
region, whereas we detected up to 163 OTUs in different fracture
zones and depths. In our study fungal ITS1 region was chosen
over ribosomal genes because it is highly variable and can
separate fungi even at species level (Lindahl et al., 2013). ITS2
is considered generally less variable in length than ITS1 and is
somewhat better represented in sequence databases. However,
ITS1 and ITS2 share many properties, and similar results can
be obtained with these two marker genes (Bazzicalupo et al.,
2013). With cultivation-based methods five Rhodotorula and
Cryptococcus yeast species and 17 molds have been detected in
Fennoscandian rock aquifers in Äspö, Sweden (Ekendahl et al.,
2003). Fungi belonging to the Ascomycota phylum were the
most abundant in Olkiluoto fracture zones and this is in good
agreement with findings from deep sea environments (Nagano
and Nagahama, 2012). The deepest fracture zones with higher
salinity and temperature and lower pH, were the only ones
where fungi belonging to the Chytridiomycota phylum were
detected. In addition, the number of basidiomycete species also
increased with depth (Figure 2). Altogether 25% of the fungal
sequences remained unidentified and some of these OTUs could
be potentially novel species that have not been characterized
before.

Fungal diversity in the deep crystalline fracture water in
Olkiluoto was surprisingly high. Unexpectedly no fungal OTUs
were detected in the RNA fraction at 693m depth, where
the highest concentration of total organic carbon that fungi
could easily use in their metabolism was detected. Although
no clear connection between fungal diversity and some of the
geochemical parameters were detected, NMDS analysis showed
that salinity, which increases with depth, had an influence on
the fungal community structure in deeper fracture zones and
also nitrogen compounds, sulfate, and inorganic carbon were
associated with the changes in the fungal communities at more
shallow depths. Fungi are involved in many biogeochemical
cycles such as nitrogen and sulfur cycles and fungi are for
example able to solubilize minerals, dissolute, and precipitate
metal ions, degrade silicates and dissolve rock phosphates in
oxygen-limited environments (Gadd, 2006; Sterflinger, 2010).
Some filamentous fungi and yeast species are able to oxidase
sulfur and sulfur compounds and release sulfate to environment
(Wainwright and Grayston, 1989; Reitner et al., 2006; Sterflinger,
2010). Thus, fungi could provide sulfate to sulfate-reducing
bacteria and could potentially be involved in the sulfur cycle
in subsurface environment. Although fungi and bacteria are
competing for the same low amounts of nutrients in subsurface
oligotrophic conditions, they can also benefit from each other.
For example, Fournier et al. (1998) found that the yeast
Rhodotorula rubra has a stimulating effect on the growth of
the iron sulfide-oxidizing bacterium Thiobacillus ferrooxidans.
Similar cooperation between fungi and bacteria could potentially
occur also in Olkiluoto deep fracture zones.

Members of the Sordariomycetes were the most commonly
observed fungi from Olkiluoto fracture waters. These fungi
are ubiquitous and cosmopolitan and function in virtually all
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ecosystems (Zhang et al., 2006). The group includes pathogens,
endophytes of plants, mycoparasites and saprobes involved
in decomposition and nutrient cycling but their role in
deep biosphere ecosystems is not studied. Sordariomycetes
are together with Eurotiomycetes, Saccharomycetes and
Dothideomycetes one of the most frequently detected fungal
taxa in deep sea environments where living conditions resemble
the ones of subterranean deep fracture zones (Nagano and
Nagahama, 2012). However, phylotypes within the class
Sordariomycetes are few and unique to the studied deep sea
areas and their role and functions are still unknown. The fungal
sequences obtained from Olkiluoto fracture waters belonging to
the Sordariomycetes class were closely related to members of the
Nectriaceae family and Nectria and Fusarium genera. The family
Nectriceae includes, e.g., facultative anaerobic microscopic fungi
capable of using nitrate or nitrite as alternative terminal electron
acceptor in their respiration in the absence of oxygen (Kurakov
et al., 2008). Fungal species belonging to Nectria have been
detected in deep sea sediments (Singh et al., 2012). Some species
belonging to genus Fusarium that are capable of denitrification
have been found in deep sea environments, especially from
oxygen-depleted regions (Jebaraj et al., 2010).

NMDS analysis showed correlation between fungal
community in OL-KR6 at 330 m, where the most Penicillium
-sequences were detected, and ammonium, nitrate and nitrite
concentrations. This indicates that these species might be
involved in nitrogen cycle also in the deep fracture zones in
Olkiluoto. Strong correlation between fungal diversity and
nitrate has been found also from deep marine sediments (Orsi
et al., 2013b) Penicillium and Aspergillus species are common
in outdoor air and terrestrial environments but they are also
frequently detected in deep sea environments (Nagano and
Nagahama, 2012; Raghukumar, 2012). Deep sea species differed
from terrestrial species by their physiological properties and that
they were adapted to an aqueous environment (Raghukumar
and Raghukumar, 1998; Damare et al., 2006; Damare and
Raghukumar, 2008). Salt-tolerant Penicillium and Aspergillus
species have also been identified from oxygen-deficient
environments (Raghukumar, 2012) and from anaerobic marine
sediments where they were reported to play on important role
in the denitrification process (Jebaraj et al., 2010). This suggests
a possible versatile role of fungi in major ecological processes
in extreme nutrient-poor environments, such as Olkiluoto deep
fracture zone fluid. Aureobasidium and Cladosporium genera
found especially in OL-KR6 at 328m from the RNA-fraction
and OL-KR13 at 296m from the DNA-fraction are reported
in many deep sea environment studies (Damare et al., 2008).
Common characteristics of these fungal groups are resistance or
adaptation to high osmotic pressure that is essential for survival
in extreme conditions such as the ones in deep subsurface
environments.

The most common classes of the Basidiomycota phylum
detected in Olkiluoto groundwater were Microbotryomycetes,
Tremellomycetes, and order Malasseziales. These fungal groups
are common in deep sea environments (Nagano and Nagahama,
2012) and RNA transcripts from active species within these
phyla have been detected in deep marine sediments (Orsi et al.,

2013a). Yeast genera within class Microbotryomycetes detected
from Olkiluoto were Rhodotorula and Sporobolomycetes related
species. The Rhodotorula strain isolated from Fennoscandian
rock aquifers in Äspö was able to grow in a wide range of
NaCl concentrations (0–100 g L−1) and pH interval of 4–
10 at temperatures ranging from 4 to 30◦C (Ekendahl et al.,
2003). Salinity, pH and temperature in Olkiluoto are also
within these limits. This indicates that these yeast species are
adapted to conditions in the deep subsurface environment. In
Olkiluoto Sporobolomycetes related species were also detected
in the RNA-fraction, which proves that these species were
active in these conditions. Cryptococcus-like yeasts from class
Tremellomycetes that were identified from Olkiluoto have also
been detected from other deep igneous rock aquifers sites on
the Fennoscandian shield (Ekendahl et al., 2003) and deep sea
environments like deep sea methane seeps (Takishita et al.,
2006, 2007). Cryptococcus-like yeasts were identified from the
active community in OL-KR2 at 559m where also high methane
concentration (386ml L−1) was detected (Bomberg et al., 2012)
that fungi could potentially use in their metabolism. Yeast
genera within the order Malasseziales observed in Olkiluoto
fracture zone water were closely related to culturedMalassezia sp.
LCP-2008 and uncultured Malassezia from deep sea sediments
(Singh et al., 2012). Phylotypes belonging to Malassezia sp. have
also been recovered from methane hydrate-bearing deep sea
sediments (Lai et al., 2007). These yeast species could potentially
be methylotrophic and could play a crucial role in converting
methane into more accessible carbon and energy substrates for
the use of themicrobial community (Lai et al., 2007; Raghukumar
et al., 2010). In addition, fungi have been found to be involved in
methane release in a coal mine (Beckmann et al., 2011). In the
coal mine, weathering of coal, and timber were initiated by fungi
and in the lower, oxygen depleted regions fungi were observed to
perform incomplete oxidation of coal and wood substrates and
release reduced carbon substrates, which can be channeled into
methanogenesis.

Chytridiomycota that dominated in DNA-fraction of OL-
KR44 at 693mweremost similar to the order Rhizophydiales that
also have been found in oxygen-deficient marine environments
(Raghukumar, 2012). Chytridiomycota are the earliest diverging
lineage of fungi and produces zoospores, which indicates
adaptation to aquatic environments (Nagano and Nagahama,
2012; Raghukumar, 2012). Chytridiomycota was not detected
in RNA fraction. However, statistically significant correlation of
fungal taxonomy profiles between total and active communities
was found in majority of the fracture zones, which suggests
that fungal communities were similar in both DNA and RNA
fraction. In three of these samples only weak correlation and
in eight of the fracture zones no significance correlation was
found, which indicates that total and active communities in
these fracture zones were different. In half of samples with no
significant correlation insufficient sampling depth of the RNA
fraction may have affected the result. In OL-KR6 at 328 m, OL-
KR9 at 423 m, OL-KR49 at 415m and OL-KR25 at 330m total
and active communities appear to be truly different, suggesting
that different species are active in these fracture zones compared
to total community.
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The universal distribution of the many fungal species detected
also in deep subsurface environments raises the question
about possible contamination. It is known that controlling
contamination during drilling in hard rock is more difficult
than for example sedimentary rock and life dwelling in fracture
zones is exposed to drill water during drilling. Origin of the
fungi in Olkiluoto fracture zones is unknown and possible
runoff from the surface or contamination during drilling cannot
be ruled out based on this study. On the other hand, fungi
can be authentic members of the microbial community in the
different fracture zones. In this study water from the drill
hole was purged for a long time after drilling and by using
packers only water originating from the specific fracture zone
was collected. Hydrogeochemical characteristics of the fracture
fluids also indicates that the chemical parameters were stabilized
confirming that water from specific fracture zone was collected.
Most importantly, active fungi were found from Olkiluoto
groundwater and this indicates that fungi have adapted to
deep biosphere conditions and are able to maintain cellular
activity.

The metabolic activities of fungi in deep terrestrial
environment remain still unknown. However, the first fungal
metabolic transcriptomics study from sub-seafloor environment
confirms the previous suggestions of living fungi and active
fungal metabolism in the deep marine biosphere (Orsi et al.,
2013b). The authors showed that 5% of the obtained transcripts
were involved in carbohydrate, amino acid, and lipid metabolism
suggesting that fungi have a role in organic carbon cycling
in sub-seafloor sediment. Fungal expression of transcripts
encoding hydrolases involved in protein, carbohydrate, and
lipid degradation suggests that they degrade a variety of
organic substrates. Fungal dissimilatory nitrate reductase (nar)
transcripts involved in energy production were found, which
indicate that fungi are involved in nitrogen cycle, probably

reducing nitrate and nitrite resulting from nitrate reduction
performed by bacteria.

In our study surprisingly high diversity of active fungi were
detected for the first time in deep groundwater of crystalline rock
fractures. Unlike bacterial 16S rRNA gene, the RNA fraction of
fungal ITS is only present in the cell when the genomic copy
is being actively transcribed and thus is a true evidence that
fungi are active in the deep fracture waters (Blazewicz et al.,
2013). The most interesting question now is what are these
fungi doing in the deep fracture zones in Olkiluoto and in deep
terrestrial environment in general and what is their role in the
whole microbial community? Metatranscriptomic studies could
be the answer and next step in understanding the functionality
of the fungal communities in deep subterranean environments.
Interesting was that the amount of organic carbon did not
correlate with fungal diversity and activity in deep fracture
zones suggesting that fungi may have some other functions in
deep subterranean environments than degradation of organic
materials.
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Deep subsurface mine stalactites
trap endemic fissure fluid Archaea,
Bacteria, and Nematoda possibly
originating from ancient seas
Gaëtan Borgonie 1, 2*, Borja Linage-Alvarez 2, Abidemi Ojo 2, Steven Shivambu3,
Olukayode Kuloyo2†, Errol D. Cason2, Sihle Maphanga3, Jan-G Vermeulen 2,
Derek Litthauer 2, Colin D. Ralston 4, Tullis C. Onstott 5, Barbara Sherwood-Lollar 6 and
Esta Van Heerden2

1 Extreme Life Isyensya, Gentbrugge, Belgium, 2 Department of Biotechnology, University of the Free State, Bloemfontein,
South Africa, 3 Geology, Beatrix Gold Mine, Theunissen, South Africa, 4 Bergville Retirement Village, George, South Africa,
5 Department of Geosciences, Princeton University, Princeton, NJ, USA, 6 Department of Earth Sciences, University of
Toronto, Toronto, ON, Canada

Stalactites (CaCO3 and salt) from water seeps are frequently encountered in
ceilings of mine tunnels whenever they intersect water-bearing faults or fractures. To
determine whether stalactites could be mineralized traps for indigenous fracture water
microorganisms, we analyzed stalactites collected from three different mines ranging in
depth from 1.3 to 3.1 km. During sampling in Beatrix gold mine (1.4 km beneath the
surface), central South Africa, CaCO3 stalactites growing on the mine tunnel ceiling were
collected and observed, in two cases, to contain a living obligate brackish water/marine
nematode species, Monhystrella parvella. After sterilization of the outer surface, mineral
layers were physically removed from the outside to the interior, and DNA extracted. Based
upon 16S and 18S rRNA gene sequencing, Archaea, Bacteria, and Eukarya in different
combinations were detected for each layer. Using CT scan and electron microscopy
the inner structure of CaCO3 and salt stalactites were analyzed. CaCO3 stalactites
show a complex pattern of lamellae carrying bacterially precipitated mineral structures.
Nematoda were clearly identified between these layers confirming that bacteria and
nematodes live inside the stalactites and not only in the central straw. Salt stalactites
exhibit a more uniform internal structure. Surprisingly, several Bacteria showing highest
sequence identities to marine species were identified. This, together with the observation
that the nematode M. parvella recovered from Beatrix gold mine stalactite can only
survive in a salty environment makes the origin of the deep subsurface colonization
enigmatic. The possibility of a Permian origin of fracture fluids is discussed. Our results
indicate stalactites are suitable for biodiversity recovery and act as natural traps for
microorganisms in the fissure water long after the water that formed the stalactite
stopped flowing.

Keywords: subsurface sea, stalactites, diversity, Monhystrella parvella
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Introduction

Studying deep subsurface terrestrial biodiversity can only be
achieved through deep drilling and mining or exploration of
caverns. In deepmining, access to fracture water is unpredictable,
irregular and the volume available for collection may be too
limited. The latter is important as cell counts of bacteria in deep
subsurface fracture water is typically low, requiring large volumes
for deriving sufficient DNA for characterization of the taxonomic
diversity. During deep mine sampling, we have encountered on
several occasions stalactites on the corridor or tunnel ceilings.

In many caverns a large variety of communities comprised
of Algae, Bacteria, and Fungi are found embedded in stalactites
and in some cases, these microorganisms have been implicated
in the precipitation of carbonate soda-straw (“straws”) stalactites
in caves. This occurs through a number of processes that include
ammonification, denitrification, sulfate reduction and anaerobic
sulfide oxidation (Danielli and Edington, 1983; Cox et al., 1989;
Castanier et al., 1999, 2000; Riding, 2000; Desmarchelier et al.,
2006). Thus, underground mine stalactites raised the possibility
that they may act as natural traps for microorganisms in the
fissure water. More importantly they could serve as enrichment
sites allowing sampling drip waters that defy more traditional
sampling methods due to the low water volume. Arguing against
such an approach is the contamination issue of a stalactite
hanging free in a strongly ventilated mine corridor where
anthropogenic contamination is a daily possibility. Previous
research on fungal spores in mine air (Pohl et al., 2007)
justified this concern and biofilms growing on tunnels walls
below a fissure water outlet from a fracture or a borehole is
generally considered not to be representative of the microbial
community with the fracture zone that is supplying the water.
Furthermore, the small size of the stalactites and the enrichment
potential would only allow studying partial biological/chemical
content.

During routine sampling at a depth of−1.4 km in Beatrix gold
mine, South Africa, several stalactites were collected and stored in
Ziplock sample bags. Upon examination with a stereomicroscope
we identified a nematode in the fluid that came out of these
stalactites. In the course of the following days, a total of eight
nematodes were observed in the sampling bag. This puzzling
observation led us to examine several stalactites from three
different mines to test the hypothesis that stalactites inmines may
serve as useful natural (enrichment) traps for Archaea, Bacteria,
and Eukarya. Additionally we wanted to establish the origin of
the nematodes that occurred within the stalactites, as they are not
known to be tube builders compared to other Animalia.

Materials and Methods

Origin of the Stalactites
The Republic of South Africa hosts some of the world’s deepest
mines, some of which exceed 4 km below land surface (kmbls).
These, deep gold, platinum and diamond mines and their
network of tunnels and crosscuts, allow exceptional access to
the deep subsurface. During the course of normal mining
operations, the advancing tunnels or exploratory boreholes

intersect water-bearing fractures. Stalactites occur associated
with water-weeping fractures intersected by the tunnel. Since the
presence of stalactites in the mines is haphazard, stalactites were
collected from mines when and where available. Samples were
taken at Beatrix gold mine, Moab Khotsong gold mine, Evander
gold mine and Tau Tona gold mine.

Beatrix Gold Mine (Sibanye Gold, Ltd.)
28◦14′24.37′′S/26◦47′49.30′′E
Beatrix gold mine is located near the towns of Welkom and
Virginia, some 240 km southwest of Johannesburg in the Free
State Province of South Africa. Geologically the mine is located
along the southern margin of the Witwatersrand Basin. Twelve
carbonate stalactites were collected in the same tunnel at two
different locations approximately 100–200m apart on level 26
of #3 shaft, 1.4 km below the surface. The stalactites were
collected in 2009–2010 and 2013. During the 2010 collection
campaign, five soil samples were taken from the tunnel floor to
look for nematodes. This tunnel is located in the Witwatersrand
Supergroup, which at this location is directly overlain by 400–
800m of Carboniferous Karoo sediments. The age of the
carbonate stalactites is unknown but cannot be older than 2–3
years since the tunnel was excavated in 2007.

Moab Khotsong, (Anglogold Ashanti Ltd.)
26◦59′14.20′′S/26◦48′5.01′′E
Moab Khotsong is the newest deep-level gold mine in
South Africa and is situated near Orkney, Klerksdorp, and
Viljoenskroon in North West Province, about 180 km southwest
of Johannesburg. The principal reef is the Vaal Reef of which
the gold grade and morphology are considered to be a down-
dip extension to the south and southeast of Kopanang and
Great Noligwa mines. The reef is comprised of an oligomictic
conglomerate, where gold is associated with carbon at the
base. Stalactite samples some as large as 3m were collected in
December 2012 growing on the rim of a man-made ventilation
shaft at level 120, which is at a depth of−3.1 km. The age of these
stalactites can be no more than 5 years for the smallest used for
DNA analysis, and up to 10 years for the largest specimen used in
the CT scan.

Evander Gold Mine (Harmony Gold Mining Company
Ltd.) 26◦27′20.57′′S/29◦4′15.76′′E
Evander gold mine is situated 8 km northwest from Secunda in
the Mpumalanga Province. The Evander Basin is a tectonically
preserved sub-basin outside the main Witwatersrand Basin
and forms an asymmetric syncline, plunging north-east. It is
structurally complex with a series of east-north-east striking
normal faults. At the southeast margin of the basin, vertically
to locally overturned reef is present. The only economic reef
horizon exploited in the Evander Basin is the Kimberley Reef. The
Intermediate Reef is generally poorly mineralized, except where
it erodes the sub-cropping Kimberley Reef to the south and west
of the basin. Several small dried out stalactites were collected in
2007 at shaft #8, level 13 at a depth of∼1.4 km. One of these was
kept in a closed tube from 2007 until 2012 when it was used for
the present analysis. The age of the stalactite is unknown.
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Tau Tona Gold Mine (Anglo Gold Ashanti Ltd.)
26◦21′21.29′′S/27◦24′10’12′′E
Tau Tona gold mine is located south of Carletonville in the
Gauteng Province and about 70 km southwest of Johannesburg.
The sampling site was a nearly horizontal borehole located on
level 118 at a depth of 3.4 km in the Witwatersrand Supergroup
and intersected the Pretorious fault zone. The borehole was not
sealed and flowed intermittently. This borehole was the site of the
deepestmetazoan ever found in 2011, amonhysterid nematode of
which only a DNA sequence was known to date. The fissure water
was sampled again in 2012–2013 in an attempt to recapture the
nematode previously found there because of its relevance to the
DNA results from the Beatrix gold mine subsurface nematode.

Stalactites Used for Analysis
Twelve CaCO3 stalactites were collected in Beatrix gold mine
of which two contained a total of 20 nematodes. Of those
12 stalactites, two containing nematodes and one devoid of
nematodes was used for micro-CT scan, XRD and DNA analysis.
Only one still intact stalactite from Evander mine was used
for XRD and DNA analysis. One small stalactite from Moab
Khotsong was used for XRD analysis. One very large salt stalactite
from Moab Khotsong was used for macro CT scan and DNA
analysis. The different stalactite layers are designated as NSX.Y
where N is the first letter of the mine from which the stalactite
(S) was collected, X is the number identifying the collection
order of the stalactite in a given mine, Y refers to the peeled
or dissolved layer in question counting from the outside toward
the center. For example, ES1.4 means the first collected stalactite
from Evander mine, layer number 4.

Micro-CT Scan
Micro-CT is a non-destructive 3D imaging technique for
studying the internal structure of an object. Setup and conditions
are described in detail in Borgonie et al. (2010). Volume
rendering and segmentation was performed using VGStudioMax
(Volume Graphics). In an attempt to visualize the nematodes, the
bulk was rendered transparent. Three stalactites were scanned.
One yielded nematodes while the other two did not.

Macro-CT Scan
Larger stalactites were CT scanned at the UFS Campus Netcare
Hospital using a General Electric HD 750 (Milwaukee, USA) with
following settings: KvP 140, MA 450 helical with 0.625mm slices
with a 0.312 interval.

Scanning Electron Microscopy
Pieces of stalactite were mounted on a specimen stub and
sputter coated with gold using a BIO-RAD (Microscience
Division) Coating System (London, UK) and observed with
a Jeol JSM 8440 SEM microscope. For fixation of the
CaCO3 containing nematodes, 70◦C 30% formaldehyde was
used followed longitudinal cutting with a sterile scalpel, then
dehydration, critical point drying, coating and mounting. SEM
pictures were assembled in plates using Adobe Photoshop
(Adobe Systems Inc., San Jose, CA, USA) and where relevant
colored using Smart Photo editor (Anthropics Technology, Ltd.,
London, UK).

X-Ray Diffraction (XRD)
Before melting the different stalactites a small piece was removed
and homogenized from each for XRD analysis. The samples were
ground to a grain size of <50μm using a carbon steel ring and
agate mortar and pestle. The loose powder samples were then
mounted into steel ring sample holders, and slightly compressed
to give a smooth surface. XRD measurements were performed
using a Panalytical Empyrean X-ray diffractometer, with the
following con urations: The samples are irradiated with CuKα-
radiation generated at 40mA and 45 kV. No monochromator
was inserted while a fixed divergence slit of 0.2177◦ was part of
incoming beam optics. Scanning was continuous starting at 5◦ 2θ
and ending at 70◦ 2θ, with step size 0.017 2θ for 15.875 s per step.
Measurements were carried out on a stationary sample without
spinning of the sample holder. The identification of minerals
was carried out using Panalytical Highscore software with the
PDF-2 (2009) powder diffraction file database, and estimates of
relative abundances were made based on semi-quantitative data
associated with the files in this database.

Dissolving Salt Stalactites/Dissecting Carbonate
Stalactite
The outer surface of salt/carbonate stalactites was sterilized by
immersion in 100% ethanol and set alight allowing the ethanol to
burn off. Three small pieces were subsequently chipped off and
inoculated onto three different media namely, Luria Bertani (LB),
nutrient agar (NA), and Potato dextrose Agar (PDA) to confirm
the effectiveness of sterilization. The individual layers within the
stalactite in the case of carbonate were carefully dissected using
sterilized tweezers; pieces were collected in 1.5mL Eppendorf
tubes for DNA extraction. For the salt stalactites sterile deionized
water was sprayed on the layers to dissolve the stalactite carefully.
Cross contamination through dripping from the ends of the
sample was prevented by holding the stalactite horizontally along
its longest axis and spraying carefully from beneath.

Nematode Culture/Halotolerance Test
Collection and identification of nematodes from fluids that
leached out of the Beatrix gold mine carbonate stalactite
was done aseptically. Twelve nematodes were recovered in
the course of 7 days in 2010, and the second stalactite
collected in 2013 yielded eight nematodes. Culturing was
attempted by placing the nematodes on a 3% salt-agar plate
covered with the saline (14 g/L) water that oozed out of
the stalactite. Halotolerance by the nematodes was performed
in artificial salt agar. Due to the low number of nematodes
available, the test was performed twice using 12 nematodes
in total. The initial salt concentration was 14 g/L; nematodes
were transferred to a different concentration every 24 h. The
nematodes died quickly when the salt concentration was too
high/low acting as a suitable marker for tolerance. Control
nematodes: Halicephalobus mephisto collected previously from
the same mine but from a borehole (Borgonie et al., 2011) and
Poikilolaimus oxycercus a surface collected nematode. For both
P. oxycercus and H. mephisto thirty worms were used and were
directly placed on agar plates with different salt concentrations.
In an attempt to identify Bacteria used as food byM. hystrella one
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specimen was slowly dissolved in a 1% NaOCl solution until the
outer cuticle had dissolved as observed under a stereomicroscope.
The specimen was then washed three times in deionized water
and DNA extracted.

DNA Analysis

DNA Extraction
Nucleic Acid Extraction from the Stalactite Layers
CaCO3stalactite layers were pulverized in an Eppendorf tube
using a sterile pestle. The dissolved halite stalactite layers were
collected in 50mL Falcon tubes and then filtered using a 0.22μm
filter membrane (MIS). DNA was extracted from the pulverized
CaCO3 and filter using the InstaGene Matrix kit (BIO-RAD 732-
6030). Quality and concentration of DNA was determined using
ND-1000 Spectrophotometer (NanoDrop).

Nucleic Acid Extraction from Nematodes
Nematodes were collected from the petri dish with a sterile
platinum needle and transferred into sterile deionized water
in a 1.5mL Eppendorf tube. DNA was extracted directly
using the InstaGene Matrix kit (BIO-RAD 732-6030). Quality
and concentration of DNA was determined using ND-1000
Spectrophotometer (NanoDrop).

PCR Amplification
PCR Amplification from Stalactites
Fragments of 16S and 18S rDNA suitable for DGGE analysis were
obtained by using different primer sets for different domains,
(Muyzer et al., 1993; Casamayor et al., 2002; Mühling et al.,
2008; Stomeo et al., 2012), Bacteria: 27F, 341FGC, 908R, and
1492R; Archaea: 934R and 344FGC; Eukarya: 516R and 1AFGC.
The primer sets and the PCR conditions were modified from
protocols described by Casamayor et al. (2002). Due to the small
size of the stalactites, an initial PCR was performed using 27F
and 1492R primers followed by nested PCR using 341F with
GC clamp and 908R. PCR conditions for the two steps were:
initial denaturation at 94◦C for 3min; 29 cycles (94◦C, for 30
s; 55◦C for 30 s; 72◦C for 1min); and a final extension at 72◦C
for 5min. For the Archaeal 16S rDNA fragments, we used an
initial denaturation step at 94◦C for 2min followed by 30 PCR
cycles with annealing at 61◦C and a final 10min. extension step
at 72◦C. The eukaryal 18S rDNA fragments were amplified using:
initial denaturation at 94◦C for 130 s; 35 cycles (94◦C for 30 s;
57◦C for 30 s; 72◦C for 7min); and a final extension at 72◦C for
5min.

PCR Amplification of 18S rRNA Gene from
Nematodes in Culture
PCR amplification of 18S rDNA fragments was performed
using primer setsEukA [AACCTGGTTGATCCTGCCAGT] and
EukB [TGATCCTTCTGCAGGTTCACCTAC] (Diez et al.,
2001), and Nem18S(F) [CGCGAATRGCTCATTACAACAGC]
and Nem18S(R) [GGGCGGTATCTGATCGCC] (Floyd et al.,
2005). A standard reaction volume was 25μL containing: 1x
concentration of Standard Taq buffer (New England BioLab),
(including 1.5mM MgCl2), 0.5μM of each primer, dNTPs at

a concentration of 0.2mM for each nucleotide, 0.025 units/μL
Taq DNA polymerase and 10 ng of extracted DNA template was
added to each reaction. The thermocycling conditions used for
eukaryal and nematode PCR reactions are: an initial denaturation
at 94◦C for 5min; 35 cycles (94◦C for 30 s; 54◦C for 30 s;
72◦C for 1min); and a final extension at 72◦C for 10min (Floyd
et al., 2005) in a PXE 0.2 Thermal Cycler (Thermo Electron
Corporation).

PCR Amplification of the Nematode Mitochondrial
COI Gene
A portion of the mitochondrial cytochrome oxidase c subunit 1
(COI) gene was amplified with the primer sets COI1F (5′-GGT
CAA CAA ATC ATA AAG ATA TTG G-3′) and COI1R (5′-TAA
ACT TCA GGC TGA CCA AAA AAT CA-3′) (Valenzuela et al.,
2007); and JB3F (5′-TTT TTT GGG CAT CCT GAG GTT TAT-
3′) and JB4.5R (5′-TAAAGAAAGAACATAATGAAAATG-3′)
(Derycke et al., 2005). Amplification was conducted for 35 cycles,
each consisting of a 30 s denaturation at 94◦C, 30 s annealing at
54◦C, and 30 s extension at 72◦C, with an initial denaturation step
of 5min at 94◦C and a final extension step of 10min at 72◦C.

DGGE Analysis
DGGE Analysis of PCR Products of Ribosomal DNA
Fragments from Stalactites
The amplified 16S/18S rRNA gene fragments (600–800 ng) were
separated on 7% (w/v) polyacrylamide gel with a urea/formamide
denaturing gradient ranging from 40 to 60%. Electrophoresis was
performed in 1X TAE buffer (40mM Tris, 20mM acetic acid,
1mM EDTA; pH 8.3) at a constant voltage of 100V at 60◦C
and run for 16 h. Gels were stained for 40min in 1X TAE buffer
containing Sybr SYBR R© Gold Nucleic acid stain (Molecular
Probes, Invitrogen) and visualized with UV radiation by using
a Gel doc XR and the Quantity one 4.6.7 imaging software
(Bio-Rad).

Sequencing of DNA Fragments
Sequencing of Stalactites DNA Fragments
DNA was recovered from each excised band reamplified using
the same set of primers mentioned above, without the GC
clamp. The PCR products were then purified using Exonuclease I
(Exo I) Thermo Scientific FastAP and Thermosensitive Alkaline
Phosphatase (#EF0651, Werle et al., 1994). Sequencing reactions
were performed with the ABI Prism™Big Dye terminator™V3.1
cycle sequencing ready reaction kit and data collected on an ABI
3130XL genetic analyzer (Applied biosystems). The sequences
were checked for chimeras using Bellerophon (Huber et al.,
2004) and then compared to the GenBank nucleotide database
[National Center for Biotechnology Information, (NCBI)] using
BLAST. Neighbor-joining phylogenetic trees were generated
using reference sequences from the RDP (Maidak et al., 1997) and
using Geneious 4.8.5.

Sequencing of Nematode DNA Fragments
The amplified DNA fragments were sequenced using the ABI
Prism™BigDye terminator™V3.1 cycle sequencing kit and
data collected on an ABI 3130XL genetic analyzer (Applied
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biosystems). The quality of ABI files retrieved using FinchTV
software was evaluated and the sequence reads were assembled
using CodonCode Aligner software (CodonCode Corporation,
Dedham, MA, USA). Overlapping reads or contigs thar
represented the consensus regions of DNA were aligned using
ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The
alignment was examined for conserved regions so as to provide
sufficient information that reveals any similarity between the
two isolated organisms. BLASTN analysis of DNA database was
used. Sequences were compared to the Nucleotide collection
(nr/nt) database and optimized for highly similar sequences
(Megablast).

Genbank Submissions
All sequences were deposited in Genbank with accession
numbers: Bacteria KJ546057-KJ546071, Archaea KJ546072-
KJ546075, Eukarya: KJ546076-KJ546081.

Microscopy
The low number of nematodes available made a tradeoff
necessary between retaining enough specimens to measure
for taxonomic purposes and retaining enough for attempted
culturing. To avoid losing too many nematodes to the attempted
culture only three adult nematodes were used for taking
microscopic measurements. These nematodes were anesthetized
by a brief slide heating. A Zeiss Axioskop Microscope was used.
This approach had the disadvantage that not all small details
could be measured but left enough valid measurements for
proper identification of the nematode species. These selected
nematodes were returned to the culture but were not used for
the salt tolerance experiment.

Results

XRD analysis of the carbonate stalactites from Beatrix and
Evander showed its composition to be mixture of calcite
and aragonite. The XRD analysis of the Moab Khotsong salt
stalactite determined the composition as ∼98% halite + ∼1%
sylvite+ ∼1% quartz.

The CaCO3 stalactites each yielded 3–4 layers when peeled,
whereas the salt stalactite from Moab Khotsong was dissolved in
four layers (Table 1). After sterilization none of the outer layers
that were tested on PDA, LB or NA agar showed any growth
indicating that sterilization worked satisfactorily.

DNA extraction was successful for all layers and resulted in
archaeal, bacterial and/or eukaryal DNA (Table 1). A difference is
noted between salt and CaCO3 stalactites where the salt stalactite
show a more uniform yield of archaeal, bacterial or eukaryote
DNA in all layers of the same stalactite, whereas the CaCO3
stalactites showed a more variable pattern with not all layers of
the same stalactite having the same DNA content. Sequencing
of extracted DNA was not always successful (Table 1). Salt
stalactites consistently yielded a higher number DNA bands on
DGGE than CaCO3 stalactites, but yielded poorer sequencing
results (Table 1).

Eukaryal sequences revealed one Fungus (Ordo
Saccharomycetales Candida sp., Berkh, 1923) and a protozoan,

Acanthamoeba sp. Castellani, 1930 and a ciliate, Colpoda sp.
Müller, 1773 No nematode DNA was identified in the stalactite
layers (Table 1).

Identification of the nematode species that flowed out
of the stalactites was done using light microscopy of three
adult individuals (Table 2). Notwithstanding the limitations in
usable specimen (see Materials and Methods) the nematode
species recovered from the two stalactites belong to the genus
Monhystrella Cobb, 1918 based on the cephalic setae, small body
length, and fovea position, presence of a pharyngeal bulbus,
a prominent progaster, and vulva at midbody. Measurements
were compared with known populations from Ethiopia, Namibia
and Bulgaria and confirm the identity as Monhystrella parvella
(Filipjev, 1931; Jacobs, 1987) a brackish water/marine nematode.
The measurements agree with the Namibian population more
than the Ethiopian/Bulgarian populations (Table 2). An 18S
rRNA gene sequence for M. parvella was obtained but could
not be compared with the Ethiopian, Namibian or Bulgarian
population as no DNA of those samples has been analyzed.
Similarity searches using BLASTN algorithm (NCBI database)
revealed a 91% similarity to the next closest surface nematode
Diplolamelloides sp., which is a marine nematode. This indicates
that the Beatrix stalactite nematode species has not yet been
barcoded on the surface to date. Similarity searches also revealed
a 96% identity with a previously collected subsurface nematode
DNA at Tau Tona mine in fissure water of 48◦C, salinity 14g/L
at −3.4 km, 230 km to the North of Beatrix gold mine (Borgonie
et al., 2011). An attempt was made to recapture the Tau Tona
nematode in 2013, which resulted in two nematode specimens
being collected. DNA analysis only was hence possible and
revealed a 100% match of the 18S rRNA gene sequence and
of the COI mitochondrial gene sequence between Beatrix gold
mineM. parvella and the newly collected Tau TonaMonhysterid.
Sequence comparison between the Tau Tona 2011 and 2013
sequences confirmed the 96% identity of the 18s rRNA gene
sequence.

Only the salt stalactite ofMoab Khotsong contained 16S rRNA
gene sequences belonging to the Euryarchaeota (Halobacteriales),
in all 4 dissolved layers (Table 1, Figure 1). NCBI BLAST
results of those four sequences showed 99% of identity
to one uncultured archaeon clone (EV818CFSSAHH131—
Halobacteriales) previously detected in a calcitic mineral fracture
of a drill core collected from Evander mine level 18 of #8 shaft at
a depth of 2 km (Davidson et al., 2011).

The bacterial phylogenetic diversity is represented by
seven orders (Figure 2). Sphingobacteriales, Thermales,
Burkholderiales, Alteromonadales, Enterobacteriales,
Oceanospirillales, Bacillales. The largest represented groups
were from the Orders Enterobacteriales, Burkholderiales,
and Oceanospirillales. Significant was the identification of
most likely marine Bacteria. The Order Oceanospirillales
included one sequence that shared the closest identity 92%
to one uncultured bacterium (SGUS738) identified from
coral fragments taken in Panama. Two additional sequences
clearly linked to Gamma-proteobacteria and Alcanivorax sp.
In the Order Alteromonadales the sequence was closely related
to Bowmanella as well as an uncultured marine bacterium.
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TABLE 1 | Archaeal, Bacterial, and Eukaryal DNA results from the stalactite extractions.

Layer # DGGE
bands

DNA (ng/µl)/260/280 ratio Closest relative/Taxonomic position Acc. number % Identity Source

ARCHAEA/BACTERIA

E S1.1 2 7.43/1.74 Ureibacillus JQ734423 100 Oil-water mixture

E S1.2 1 8.23/1.61 Klebsiella KC907123.1 100 Soil

1 Uncultured Citrobacter GQ416126 100 Biological degreasing systems

E S1.3 2 5.82/1.54 Pantoea AJ002811 100 Gut

E S1.4 2 5.62/1.80 Thermus AB661716 100 Deep mine, Beatrix

B S2.1 2 147.13/1.70 Bowmanella GQ246642 99 Ocean water

B S2.2 2 41.02/1.74 Klebsiella HE716897 100 Host leaves

B S2.3 1 13.45/2.22 Uncultured SGUS738 (Oceanospirillales) FJ202645 91 Caribbean coral

1 Staphylococcus sp. EF419336 100 Soil

B S5.1 0 19.99/1.80

B S5.2 1 10.04/1.98 Could not be sequenced

B S5.3 0 6.54/1.79

B S6.1 1 13.36/1.57

B S6.2 1 28.25/1.54 Cupriavidus DQ777727 100 Soil

B S6.3 1 16.79/1.85 Cupriavidus DQ777727 100 Soil

M S3.1 1 10.0/2.04 Archaeon clone (Halobacteriales) DQ336966.1 99 Deep mine Evander

3 Alcanivorax sp. HQ662960 99 Sea water

M S3.2 1 7.74/1.70 Archaeon clone (Halobacteriales) DQ336966.1 99 Deep mine Evander

1 Alcanivorax sp. HQ662960 100 Sea water

1 Uncultured Bacteroidetes JF421218 98 Saline-alkali soil

M S3.3 1 3.63/1.97 Archaeon clone (Halobacteriales) DQ336966.1 99 Deep mine Evander

1 Pantoea sp. AF394539 100 Grass

M S3.4 1 3.72/1.94 Archaeon clone (Halobacteriales) DQ336966.1 99 Deep mine Evander

Layer # DGGE bands Closest relative/Taxonomic position Acc. number % Identity Source

EUKARYA

E S1.1 2 Could not be sequenced

E S1.2 3 Acanthamoeba (Protozoa) GQ397466.1 99 Fresh water

1 Candida (Fungi) HM161746.1 92 Human associated

E S1.3 2 Uncultured eucarya FN394866.1 92

E S1.4 4 Could not be sequenced

B S2.1 2 Could not be sequenced

B S2.2 0

B S2.3 2 Could not be sequenced

B S5.1 2 Could not be sequenced

B S5.2 4 Colpoda (Protozoa) JN251157.1 100 Freshwater

Uncultured eucarya AY905498.1 100

B S5.3 4 Could not be sequenced

B S6.1 0

B S6.2 0

B S6.3 1 Could not be sequenced

M S3.1 9 Could not be sequenced

M S3.2 9 Could not be sequenced

M S3.3 4 Could not be sequenced

M S3.4 7 Could not be sequenced

B S2&5* Monhystrella parvella (Nematoda) Brackish water/thermal springs

Name of the mine is referred as E (Evander), B (Beatrix), andM (Moab Khotsong). Beatrix stalactite BS 1 and BS2 contained nematodes, BS 3 did not. The listed 260/280 ratio is used
to assees purity of the extracted DNA using a Nanodrop® spectrophotometer. A value of ∼1.80 is generally accepted as “pure” for DNA.
*Isolated by capturing the fluid flowing out of the collected stalactite.
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FIGURE 1 | Phylogenetic tree of the Archaea extracted from the salt stalactites.

Attempts to culture Archaea and Bacteria from the layered
extracts failed on three attempts.

Culture Tests
To support the potential for a marine origin for and to determine
the degree of obligatory salt requirement of M. parvella we
tested the culture in a salt gradient. The salt tolerance test
clearly showed a salinity requirement range of 9–14 g/L for M.
parvella whereas the control species clearly showed very little
tolerance for any salt (Table 3). M. parvella was difficult to keep
in culture since the nematodes were not producing offspring and
becoming immobile. In an attempt to halt the decline of the
culture an attempt was made to identify the Bacteria associated
with the nematodes. One nematode specimen from the culture
was sacrificed and DNA sequencing identified the presence
of Alicyclobacillus sp. (99% identity). This is a spore-forming,
aerobic sulfur and ferrous iron oxidizer (Firmicutes) (Wisotzkey
et al., 1992). Subsequent addition of sulfate (1mM MgSO4 final
concentration) to the nematode culture led to a marked rebound
of nematode activity however the effect could not be sustained
and the nematode culture died out eventually.

CT Scanning
Micro CT scanning and SEM of the CaCO3 stalactites that
yielded nematodes failed to reveal any apertures in the outermost
CaCO3 layer. Micro CT scanning revealed a circular layered
internal stalactite structure, laminae, with cavities between the
layers themselves populated with several type of different shaped
outgrowths mainly, although not always, pointed toward the
center (Figures 3A–C, Video 1). All CaCO3 stalactites scanned
showed turning laminae more numerous closer to the ceiling
than at the bottom. Using CT scan the highest number
of laminae counted was 16 layers of partial or complete
laminae in the stalactite part near the ceiling, diminishing to a
minimum of 8 near the exit of the straw. Four morphologically
different outgrowths were identified; the “coralloid,” the “pine,”

the “amphora” and the “Chinese fan” (Figures 3D, 4A–F).
Nematodes were identified using SEM between these calcified
layers (Figures 5A,B) thereby confirming the nematodes also
live inside the stalactite and not only in the central tube of the
stalactite.

Macro CT scan of the salt stalactites showed no organized
internal structure was evident as in the CaCO3 stalactites. To
ascertain that this was not due to resolution problems a CT scan
of a large salt stalactite from the same sampling site at Moab
Khotsong (23 cm length, largest width 8.5 cm weight 2.0 kg) was
scanned under a hospital CT-scanner (Videos 2, 3). The scans did
not reveal an organized internal structure but a random sponge-
like structure punctuated by a considerable number of air/water
vacuoles (Videos 2, 3).

Discussion

Using ethanol-flame sterilized stalactites, extraction of archaeal,
bacterial and eukaryotic DNA from salt and CaCO3 stalactites is
possible. Salt has been shown to be a very effective preservative
for DNA (Frantzen et al., 1998) and probably explains the higher
diversity yield in salt stalactites. Because the CaCO3 stalactites
were dry at the moment of sterilization it may explain the
less consistent and lower yield which probably originates from
organisms in survival stages hence yielding more sequenceable
DNA. The drying out would explain the absence of nematode
DNA asM. parvella does not have a survival stage.

Eumetazoa have been reported inhabiting stalactite like
structures (so called biostalactites) (Sanfilippo et al., 2014).
But these biostalactites consist of crusts produced by (among
others) the Eumetazoa themselves. Generally these are a few
centimeters thick and consist of small serpulids and other
Eumetazoa. The larger ones often include a nucleus of serpulid
tubes. The metazoans include mainly serpuloideans, sponges,
bryozoans and foraminifers (Sanfilippo et al., 2014). Nematodes
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FIGURE 2 | Phylogenetic tree of the Bacteria extracted from the salt
stalactites.

TABLE 3 | Salt requirement experiment.

Salt g/l 0 2 3 5 8 9 10 14 15 16

Poikilolaimus oxycercus + + – – – – – – – –

Monhystrella parvella – – – – – + + + – –

Halicephalobus mephisto + + + – – – – – – –

Poiukilolaimus oxycercus is a nematode from the surface, Halicephalobus mephisto a
deep subsurface collected species. All are bacteriophagous nematodes.

have never been reported living inside stalactites before.
Additionally nematodes are not tube building Eumetazoa like
e.g., some Annelida. The discovery cannot be compared to
the aforementioned biostalactites as it concerns Eumetazoa
effectively “trapped” and surviving inside a solid stalactite. The
nematodes themselves do not excrete stalactite material or
otherwise contribute directly to the stalactite formation.

Puzzling findings were one Archaea and two stalactite Bacteria
with a high identity to marine species. MS1.1–1.4 all contained a
species with closest identity to Halobacteriales. These organisms
are the dominant taxa in hypersaline ecosystems, such as
salterns, salt and soda lakes and coastal areas, in which NaCl
concentrations can reach 150–350 g/L (Andam et al., 2012).
However, Halobacteriales strains from ecosystems with low
salinities (1–3.5% NaCl) have been reported, where they appear
to possess exceptional survival capabilities and/or are capable
of exploiting niches of relatively higher salinities created due
to temporal and spatial variations in geochemical conditions in
such ecosystems (Youssef et al., 2012). BS2.1 closest identity
to Bowmanella sp. is only known from marine habitats. BS2.3
was identified as an uncultured bacterium showing highest
similarity again to the marine group Oceanospirillales. MS3.1
shared closest identity to Alcanivorax sp. also of marine origin
(Yakimov et al., 1998). Although the DNA results of the Bacteria
are not extensive enough to state as a certainty that these are
marine Bacteria, the discovery ofM. parvella that cannot survive
outside a salty environment however does point strongly to a
marine fingerprint. Since none of the Bacteria from the stalactites
could be cultured the evidence rests on the nematode. Although
M. parvella resulting from human contamination is difficult to
fathom for an organism that requires a salty environment, it
is essential to establish that M. parvella is indigenous to the
stalactite as a result of fissure water. Three major questions
are important to determine whether the nematode M. parvella
recovered is indigenous to the carbonate stalactite: (1) are there
apertures in the stalactite that would explain entry in the stalactite
by nematodes other than the fissure water?, (2) Is there evidence
of bacterial growth serving as a food source for the nematode
inside the stalactites?, (3) The high salt tolerance of the nematode
species might support indigenous origin, but to what extent is the
salt tolerance of the nematode species restrictive?

Apertures Other than the Soda Straw in the
Carbonate Stalactites
An alternative way of nematode entry would be that a nematode
either from the mine tunnel or flowing out of a fissure and into
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FIGURE 3 | Micro CT scan of CaCO3 stalactite. (A) General habitus of CT
scan of CaCO3 stalactite that contained nematodes. The area shown is near
the tip of the soda straw at the bottom of the stalactite away from the ceiling.
The bent laminae are clearly visible as is the knob like outgrowths on them.
Cotton (C) was used to stabilize the stalactite for scanning. (B) Longitudinal
section inside the lower part of image (A). The lamellar built of the stalactite
and the outgrowths are plainly visible. (C,D) Cross sections of the stalactite in
an area close to the ceiling (C) and near the end (D). Outgrowths can become
very dominant and the laminae can form complete or partially enclosed spaces
(*) within the inner stalactite. Scale bars: (A) 4 cm, (B): 0.1 cm, (C): 7cm, (D):
5 cm.

the mine tunnel floor crawls all the way up the wall, on the ceiling
where it has to withstand the water flow forming the stalactite and
crawl into the stalactite. (Micro)-CT scan and SEM did not reveal
any apertures in the carbonate stalactites that could explain an
alternative pathway of entry for the nematodes than transport via
the fissure water that built the stalactite. Although the absence
of apertures does not rule out the gradual “incorporation” of
the nematodes as the stalactite grows and nematodes crawl their
way up and move against the water drip into the soda straw.
Using the Andrassy formula (Andrassy, 1956) and a density of
1.13 g cm−3, the estimated dry weight mass of M. parvella is
2.03× 10−8 g, which makes it highly unlikely it would be able to
move against the water drip on the ceiling. No nematodes were
found immediately beneath or in the vicinity of the stalactite drip
on the second stalactite collection trip in 2010 or anywhere in
the tunnel thus weakening the alternative theory of nematodes
crawling up the wall but supporting an indigenous origin of the
nematodes.

FIGURE 4 | SEM of the CaCO3 stalactite. (A) General built. Image identical
to Figure 3A but non-linearly compacted as it only serves to highlight the
position of image (B). (B) Detail of the outer, smooth surface of the stalactite
showing the much coarser built of the more interior layers inside. Low
resolution of an area covered in the shrub called “pine forest.” (C–F) The
different types of shrubs identified in the CaCO3 stalactite. (C) The
“cauliflower” the most dominantly present. (D) The “Chinese fan” (dark blue)
(E) the “pine forest” (light blue). (F) The “amphora” (blue). No logical pattern of
presence could be deduced for any of these shrubs. Scale bars (B) and (F):
100μm, (C–E): 10μm.

Bacteria Growth inside Carbonate Stalactites
If, as we contend, the nematodes become trapped inside the
stalactite with the water that forms the stalactite, the nematodes
can only survive if they have a ready supply of bacterial food
inside the stalactite. Although a number of Bacteria have been
identified in the stalactite layers the presence of Bacteria in itself
does not constitute evidence that these Bacteria are available
as a food source for the nematodes. SEM was used to identify
structures that are bacterially induced and support Bacteria
were effectively growing inside the CaCO3 stalactites. We had
therefore, we had to rely on secondary structures indicating the
presence of Bacteria the so-called bacterial deposited “shrubs” as
described and experimentally grown and proven to be Bacteria
induced by Sánchez-Navas et al. (2013). The SEM revealed, based
on their morphology, four types of shrubs of which one was
very similar to the experimentally induced ones (Figure 14 in
Sánchez-Navas et al., 2013). Since we based the types of shrubs on
morphology and cannot link a specific type of shrub to a specific
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FIGURE 5 | SEM of Monhystrella parvella inside a CaCO3 stalactite
after longitudinal sections with a scalpel. (A) Composite image made of
four images taken at different focal points and assembled using Adobe
Photoshop. Nematodes (blue) reside in the amorph mass within the confines
of the CaCO3 outer stalactite wall (pink). (B) Detail of M. parvella, arrow
highlights the fovea. Scale bars: (A,B): 200μm.

Bacteria species. We cannot determine whether the different
types of shrubs are just different stages of the same bacterial
species or represent different morphologies caused by the growth
of different species of Bacteria. Morphologically the large number
of “coralloid” shrubs observed, which resemblemost closely those
experimentally grown and (Sánchez-Navas et al., 2013), indicates
a high bacterial growth within the carbonate stalactites and thus
food support for nematodes.

High Salt Requirement ofM. parvella Supports an
Indigenous Origin
Salt requirement tests showed M. parvella could not survive
longer than 2 h when salinity in the medium dropped below 9
g/L and did not tolerate salinity higher than 14 g/L. The inability
to survive in a salt-less environment in a terrestrial environment
is surprising. This test effectively rules out the possibility of
M. parvella crawling up to the ceiling to the stalactite as none
of the water tested in the tunnel has enough salinity to let it
survive, besides the observation that it was not found in control
samples. The only saline water anywhere near the sampling site
where this M. parvella could survive is the fissure water that
forms the stalactite. These facts strongly support an indigenous
origin of the nematode in the stalactite and effectively rule
out other possibilities (e.g., contamination, anthropogenic or
otherwise). Nematodes have been discovered at 1–3.8 km below
the surface in fissure water before (Borgonie et al., 2011),

but these were terrestrial/freshwater species. The discovery that
brackish water/marine nematode species are surviving in deep
underground stalactites in a terrestrial area deep inland is a
novelty.

There was initial apprehension that DNA isolated from
stalactites in mines would be all “contamination” from mine
operations. Specifically an earlier study in a mine environment
had indicated a high level of fungal spores in mine air (Pohl et al.,
2007). Results of bacterial diversity analysis allow us to broadly
distinguish between organisms that can be considered originating
from deep mine fissure water and organisms originating
from anthropogenic influences. Examples of confirmed deep
fissure Archaea/Bacteria are MS3.1 with closest identity to a
Halobacteriales previously recovered from Evander mine. ES1.4
with closest identity to Thermus sp. (Kieft et al., 1999). BS2.1
with closest identity to Bowmanella sp. is only known from 40
marine habitats, is Gram-negative, heterotrophic sulfate reducer
(Klepac-Ceraj et al., 2004) and very probably also deep fissure
water related rather than anthropogenic. Similarly, some Bacteria
are clearly not originating from the deep subsurface but are most
likely anthropogenic in origin mediated by high moisture, heat
and ventilation in the mine tunnels; ES1.2 and BS2.2 showed
closest homology to Klebsiella sp. and BS2.3 Staphylococcus sp.
The Alicyclobacillus sp. identified with M. parvella was not
recovered in any of the stalactite layers, which may be due to
a nematode linked enrichment phenomenon rather than the
absence in the stalactite.

Table 1 lists where the Archaea/Bacteria isolated from the
stalactites have been observed in other deep subsurface settings.
The bacterial content in the stalactite compared with that of
fissure water from Beatrix gold mine could only be done using
data from a borehole (Be326) approximately 100m away from
the stalactite collection site. In 2011, a new nematode species, H.
mephisto that was not marine linked was found in fissure water
from this borehole (Borgonie et al., 2011). This species, which was
used as a control organism for the halotolerance test in this study
(Table 3) could not survive even moderate salt concentrations.
Thus, the fissure water at the time was at least chemically different
from the fissure water that supported M. parvella. The bacterial
composition analyzed in 2011 revealed none of the Bacteria
found in the stalactite (Thermus, Bowmanella, Cupriavidus,
Oceanospirillales).

Surprisingly only one fungus (Candida sp.) was found and
three protozoa (Acanthamoeba, Colpoda, and an unknown
species). Pohl et al. (2007) had already shown in a previous
study the abundance of fungi spores in mine air, which can then
easily account for the presence of Candida sp. in the stalactites.
Similarly for Acanthamoeba sp. (Khan, 2009) and Colpoda sp.
(Finlay et al., 2001), which are both ubiquitously distributed
in the environment and are known to develop resistant stages
in adverse conditions. If in the future these Eukarya would be
confirmed originating from the fissure water it would be the first
report of Fungi and Protozoa at this depth in the subsurface of
South Africa.

The micro CT scan revealed a highly unusual inner structure
of the CaCO3 stalactites consisting of numerous laminae with
spaces in between and is identical to the structure reported by
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Martinez-Martinez et al. (2010) for similar stalactites. However,
no information as to its genesis was offered nor can we propose
one based on our results. SEM analysis (Figure 5) clearly shows
that the space between the lamellae is the nematode residing
space. This geometry additionally explains the different DNA
extracted patterns observed between CaCO3 and salt stalactites;
salt stalactites form a continuous unit while CaCO3 stalactites are
divided through laminae.

The current recharge source for Beatrix gold mine is
impossible to trace with certainty. Data from the closest borehole
(Be326) sampled approximately 100m away from the stalactites
in Beatrix gold mine yields δ18O and δ2H values (residence
time >40–80 kyr) for the fissure water samples that are similar
to those previously reported from the Welkom mining region.
Although these values are also on the Global Meteoric Water
Line (Lau et al., 2014), they are distinct from those lying on
the meteoric waterline from the northern and eastern margins
of the Witwatersrand Basin (Ward et al., 2004; Onstott et al.,
2006). Only two regions exist in South Africa with predicted δ2H-
values for precipitation that coincide with the very light −40 to
−47� range observed for the Welkom fracture water samples,
the Kalahari Desert and the Lesotho highlands (West et al., 2014).
Given that the Welkom mining district lies south of the Vaal
River at an elevation of 1370m, it is more likely that groundwater
recharge for this mining district occurs 150 km to the southeast
in the mountains of Lesotho (at an elevation of ∼2500m), than
from the Kalahari Desert (across the Vaal River to the north
and at a lower elevation). The long flow path from the Lesotho
highlands could explain the age for the Welkom fracture water
(Lau et al., 2014). It is obvious that neither of these freshwater
sources can be the source of a salt requiring nematode, Bacteria
and/or Archaea species.

The Origin of M. parvella
The origin of M. parvella is thus enigmatic. The possibility that
M. parvella was originally a freshwater nematode is unlikely as
it would imply that evolution toward obligate brackish water
conditions for survival occurred several times independently
from each other (Ethiopia (18,g/L), Namibia (salinity not
reported, Bulgaria/Black Sea 18 g/L and in the mines (14 g/L).
This focuses the origin on marine/brackish water related source
on the surface. The geological history of Southern Africa
indicates two large windows of opportunity; one 350–250 myr
ago during the initial existence stage of the inland Karoo Sea
(McCarthy and Rubidge, 2005) and a second geological more
recent period linked to the origin of the salt pans in South
Africa (Roelofse, 2010). In the event of the Karoo Sea origin,
the nematodes could have traveled to the deep subsurface
from brackish coastal waters. From the nematode evolutionary
timeline there is no conflict; the line that led to the Nematoda
split off from the branch to man about 1.1 billion years ago
based on histone and cytochrome c sequences (Vanfleteren et al.,
1990). The most recent common ancestor to the extant nematode
species Caenorhabditis elegans, Trichostrongylus colubriformis,
Nippostrongylus brasiliensis, Ascaris suum, and Pseudaterranova
decipiens lived about 550 myr ago based on cytochrome c and
globin amino acid sequences (Vanfleteren et al., 1994). Thus, the

Precambrium origin of nematodes predates the Karoo Sea by
some 200myr. This, however, does not prove thatM. parvella as a
species already existed at the time of the Karoo Sea and in absence
of any decent fossil record, this point remains unsolvable. We
were also unable to identify clearly marine sediments (carbonate
deposits) overlying the Witwatersrand basin in support of this
possibility.

South Africa has a very high number of salt pans per area
(Allan et al., 1995). Salt pans are regularly visited by large
flocks of birds and this constitutes a way M. parvella could
have been transported from coastal areas to the inland after the
disappearance of the Karoo Sea, as nematode transport by birds
has been documented (Frisch et al., 2007). The oldest date for
a salt pan known to us in South Africa was cited by Roelofse
(2010) as 100 kyr. It is doubtful that this is the upper limit for the
presence of salt pans in South Africa but in the absence of more
rigid age data on salt pans, this second window of opportunity
cannot be more exactly defined other than at least 100 kyr.

Although the possibility of a descent to the deep subsurface
by M. parvella during the Permian must seem preposterous,
there are two arguments in its favor. Firstly, to date and to
our knowledge no M. parvella has been recovered from the
ocean coast but has only been recovered from terrestrial thermal
springs (Gerlach, 1951; Jacobs, 1987; Heyns and Coomans, 1989).
This argues against the salt pan theory. Second, during the
mixed stage culture attempt of M. parvella, it became obvious
that no survival stage (dauer) was formed. This indicates this
species does not have a way to survive unfavorable conditions.
Furthermore, the culture of M. parvella showed an absolute
requirement of salinity for its survival. This means that M.
parvella must have been in continuous salty water during its
entire descent to the deep subsurface. Any mixing with fresh
water that diluted the salt too much would have been deadly.
Therefore, if the area of descent is covered by a sea, as it was
during the Permian/Triassic, groundwater would have been salty
and offers a higher probability for M. parvella to remain in
suitable brackish water. If the area of descent is pockmarked by
salt pans as a source of salty groundwater but the majority of the
area yields fresh groundwater the chances for continuous suitable
salty conditions are less.

Unfortunately we only have DNA sequences of the subsurface
populations of M. parvella, none from the known surface
populations. Therefore, we cannot use DNA, for now, as amarker
to determine to what extent both populations have diverged and
hence support either window of opportunity.

Conclusion

This study has demonstrated that stalactites can be used to extract
valuable information on Archaea, Bacteria, and Eukarya even
after the water flow that formed the stalactites has ceased. This
trapping/concentrating function is all the more evident if one
compares the DNA yield/number of individual species extracted
from the small pieces of stalactite vs. the huge amounts of fissure
water that is normally filtered to obtain bio signatures (e.g., Lau
et al., 2014). It is unclear how long the environment inside the
stalactite remains viable for eumetazoa once the fissure flow
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stops. If the species have a survival stage in their life cycle then
renewed flow at a later date could reactivate them. The stalactites
used in this study were small and were uniform in morphology.
Future research may determine whether it would be possible
to distinguish if the characteristics of different water flows
over time can be determined from individual stalactite layers.
Contamination due to anthropogenic activity is present but offers
in itself new possibilities for archeologists as an additional tool to
study human inhabited caves.
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