
Sammanfattning
Denna avhandling beskriver användandet av olika DNA sekvenseringsteknologier i syfte att
utforska mikroorganismers populationsstruktur och funktion i två extrema miljöer, boreala sura
sulfatjordar och den terrestriska djupa biosfären. 

Den första av de två utforskade miljöerna är en jordmån som innehåller ooxiderade metallsulfider
och som kallas för en ‘potentiell sur sulfatjord’ (PSSJ). Om sulfiderna exponeras för atmosfäriskt
syre antingen av naturliga orsaker (t.ex. landhöjning) eller genom mänskliga aktiviteter (t.ex.
dikningsverksamhet) så kommer de att oxideras och en aktiv ‘sur sulfatjord’ (SSJ) att bildas. Syran
som produceras och metallerna som frigörs vid sulfidoxidationen kan leda till allvarliga
miljöskador. Även om acidofila mikroorganismer med kapacitet och förmåga att katalysera syra-
och metallfrigörelse i många miljöer innehållande sulfidmineraler har identifierats, är det
mikrobiella samhället i boreal PSSJ/SSJ fortfarande dåligt kända. Denna studie utforskar de
fysikalisk-kemiska och mikrobiella egenskaperna av PSSJ och SSJ på Risöfladan i Vasa, Finland.
Sangersekvensering av 16S rRNA genen hos mikroorganismerna i PSSJ och SSJ visade
förekomst av acidofila arter och miljökloner som tidigare har identifierats i syra- och
metallförorenade miljöer. Anrikningskulturer inokulerade med material från SSJ visade att de
acidofila mikroorganismerna var aktivt delaktiga i katalyseringen av syra- och metallfrigörelse i
PSSJ/SSJ. Slutligen undersöktes hur oxidationen av metallsulfider och den åtföljande bildningen
av svavelsyra kunde begränsas genom att behandla SSJin situ med suspensioner av CaCO3 eller
Ca(OH)2. DNA-sekvenseringen identifierade acidofila mikroorganismer även efter de kemiska
behandlingarna, men pH-ökningen under och efter behandling antydde att aktiviteten hos dessa
mikroorganismer hade minskat som ett resultat av behandlingen. Denna studie är den första
någonsin som undersökt och identifierat mikrobiella populationer i boreala PSSJ/SSJ, och visar
att behandling med basiska föreningar kan hämma mikrobiell katalys vid metallsulfidoxidation. 

Den andra studerade miljön var den djupa och mörka terrestriska berggrunden som utgör en
stabil miljö och är kraftigt oligotrof. Trots bristen på kol och energikällor uppskattas det att den
djupa biosfären utgör upp till 20% av den totala biomassan på jorden och därför representerar den
det största mikrobiella ekosystemet vi känner till. På grund av dess svårtillgänglighet och stora
osäkerheter förknippade med att odla bakterier från dessa djup i berggrunden, är detaljer kring
diversitet och metabolism i dessa mikrobsamhällen till stor del outforskade och okända. Denna
studie utfördes vid det underjordiska Äspölaboratoriet i Sverige. I studien användes
andragenerationens sekvenseringsmetodik för att identifiera den taxonomiska sammansättningen
och genetiska potentialen av planktoniska och biofilmslevande bakteriepopulationer. Genom
metagenomsekvensering av DNA från planktoniska celler från tre vattentyper av olika ålder och
djup (‘modern marin’, ‘odefinierad blandad’ och ‘gammal salthaltig’) visades att en stor del av dessa
celler är ultrasmå och kan passeras genom 0.22 µm filter. Dessa celler var därtill fylogenetiskt
skilda från de celler som fastnade på 0.22 µm filter. De små cellerna och/eller genomstorleken
antydde på en potentiell anpassning till den oligotrofa miljön i den terrestriska djupa biosfären.
De planktoniska bakterierna dominerades av proteobakterier, olika kandidatdivisioner,
oklassificerade arkéer och andra oklassificerade bakterier. En funktionell analys av de genomen
visade att det planktoniska samhället i ‘modern marin’ huvudsakligen har en anaerobisk och
heterotrofisk biologi. Detta kontrasterar till den planktoniska mikrobpopulationen i ‘gammal
salthaltig’ vilket samstämmer med hypotesen om en vätedriven djup biosfär. Metagenomanalys av
biofilmer på berget från prover i grupperna ‘modern marin’ och ‘gammal salthaltig’ antydde att
endast en del av samhället var involverad i den initiala bildningen av biofilmen. De samhällen
som identifierades i biofilmen från båda vattentyperna var annorlunda än det planktoniska
samhället och föreslås vara dominerade av vätelevande, kemolitoautotrofiska och diazotrofiska
populationer. 
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1. Introduction

It is now known that millions of species of microorganisms inhabit earth
(Mora et al., 2011) and while they are too small to be seen with the naked eye,
they are an essential component of the earth’s biota. The existence of the
unseen microbial life was only speculation, before Antoine van Leeuwenhoek
discovered microbes in 1674, using his own designed microscope. Ever since,
scientists have sought to understand the role of microorganisms in the
environment. The term environmental microbiology emerged in the late 19 th

century to describe the study of microorganisms from all three domains of life
in their natural habitats. Its aims include understanding the composition of
microbial communities, as well as their metabolic potential, nutrient cycling
capabilities, and overall impact on the bio- and geosphere. The field of
microbial ecology started out almost exclusively with enrichment cultivation
(i.e. growth of microorganisms in the laboratory). However, it has been
estimated that more than 99% of microbes present in many natural
environments are not accessible through cultivation techniques (Amann et al.,
1995). One reason why the majority of microbes cannot be isolated includes
that they may be reliant on other species for critical processes (Tringe and
Rubin, 2005). 

In the more recent past the use of DNA sequencing and in particular,
sequencing of the small sub-unit rRNA gene has been added to the toolset for
investigation of microbial systems. One advantage of DNA sequencing based
methods is that they circumvent the difficulties and limitations associated with
cultivation techniques as DNA can be derived directly from an environmental
sample. However, disadvantages of sequencing taxonomic marker genes
include that the microbes can often only be assigned down to the genus level,
microbes can only be identified if the PCR primer binds to the target gene, and
the PCR amplification process can be affected by bias. Moreover, this
approach is unable to resolve the actual biological function of the identified
taxa as populations with highly similar 16S rRNA gene sequences can have
different metabolic capabilities. In contrast, direct sequencing of the total
extracted community DNA (termed ‘metagenomics’) allows for a
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structure (Wu and Kaiser, 1968) that was followed by a 12 nucleotide
sequence from bacteriophage lambda (Wu and Taylor, 1971). However, the
DNA sequencing method was only applied to short stretches near the ends of
lambda phages and related phage genomes (reviewed in Hutchison, 2007).
Two years after successful DNA sequencing was published, the first type II
restriction enzyme (HindII) from Haemophilus influenza was demonstrated to
have the capability to recognize and cleave DNA at specific nucleotide
sequences (Kelly and Smith, 1970; Smith and Wilcox, 1970) . The discovery of
restriction enzymes provided a method to cut large DNA molecules into a
number of small fragments that could be separated by size using gel
electrophoresis (reviewed in Hutchison, 2007). This important discovery was
exploited in the subsequent early developments in DNA sequencing methods.

DNA sequencing technology was further developed when Sanger
introduced his ‘plus and minus’ method of DNA sequencing using radioactive
labels in 1975 (Sanger and Coulson, 1975). The key advance of this method
was the use of polyacrylamide gels to separate the DNA chains (reviewed in
Hutchison, 2007). Two years later, Maxam and Gilbert reported a chemical
sequencing method using base specific chemical reactions to cleave the DNA
fragment and separate the products with a specific base by polyacrylamide
gels (Maxam and Gilbert, 1977). In December of the same year, Sanger also
published another newly developed sequencing method called ‘the dideoxy
method’. The key concept of this method was to use a chain-terminating
inhibitor for DNA sequencing (Sanger et al., 1977). In 1986, in collaboration
with Applied Biosystems (ABI), the laboratory of Leroy Hood at Caltech
introduced an automated Sanger sequencing technology based on Sanger’s
dideoxy method, but using dye primers or dye terminators instead of
radioactive labels (Smith et al., 1986). The development of this method
provided a way of collecting the sequencing data directly to a computer
without autoradiography of the sequencing gel (reviewed in Hutchison, 2007).
Although the output from the sequencer was only 1000 bp per day, the power
of automated sequencing was demonstrated in several projects in the following
decade. One of the important events during this time was the introduction of a
whole genome shotgun (WGS) method for sequencing cellular genomes in
1995. The WGS method using the ‘paired ends’ strategy (Edwards et al., 1990;
Roach et al., 1995) was used to sequence the whole genome of Haemophilus
influenza. The underlying concept of this method was to clone randomly
fragmented genomic DNA into Escherichia coli to produce a library. Then the
DNA was sequenced and assembled to reconstruct a complete genome. Due to
the labor intensity of pouring slab gels, capillaries with polymer matrix were
utilized from 1996. Two years later, a new sequencer (ABI Prism 3700) with
96 capillaries was announced which made DNA sequencing truly automated
(reviewed in Hutchison, 2007). 

In the high-throughput Sanger technique, DNA to be sequenced was
prepared by (1) cloning randomly fragmented DNA into a high copy number

9

comprehensive and largely unbiased inventory of all organisms present in a
sample while also providing information on the potential function of the
abundant community members. However, metagenome sequencing using the
Sanger DNA sequencing technique (Fig. 1) faced the difficulty to assemble the
majority of the data from complex microbial communities due to the high cost
of acquiring sufficient sequencing data for the full assembly of all or most of
the organisms present in any given samples (reviewed in Hutchison, 2007). 

The development of next-generation sequencing technologies (Fig. 1)
significantly advanced the possibilities to look more closely into the genetic
diversity of uncultivable microorganisms due to the dramatically reduced cost,
high throughput, and increased sequencing speed. With these advancements,
studies of the genetic potential in complex, little understood environments
(such as the terrestrial deep biosphere introduced later in this thesis) became
possible.

Fig. 1. Timeline of DNA sequencing development. The different colors from left to right

demonstrate the early stage of DNA discovery followed by Sanger sequencing plus second

and third-generation sequencing.

1.1 Sanger sequencing 
In 1953, Watson and Crick proposed the double helix structure of DNA and
suggested a possible replication mechanism for the genetic material (Watson
and Crick, 1953). The work of Watson and Crick laid the foundations for DNA
sequencing based upon nucleotide base pairing. The first successful DNA
sequencing was achieved 15 years after the discovery of the double helix
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costs. The Illumina technique is also based on sequencing by synthesis, but
differs from the 454 pyrosequencing method by its preservation of chain-
terminating nucleotides (reviewed in Hutchison, 2007). In principle, specific
adapters are ligated to both ends of the fragmented DNA. After denaturation,
the single stranded fragments are randomly immobilized on the inside surface
of channels within a flow cell. With one end attached to the flow cell surface,
hybridizing the free end of DNA fragments to a complementary adapter
creates a ‘bridge’, which is then amplified by PCR (referred to as ‘bridge
amplification’). By this method, up to 1000 identical copies of each single-
stranded DNA template molecule are created. The next stage utilizes
fluorescently labeled nucleotides to parallel sequence millions of clusters on
the flow cell surface. During each sequencing cycle, a single labeled
deoxynucleotide triphosphate is washed through the flow cell and added into
the nucleic acid chain if suitable. The labeled nucleotide is used as a
terminating base for polymerization. After each deoxynucleotide triphosphate
incorporation, the base is identified by imaging the fluorescent dye before it is
enzymatically removed to allow incorporation of the next nucleotide. Due to
the inefficient incorporation of the reversible dye terminator nucleotide, the
sequence length generated from the Illumina technique is limited to 300 bp
(reviewed in Hutchison, 2007). 

1.2.3 Additional sequencing techniques
In addition to 454 and Illumina sequencing, Applied Bisosystems (ABI)
released the first SOLiD sequencing system in 2007. The method is based on
hybridization-ligation chemistry using a DNA ligase rather than synthesis via a
polymerase. Although the sample preparation with its clonal amplification of
the targeted DNA by emulsion PCR on beads is similar to the 454
pyrosequencing processes, SOLiD technology uses much smaller beads (1
μm), which provides the capacity to generate a higher amount of data
(reviewed in Hutchison, 2007). However, the short read length (up to 50 bp)
generated from SOLiD limits its applicability for direct gene annotation of
unassembled reads, as well as significantly complicating assembly.

Another remarkable second-generation sequencing technology platform is
Ion Torrent that was released in 2010. Unlike the other sequencing
technologies, Ion Torrent sequences DNA using a semiconductor chip that
allows for rapid sequencing compared to light based sequencing technologies.
Library preparation for Ion Torrent sequencing is similar to that for the 454
pyrosequencing processes. However, the nucleotide incorporation is not
directly measured by pyrophosphate release, but by the differences in pH of
the solution in the well as a result of the release of protons during the
polymerisation (Heather and Chain, 2015). An ion sensitive layer beneath the
well converts the pH change to a voltage and therefore, records when the
nucleotide is incorporated and the base is called. An advantage of this method
is that the process can happen simultaneously in millions of wells and it only
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plasmid and then transformed to E. coli or (2) massive PCR amplification of
the target of sequencing (Shendure and Ji, 2008). Sanger sequencing was the
most widely used sequencing technique until the introduction of massively
parallel sequencing in 2005. The high-point of its use was in the Human
Genome Project, which was one of the largest scientific endeavors in history.

1.2 Second-generation sequencing 

1.2.1 Roche/454 pyrosequencing
Due to the high cost of producing a single genome using Sanger sequencing,
new methods were required to lower the overall cost per genome. In 2005, the
first commercially available next generation sequencing platform was
developed by 454 Life Sciences (later purchased by Roche) (Fig. 1). Unlike
the capillary electrophoresis-based Sanger sequencing, the 454 pyro-
sequencing utilized a massively parallel sequencing method, capable of
obtaining a vastly increased number of sequencing reads from a single run.
However, the huge increase in throughput came at a cost, as both the sequence
accuracy and sequence length (~700 bp) being decreased compared to the
Sanger technique (reviewed in Hutchison, 2007). 

454 pyrosequencing is a shotgun method based on sequencing by
synthesis, without cloning of fragments into E. coli or other host cells. It
depends on the detection of pyrophosphate (hence the name pyrosequencing)
released upon nucleotide incorporation, rather than chain termination with
dideoxy nucleotides (reviewed in Hutchison, 2007). The sequencing process
starts with DNA fragments ligated to specific adapters that allow the DNA
molecules to be immobilized onto the surface of a bead (26 μm). The captured
DNA molecules are isolated in the emulsion droplet and amplified by
emulsion PCR to a concentration that allows sufficient light signal intensity
for reliable detection. Each bead with its amplified DNA fragments is then
arrayed into a well of a fiber-optic slide where the elongation takes place. The
pyrophosphate group is released when the following base is incorporated by
the polymerase in the growing chain, a reaction that can be detected as an
emission of light by a coupled-charge device camera above the fiber-optic
array. Although 454 pyrosequencing opened up a new approach for massively
parallel sequencing and was successfully used for almost a decade, Roche
announced it was shutting down its 454 Life Science sequencing business in
2013.

1.2.2 Illumina sequencing
A number of parallel sequencing techniques were developed following the
success of 454 pyrosequencing (Fig. 1). The Solexa technology was released
in 2006 (later purchased by Illumina) and currently dominates the high
throughput sequencing market due to its high output and markedly reduced
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this thesis was written however, its development will make for a promising
change in the third-generation DNA sequencing market.

1.4 Relevance to this thesis
This thesis focuses on the structure and function of microbial communities in
acid sulfate soil and the terrestrial deep subsurface using Sanger and second-
generation sequencing, respectively. The following chapters are divided into
two parts based on the sequencing method.

13

takes a few hours to finish the sequencing while a disadvantage is that the
output generated from Ion Torrent sequencer is only up to 10 Gb.

1.3 Third-generation sequencing 
Despite the broad acceptance and usage of second-generation sequencing, a
new generation of single molecule sequencing technologies has been
proposed. These new technologies are now commonly referred to as the ‘third-
generation’ of high throughput sequencing (Schadt et al., 2010) (Fig. 1). In
contrast to the second-generation sequencing that mainly relies on emulsion or
bridge PCR amplification, the third generation technologies interrogate single
molecules of DNA without the need for PCR amplification and the
requirement of synchronization and thereby, overcome bias issues introduced
by PCR amplification and dephasing (Schadt et al., 2010). 

The first technique for sequencing from a single DNA molecule was
introduced by Braslavsky et al (2003) and was commercialized by Helicos
Biosciences in 2007. The deriving HeliScope sequencer follows broadly the
same principles as the Illumina machines, but without any bridge
amplification. Although this technology is relatively slow and expensive, it
was the first technology that allowed sequencing of non-amplified DNA,
avoiding all amplification associated biases and errors (Heather and Chain,
2015).

In 2012, Helicos Biosciences filed for bankruptcy and the currently
prevailing commercially available single molecule sequencing technology is
the single molecule real time (SMRT) sequencing from Pacific Biosciences.
This method is based on a single molecule sequencing by synthesis method,
using a SMRT cell containing tens of thousands of zero-mode waveguides,
illuminated from the bottom, allowing the visualization of single fluorophore
molecules close to the bottom of the zero-mode waveguide. The SMRT
sequencer is capable of obtaining extremely long reads, with the longest reads
reaching 80 kb in length, which is exceptionally useful for de novo genome
assemblies. However, the relatively high per base costs limit its widespread
use.

Unlike any of the other DNA sequencing technologies, Nanopore DNA
sequencing, which was first proposed in the mid of 1990s, is free of PCR
amplification as well as nucleotide labeling and detection. The first Nanopore
portable sequencer MinION was developed by Oxford Nanopore Technologies
and has been commercially available since May 2015. MinION is a small,
portable USB device designed for fast analysis of single molecules. DNA
sequencing with the Nanopore technique relies on passing the intact DNA
polymer through a protein nanopore that is inserted in an electronic resistant
membrane by electrophoresis, and sequencing in real time as the DNA chain
passes the pore. The Nanopore sequencer is still a new technology at the time
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nitrous oxide (Šimek et al., 2014), and construction damage (Crammond,
2002). 

Due to the severe environmental damage caused by ASSs, various
remediation strategies have been applied to ASSs to mitigate the oxidation of
metal sulfides and the release of acid and metals. A common remediation
technique is neutralization with lime. However, besides the relatively high
costs, lime treatment also requires extensive and continued maintenance (Ling
et al., 2015). Thus, the more cost effective treatment strategy of inundation
with seawater is also adopted to neutralize the acidity by triggering the
reduction of iron and sulfate while generating alkalinity (Eqs. 2 & 3) (Ling et
al., 2015). 

 
Fe(OH)3 + 1/4 CH2O + 2H+ → Fe2+ + 1/4 CO2 + 11/4 H2O      [2] 

                SO4
2− + 2(CH2O) → 2HCO3

− + H2S                      [3]

Although iron- and sulfate-reduction generates alkalinity, the produced
mobile aqueous species may lead to re-oxidation and release of acidity
(Johnston et al., 2009). Several techniques including controlled drainage,
surface liming, and lime-filter drainage have also been tested in Finland, but
only minor effects on the release of acid and metals were observed (Åstrom et
al., 2007).

2.1.2 Acidophiles 
Acidophilic microorganisms thrive in environments with a pH <5 while
extreme acidophiles have an optimum pH for growth <3. An example of an
acidophilic microorganism is Acidithiobacillus ferrooxidans (formerly named
both Ferrobacillus ferrooxidans and Thiobacillus ferrooxidans) that has be-
come a model species for the acidophiles (Valdes et al., 2008). Acidophiles
often oxidize iron and/or inorganic sulfur compounds (ISCs) (Dopson, 2012)
and thereby, catalyze the dissolution of metal sulfides (Vera et al., 2013). Two
indirect mechanisms of metal sulfide dissolution have been suggested (Fig. 2)
(Schippers and Sand, 1999). Briefly, during the thiosulfate pathway, ferrous
iron is first oxidized to ferric iron by the iron oxidizers. Then the sulfur moiety
of the metal sulfide is attacked by ferric iron (Fe 3+ ions), resulting in the
formation of thiosulfate, which is then further oxidized to sulfate by sulfur
oxidizers. In the polysulfide pathway, the sulfide mineral is dissolved by a
combined attack of ferric iron and protons (H+), generating elemental sulfur
via polysulfide. A consequence of the microbial catalyzed oxidation of metal
sulfides in PASSs is that they are converted into ASSs (White et al., 1997). In
order to resist the low pH and high level of metals in sulfide mineral
environments, acidophilic microorganisms must employ pH and metal
homeostatic mechanisms.

15

2. Acid sulfate soil -- Sanger sequencing

2.1 Background

2.1.1 Acid sulfate soil
Soils or sediments containing un-oxidized metal sulfides are called ‘potential
acid sulfate soils’ (PASSs) while highly acidic soil horizons or layers caused
by the oxidation of the metal sulfides are termed ‘acid sulfate soils’ (ASSs)
(Powell and Martens, 2005). The occurrence of PASSs and actual ASSs is
widespread, including in Africa, Asia, Australia, New Zealand, Latin
American, North American, and Europe (Andriesse and Van Mensvoort,
2006). They are often found in low-lying coastal areas, especially in Europe.
The largest areas of European ASS occur in Finland and are mainly developed
from fine-grained sulfide-bearing Baltic Sea sediments that were formed
during the Littorina period (Beucher et al., 2013). Although pyrite (FeS2) is
generally the dominant sulfide mineral in ASSs, metastable iron sulfides (e.g.
mackinawite and greigite) are also commonly found in the Baltic Sea
sediments (Boman et al. 2008). 

Oxidation of the metal sulfides in PASSs occur when they are exposed to
atmospheric oxygen due to natural phenomena (e.g., land uplift) or human
activities (e.g. artificial drainage for agriculture) (Sundström et al., 2002). The
oxidation of PASSs is a mix of chemical and biologically catalyzed processes
that results in the formation of protons (ultimately forming sulfuric acid; Eq.
1) (White et al., 1997) and the release of high concentrations of metals (e.g.,
Al, Cd, Ni, and Mn) contained in the mineral (Åström, 2001; Boman et al.,
2010; Nordmyr et al., 2008; Sundström et al., 2002) . 

 FeS2 + 15/4 O2+ 7/2 H2O → Fe(OH)3 + 2SO4
2−

 + 4H+       [1]

This leads to severe environmental problems such as massive fish kills
(Hildén and Rapport, 1993; Powell and Martens, 2005), reduced rice yields
(Bronswijk et al., 1995), emission of the greenhouse gases methane and
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Fig. 3. pH homeostasis mechanisms in acidophiles. (1) Acidophiles potentially use protons

to create a reversed membrane potential (compared to neutrophiles) to hinder the inward

flow of protons. (2) Highly impermeable cell membranes retard the influx of protons into

the cell. (3) Active proton export by transporters (blue). (4) Higher proportion of secondary

transporters (green) to reduce the energy demand associated with pumping solutes and

nutrients into the cell. (5) The presence and availability of enzymes and/or chemicals

capable of binding and sequestering protons may help to maintain pH. (6) A larger

proportion of DNA and protein repair systems are associated with the cellular demands of

life at low pH. (7) Organic acids that function as uncouplers might be degraded by

heterotrophic acidophiles. Figure modified from Baker-Austin and Dopson (2007).

Acidophiles are considered to be highly resistant to heavy metals via the
combined effects of both passive and active systems (Dopson and Holmes,
2014). Passive systems include an intrinsic tolerance strategy utilizing: (1) the
complexation of free metal by sulfate ions; (2) an internal positive membrane
potential to hinder metal cation influx; (3) competition between protons and
metal cations for metal binding sites on the surface of acidophiles; and (4) the
formation of biofilms to immobilize metals using extracellular polymeric
substances (EPS) (Dopson et al., 2014; Dopson and Holmes, 2014) . Suggested
active metal resistance systems (Fig. 4) include: (1) efflux of the toxic metal
out of the cell; (2) enzymatic conversion of the metal to a less toxic form; (3)
reduction of toxic effects of the metal by intra- or extracellular sequestration;
(4) exclusion of a metal by a permeability barrier; and (5) reduction in
sensitivity of cellular targets (Dopson et al., 2003).

17

Fig. 2. Metal sulfide dissolution proceeds by two indirect mechanisms, via thiosulfate or

via polysulfide and sulfur. MS: metal sulfide. Figure modified from Schippers and Sand

(1999).

Acidophiles are required to maintain their internal, cytoplasmic pH close to
neutral when the proton gradient is up to four orders of magnitude greater in the
external milieu (Slonczewski et al., 2009). Several mechanisms are suggested
to be involved in acidophile pH homeostasis (Fig. 3) (Baker-Austin and
Dopson, 2007). These include active proton efflux systems that pump protons
out from cytoplasm either via primary proton pumps or secondary symporters
and antiporters (Baker-Austin and Dopson, 2007). A second pH homeostasis
mechanism is a highly impermeable cell membrane structure that helps
maintain a constant internal pH by countering the entry of the excessive
protons into the cytoplasm. This structure has been identified in several
acidophiles such as Thermoplasma acidophilum (Shimada et al., 2002),
Ferroplasma acidarmanus (Macalady and Banfield, 2003), and Picrophilus
oshimae (van de Vossenberg et al., 1998). Thirdly, potassium uptake might
play an important role in generating the inside positive membrane potential
that creates an electrochemical gradient that protons must cross to enter the
cell (Baker-Austin and Dopson, 2007; Booth, 1985) . In addition, cytoplasmic
buffering is present not only in acidophiles but in all the microorganisms
(Baker-Austin and Dopson, 2007; Booth, 1985) , although the buffering
capacity varies between species (Krulwich et al., 1985). Lastly, the ability to
degrade organic acid might be part of the pH homeostasis mechanisms for
heterotrophic acidophiles (Baker-Austin and Dopson, 2007). 
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2.3 Material and methods

2.3.1 Soil sampling 
PASS and ASS samples were collected from the Risöfladan experimental field
in Vasa, Finland (Fig. 5). Soils for direct molecular phylogeny analysis were
obtained at four depths (Fig. 5) using a sterile spatula and immediately sealed
in sterile plastic bags. Samples for the enrichment and leaching experiment
were collected from: (1) the upper oxidized zone (depth 40 cm); (2) the
partially oxidized soils (depth 130 cm); and (3) the unoxidized soil (depth 3
m). 

Fig. 5. Sampling site (left) and soil profile (right) showing the different soil layers: V1,

plough layer; V2, oxidized layer; V3, partially oxidized layer; and V4, reduced layer.

For chemical treatments, the oxidized soil samples containing significant
amounts of pyrite were collected by driving plastic tubes into the ground (70
to 85 cm below the surface). The obtained cores were cut into 10-15 cm long
cylinder-shaped samples, delivered to the laboratory, and placed in the column
apparatus for treatment experiments.

2.3.2 Enrichment and leaching experiments
Approximately 5 g of soil from the oxidized layer was inoculated into 100 mL
mineral salts medium without trace elements at pH 3.0 (Dopson and
Lindström, 1999) supplemented with either 50 mM Fe2+, 5 mM tetrathionate,
or 0.02% (wt/vol) yeast extract as substrate to enrich for autotrophic Fe 2+

oxidizers, autotrophic ISC oxidizers, and heterotrophic acidophilic micro-
organisms, respectively. Five leaching experiments (Fig. 6) were carried out
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Fig. 4. Active metal resistance systems in acidophiles. (1) Pumping the toxic metal out of

the cell, an example of As(III) efflux by the AsrB protein; (2) Enzymatic conversion, e.g. the

reduction of Hg(II) to Hg(0) that volatilizes out of the cell; (3) Toxic effect of the metal

being reduced by intra/extracellular binding; (4) Exclusion of a metal via a permeability

barrier, an example being the phosphate-specific transport protein for phosphate but not

As(V); (5) Lowering the cells sensitivity to the toxic metal by changing a cellular

component, e.g. the less sensitive cytochrome c oxidase in some mercury-resistant strains.

Figure modified from Dopson et al. (2003).

2.2 Aims of the research
Paper I aimed to identify the microbial communities in boreal ASSs and
PASSs directly from the field. In addition, the microbial communities were
identified after enrichment of acidophiles at low pH from cultures inoculated
from ASS that has been used as agricultural land for more than 40 years at the
Risöfladan experimental field in Vasa, Finland.

In order to efficiently mitigate the oxidation of metal sulfides and the
formation of sulfuric acid, a series of calcium carbonate (CaCO3) and calcium
hydroxide (Ca(OH)2) treatment experiments were performed on ASSs and
evaluated in Paper II. The impact of the chemical treatments on soil
chemistry and the microbial communities present in ASSs was also examined.

18



2.3 Material and methods

2.3.1 Soil sampling 
PASS and ASS samples were collected from the Risöfladan experimental field
in Vasa, Finland (Fig. 5). Soils for direct molecular phylogeny analysis were
obtained at four depths (Fig. 5) using a sterile spatula and immediately sealed
in sterile plastic bags. Samples for the enrichment and leaching experiment
were collected from: (1) the upper oxidized zone (depth 40 cm); (2) the
partially oxidized soils (depth 130 cm); and (3) the unoxidized soil (depth 3
m). 

Fig. 5. Sampling site (left) and soil profile (right) showing the different soil layers: V1,

plough layer; V2, oxidized layer; V3, partially oxidized layer; and V4, reduced layer.

For chemical treatments, the oxidized soil samples containing significant
amounts of pyrite were collected by driving plastic tubes into the ground (70
to 85 cm below the surface). The obtained cores were cut into 10-15 cm long
cylinder-shaped samples, delivered to the laboratory, and placed in the column
apparatus for treatment experiments.

2.3.2 Enrichment and leaching experiments
Approximately 5 g of soil from the oxidized layer was inoculated into 100 mL
mineral salts medium without trace elements at pH 3.0 (Dopson and
Lindström, 1999) supplemented with either 50 mM Fe2+, 5 mM tetrathionate,
or 0.02% (wt/vol) yeast extract as substrate to enrich for autotrophic Fe 2+

oxidizers, autotrophic ISC oxidizers, and heterotrophic acidophilic micro-
organisms, respectively. Five leaching experiments (Fig. 6) were carried out
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Fig. 4. Active metal resistance systems in acidophiles. (1) Pumping the toxic metal out of

the cell, an example of As(III) efflux by the AsrB protein; (2) Enzymatic conversion, e.g. the

reduction of Hg(II) to Hg(0) that volatilizes out of the cell; (3) Toxic effect of the metal

being reduced by intra/extracellular binding; (4) Exclusion of a metal via a permeability

barrier, an example being the phosphate-specific transport protein for phosphate but not

As(V); (5) Lowering the cells sensitivity to the toxic metal by changing a cellular

component, e.g. the less sensitive cytochrome c oxidase in some mercury-resistant strains.

Figure modified from Dopson et al. (2003).

2.2 Aims of the research
Paper I aimed to identify the microbial communities in boreal ASSs and
PASSs directly from the field. In addition, the microbial communities were
identified after enrichment of acidophiles at low pH from cultures inoculated
from ASS that has been used as agricultural land for more than 40 years at the
Risöfladan experimental field in Vasa, Finland.

In order to efficiently mitigate the oxidation of metal sulfides and the
formation of sulfuric acid, a series of calcium carbonate (CaCO3) and calcium
hydroxide (Ca(OH)2) treatment experiments were performed on ASSs and
evaluated in Paper II. The impact of the chemical treatments on soil
chemistry and the microbial communities present in ASSs was also examined.
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suggested that the microbial populations in the study area were challenged by
similar physicochemical conditions and that the identified microorganisms
may represent a broad estimation of the communities in the wider area. The
study area reached a maximum temperature of ~14°C at 60 cm depth during
summer and ~12°C at 150 cm at the end of August. This temperature was
sufficiently high for microorganisms to be active in the PASSs/ASSs. The soil
pH at each of the tested layers increased, with the exception of the plough
layer (V1) that had a comparably high pH >4.7 due to the extensive surface
liming (Fig. 6).

Fig. 6. Summary of the work flow from Paper I. Orange and grey indicate the different soil

layers; yellow color represents the methods of enrichment and leaching experiments; the

green color on the far left and blue color represent the results of molecular phylogenetic

analysis and leaching experiments, respectively; +: value increased; -: value decreased; *:

no changes were observed; NA: data not available as thymol interferes the measurements;

black arrows indicate the majority of identified microbial communities; Fetot is the

concentration of total leached Fe; and Fe2 + is the concentration of soluble Fe2+. Changes

are given based on the last sample point from the respective experiments.

The microbial communities in environmental PASS and ASS samples were
analyzed in Paper I. Based on the 16S rRNA sequences, no archaea were
detected in any of the samples collected directly from the four soil layers
suggesting that they were not a major portion of the microbial community.
Due to the variations in pH and oxidation-reduction potentials, the microbial
populations from the plough (V1) and oxidized (V2) layers were significantly
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by adding 10% (wt/vol) soil material into MilliQ ultrapure water in stirred
tank reactors which were stirred with an impellor at 150 r.p.m., aerated with
300 mL min-1 air injected just above the impellor, and maintained at 22 ± 1°C. 

2.3.3 Chemical treatment
The column leaching experiments were carried out by treating the cylindrical
soil samples with different chemicals in duplicate. The soil samples were
treated with a constant flow rate of water, then a suspension of CaCO3 or
saturated Ca(OH)2 was passed through the soil under hydrostatic pressure, and
finally water was passed through the soil again. The experimental set-up for
the column tests is shown in Figure 1 in Paper II.

2.3.4 Molecular phylogenetic analysis
DNA was extracted from soils and amplified with both archaeal and bacterial
primers, cloned into the pGEM-T Easy Vector System (Promega), and
transformed into E. coli. The transformants were plated on a Luria-Bertani
(LB) plate containing 5-bromo-4-chloro-indolyl-b-D-galactopyranoside,
isopropylb-D-1-thiogalactopyranoside, and ampicillin, and incubated
overnight at 37°C. Clones were selected from the plate and cultivated in LB
medium supplemented with ampicillin. Plasmid DNA was purified using the
QIA prep Spin Miniprep Kit (QIAGEN). Restriction fragment length
polymorphism (RFLP), a technique that exploits the difference in homologous
DNA sequences by comparing the different length of fragments after digesting
the DNA samples with specific restriction enzymes, was utilized to identify
the operational taxonomic units (OTUs). DNA from representative clones was
sequenced by Macrogen using the Sanger technique. The obtained sequences
were analyzed using DECIPHER to remove the chimeric sequences (Wright et
al., 2012), edited in Geneious version 6.0.6 (Biomatters Ltd, Auckland, New
Zealand), and compared with the GenBank database using BLAST. Finally, a
phylogenetic tree was constructed with Molecular Evolutionary Genetic
Analysis version 5.1 (Tamura et al., 2007).

2.4 Summary of the papers

2.4.1 Paper I 

Microbial community potentially responsible for acid and metal
release from an Ostrobothnian acid sulfate soils

A summary of the work flow from Paper I is shown in figure 6. Paper I
demonstrated that the soil and parent sediments from the Risöfladan
experimental field were similar to other sites studied in the Vasa region
(Boman et al., 2008; Nordmyr et al., 2006; Österholm and Åström, 2002) . This
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In conclusion, the molecular analysis from the enrichment cultures and
leaching of partially oxidized soil showed that a large proportion of 16S rRNA
gene clones were most similar to known acidophilic Fe2+ and/or ISC oxidizers,
such as At. ferrooxidans (Dopson and Johnson, 2012)  and At. ferrivorans
(Liljeqvist et al., 2011). This suggested that indigenous populations of
acidophiles were capable of accelerating the release of acid and metals from
PASSs.

2.4.2 Paper II 

Impact of mitigation strategies on acid sulfate soil chemistry and
microbial community

As indicated in the methods section, the treatment process was initiated by
passing water through the soil columns, followed by chemical treatment
(CaCO3 or Ca(OH)2), and completed by again flushing with water. A summary
of the results from both treatments is given in figure 7. 

Fig. 7. Summary of the results from paper II. Orange indicates the sample for treatment;

yellow and dark green color represent CaCO3 and Ca(OH)2 treatment, respectively; light

green and blue green color on the right indicate the results of molecular phylogenetic

analysis; e.s.: ex situ; +: value increased; -: value decreased; and black arrows represent

the microbial communities. The changes in values are given based on the last sampling

point of each step of the treatment.

The initial flushing with water washed out sulfate, chloride, and nitrate
anions as well as the base cations that resulted in a rapid decrease in
conductivity. This decrease in conductivity was also observed during the initial
stage of the replicate CaCO3 and Ca(OH)2 treatments (Fig. 7). The
concentration of nitrate and chloride ions decreased to zero when a sufficiently
large volume of water was passed through the soil column while sulfate
stabilized at ~90 mg dm-3 by dissolution equilibrium. The pH of the outlet
solution during the initial flushing period showed a largely constant pH (rising
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different from the partially oxidized (V3) and reduced layers (V4) (Fig. 6). As
a result of the released acidity from metal sulfide oxidation, approximately
54% of the sequenced clones from the V1 and V2 layers were most similar to
known acidophiles. These included the iron and ISC oxidizing species, At.
ferrooxidans (Dopson and Johnson, 2012) or sequences that were most similar
to clones previously identified from acidic environments. In contrast,
sequences from the V3 and V4 regions were more related to clones isolated in
anaerobic environments. In addition, several populations were identified to be
most similar to species characterized from low temperature environments,
suggesting they were adapted to the boreal conditions in Vasa.

Five different leaching experiments (Fig. 6) were carried out in Paper I to
investigate metal and acid release from PASSs. Leaching experiment 1 (V4
without pH control or additional inoculation at an initial pH of 7.9) resulted in
a decreased pH, an increased concentration of total leached Fe (Fetot), and an
increased redox potential after 45 days (Fig. 6). This was potentially due to
abiotic oxidation of metastable iron sulfide induced by aeration of the soil and
Fe3+ precipitation followed by biotic ISC oxidation (Vera et al., 2013). Due to
previous metal sulfide oxidation and the potential oxidation activity of Fe- and
ISC-oxidizing microbes, leaching experiment 2 (V3 without pH control or
enriched microorganisms) had an initial pH of 4.2. The leaching results from
this experiment showed a decrease in pH and soluble Fe2+ and an increase in
Fetot and redox potential after 45 days. The release of metals and acidity
coupled to a decreased soluble Fe2+ concentration in experiment 2 supports the
presence of acid- tolerant/acidophilic microorganisms capable of Fe2+ and ISC
oxidation are present in PASSs (Fig. 6).

Leaching experiment 3 (V3 without additional enrichment cultures but
with microbial inhibitor thymol), experiment 4 (V3 without additional
inoculation (only indigenous microorganisms)), and experiment 5 (V3 with
enriched microorganisms) were carried out on partially oxidized soil for eight
days at an initial pH of 4.2. The redox potential and concentration of Fe tot

initially increased slightly in experiment 3 due to the oxidation of metal
sulfides caused by aeration. However, no further increase in redox and Fe tot

concentration was observed and the pH did not decrease as thymol likely
inhibited the activity of indigenous microorganisms. In contrast to experiment
3, leaching experiment 4 that did not contain the inhibitor thymol showed a
decreased pH and an increased redox potential, suggesting the presence of
indigenous microorganisms capable of catalyzing metal and acid release.
Compared to experiments 3 and 4, the results from leaching experiment 5
suggested that active Fe2+-oxidizing microorganisms were enriched in the
additional inoculum as there was a more rapid decrease in pH and soluble Fe2 +

and a higher final redox potential. Data from the leaching experiments were
consistent with previous studies of metal dissolution from sulfide minerals (He
et al., 2012), supporting that the release of metal and acidity was catalyzed by
the indigenous acid-tolerant/acidophilic microorganisms in the PASSs/ASSs. 

22



In conclusion, the molecular analysis from the enrichment cultures and
leaching of partially oxidized soil showed that a large proportion of 16S rRNA
gene clones were most similar to known acidophilic Fe2+ and/or ISC oxidizers,
such as At. ferrooxidans (Dopson and Johnson, 2012)  and At. ferrivorans
(Liljeqvist et al., 2011). This suggested that indigenous populations of
acidophiles were capable of accelerating the release of acid and metals from
PASSs.

2.4.2 Paper II 

Impact of mitigation strategies on acid sulfate soil chemistry and
microbial community

As indicated in the methods section, the treatment process was initiated by
passing water through the soil columns, followed by chemical treatment
(CaCO3 or Ca(OH)2), and completed by again flushing with water. A summary
of the results from both treatments is given in figure 7. 

Fig. 7. Summary of the results from paper II. Orange indicates the sample for treatment;

yellow and dark green color represent CaCO3 and Ca(OH)2 treatment, respectively; light

green and blue green color on the right indicate the results of molecular phylogenetic

analysis; e.s.: ex situ; +: value increased; -: value decreased; and black arrows represent

the microbial communities. The changes in values are given based on the last sampling

point of each step of the treatment.

The initial flushing with water washed out sulfate, chloride, and nitrate
anions as well as the base cations that resulted in a rapid decrease in
conductivity. This decrease in conductivity was also observed during the initial
stage of the replicate CaCO3 and Ca(OH)2 treatments (Fig. 7). The
concentration of nitrate and chloride ions decreased to zero when a sufficiently
large volume of water was passed through the soil column while sulfate
stabilized at ~90 mg dm-3 by dissolution equilibrium. The pH of the outlet
solution during the initial flushing period showed a largely constant pH (rising

23

different from the partially oxidized (V3) and reduced layers (V4) (Fig. 6). As
a result of the released acidity from metal sulfide oxidation, approximately
54% of the sequenced clones from the V1 and V2 layers were most similar to
known acidophiles. These included the iron and ISC oxidizing species, At.
ferrooxidans (Dopson and Johnson, 2012) or sequences that were most similar
to clones previously identified from acidic environments. In contrast,
sequences from the V3 and V4 regions were more related to clones isolated in
anaerobic environments. In addition, several populations were identified to be
most similar to species characterized from low temperature environments,
suggesting they were adapted to the boreal conditions in Vasa.

Five different leaching experiments (Fig. 6) were carried out in Paper I to
investigate metal and acid release from PASSs. Leaching experiment 1 (V4
without pH control or additional inoculation at an initial pH of 7.9) resulted in
a decreased pH, an increased concentration of total leached Fe (Fetot), and an
increased redox potential after 45 days (Fig. 6). This was potentially due to
abiotic oxidation of metastable iron sulfide induced by aeration of the soil and
Fe3+ precipitation followed by biotic ISC oxidation (Vera et al., 2013). Due to
previous metal sulfide oxidation and the potential oxidation activity of Fe- and
ISC-oxidizing microbes, leaching experiment 2 (V3 without pH control or
enriched microorganisms) had an initial pH of 4.2. The leaching results from
this experiment showed a decrease in pH and soluble Fe2+ and an increase in
Fetot and redox potential after 45 days. The release of metals and acidity
coupled to a decreased soluble Fe2+ concentration in experiment 2 supports the
presence of acid- tolerant/acidophilic microorganisms capable of Fe2+ and ISC
oxidation are present in PASSs (Fig. 6).

Leaching experiment 3 (V3 without additional enrichment cultures but
with microbial inhibitor thymol), experiment 4 (V3 without additional
inoculation (only indigenous microorganisms)), and experiment 5 (V3 with
enriched microorganisms) were carried out on partially oxidized soil for eight
days at an initial pH of 4.2. The redox potential and concentration of Fe tot

initially increased slightly in experiment 3 due to the oxidation of metal
sulfides caused by aeration. However, no further increase in redox and Fe tot

concentration was observed and the pH did not decrease as thymol likely
inhibited the activity of indigenous microorganisms. In contrast to experiment
3, leaching experiment 4 that did not contain the inhibitor thymol showed a
decreased pH and an increased redox potential, suggesting the presence of
indigenous microorganisms capable of catalyzing metal and acid release.
Compared to experiments 3 and 4, the results from leaching experiment 5
suggested that active Fe2+-oxidizing microorganisms were enriched in the
additional inoculum as there was a more rapid decrease in pH and soluble Fe2 +

and a higher final redox potential. Data from the leaching experiments were
consistent with previous studies of metal dissolution from sulfide minerals (He
et al., 2012), supporting that the release of metal and acidity was catalyzed by
the indigenous acid-tolerant/acidophilic microorganisms in the PASSs/ASSs. 

22



2.5 Conclusions
The presence of several 16S rRNA gene sequences which are most similar to
known acidophilic iron and ISC oxidizing species suggested that acid and
metal release from ASSs are accelerated by these microorganisms. Despite the
presence of the acidophilic microorganisms, the increase in the pH during and
after the treatments with Ca(OH)2 and CaCO3 suggested that both chemicals
may inhibit the activity of the acidophilic microorganisms. However, further
studies are required to verify how the activity of the present microbes changes
during the treatment.
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from 3.8 to 4.4) both within and between experiments. The constant pH was
likely due to the dissolution/precipitation equilibrium between jarosite and
schwertmannite (Bigham et al., 1996; Collins et al., 2010; Marescotti et al.,
2012; Regenspurg et al., 2004). Considering the high ratio of sulfate to
potassium in the column effluent and the relatively high concentration of
calcium ions, jarosite and gypsum were the most likely minerals present in the
soil.

When water was replaced by a suspension of CaCO3, the pH, conductivity,
and sulfate plus potassium concentrations all increased. This was likely due to
the enhanced dissolution of jarosite. The CO 2 released from the dissolution of
jarosite was dissolved in the outlet of the column, resulting in a higher ex situ
pH than the in situ value. In addition, the increase in manganese ions may
have been caused by their susceptibility to form complexes with carbonate
ions (Fig. 7). Moreover, an increase in nitrate and chloride concentrations was
observed that could be explained by anion exchange with CO3

2 - and the de-
creased anion exchange ability caused by the higher pH . When the ASSs were
treated with the CaCO3 suspension there was a decrease in the aluminum ion
concentration. The release of aluminum would be detrimental to the
environment as it is toxic to aquatic fauna. The pH was maintained at high
values when water was re-introduced after the CaCO3 suspension, suggesting
the soil acidity had been neutralized.

The results with saturated Ca(OH)2 were similar to the CaCO3 treatment.
However, the saturated Ca(OH)2 treatment showed a depletion of CO2 and a
much higher pH value (Fig. 7) and the aluminum concentration temporarily
increased with the introduction of Ca(OH)2, possibly due to the formation of
Al(OH)4 at high pH. After water replaced Ca(OH)2 the pH decreased.

Molecular phylogenetic analysis of the untreated and treated soils
identified archaeal and bacterial clones most similar to previously identified
populations that inhabit environments with low pH and high metal
concentrations (Fig. 7). Several of the identified clone sequences were most
similar to Ferrosplasma acidiphilum, an acidophilic iron-oxidizing archaea
(Golyshina et al., 2000). In addition, several bacterial sequences from the
CaCO3 and Ca(OH)2 treatments were highly similar to clones isolated from the
oxidized layer and the enrichment cultures in Paper I. The high abundance of
acid and metal related clones suggests that a large number of populations
potentially capable of catalyzing acid and metal release were still present in
the ASSs after the treatment. However, the increased effluent pH suggests the
treatments may have inhibited the activity of the acidophilic microorganisms
to catalyze pyrite oxidation as the pH was raised above the optima for
extremely acidophilic microorganisms (Dopson, 2012).

24



2.5 Conclusions
The presence of several 16S rRNA gene sequences which are most similar to
known acidophilic iron and ISC oxidizing species suggested that acid and
metal release from ASSs are accelerated by these microorganisms. Despite the
presence of the acidophilic microorganisms, the increase in the pH during and
after the treatments with Ca(OH)2 and CaCO3 suggested that both chemicals
may inhibit the activity of the acidophilic microorganisms. However, further
studies are required to verify how the activity of the present microbes changes
during the treatment.

25

from 3.8 to 4.4) both within and between experiments. The constant pH was
likely due to the dissolution/precipitation equilibrium between jarosite and
schwertmannite (Bigham et al., 1996; Collins et al., 2010; Marescotti et al.,
2012; Regenspurg et al., 2004). Considering the high ratio of sulfate to
potassium in the column effluent and the relatively high concentration of
calcium ions, jarosite and gypsum were the most likely minerals present in the
soil.

When water was replaced by a suspension of CaCO3, the pH, conductivity,
and sulfate plus potassium concentrations all increased. This was likely due to
the enhanced dissolution of jarosite. The CO 2 released from the dissolution of
jarosite was dissolved in the outlet of the column, resulting in a higher ex situ
pH than the in situ value. In addition, the increase in manganese ions may
have been caused by their susceptibility to form complexes with carbonate
ions (Fig. 7). Moreover, an increase in nitrate and chloride concentrations was
observed that could be explained by anion exchange with CO3

2 - and the de-
creased anion exchange ability caused by the higher pH . When the ASSs were
treated with the CaCO3 suspension there was a decrease in the aluminum ion
concentration. The release of aluminum would be detrimental to the
environment as it is toxic to aquatic fauna. The pH was maintained at high
values when water was re-introduced after the CaCO3 suspension, suggesting
the soil acidity had been neutralized.

The results with saturated Ca(OH)2 were similar to the CaCO3 treatment.
However, the saturated Ca(OH)2 treatment showed a depletion of CO2 and a
much higher pH value (Fig. 7) and the aluminum concentration temporarily
increased with the introduction of Ca(OH)2, possibly due to the formation of
Al(OH)4 at high pH. After water replaced Ca(OH)2 the pH decreased.

Molecular phylogenetic analysis of the untreated and treated soils
identified archaeal and bacterial clones most similar to previously identified
populations that inhabit environments with low pH and high metal
concentrations (Fig. 7). Several of the identified clone sequences were most
similar to Ferrosplasma acidiphilum, an acidophilic iron-oxidizing archaea
(Golyshina et al., 2000). In addition, several bacterial sequences from the
CaCO3 and Ca(OH)2 treatments were highly similar to clones isolated from the
oxidized layer and the enrichment cultures in Paper I. The high abundance of
acid and metal related clones suggests that a large number of populations
potentially capable of catalyzing acid and metal release were still present in
the ASSs after the treatment. However, the increased effluent pH suggests the
treatments may have inhibited the activity of the acidophilic microorganisms
to catalyze pyrite oxidation as the pH was raised above the optima for
extremely acidophilic microorganisms (Dopson, 2012).

24



microorganisms, our knowledge of the microorganisms present and their
capabilities remains very limited (Colwell and D’hondt, 2013). 

The habitable depth limit for microbial life is unknown, but it is suggested
to be limited spatially (rock porosity), by water availability, and the upper
temperature limits for microbial survival (Heim, 2011). Our current
understanding of deep biosphere microbial ecology is mainly founded on
samples recovered from drilling; boreholes within deep mines; or tunnels
constructed as for example, nuclear waste repositories. Although pre-existing
infrastructures (e.g., South African gold mines and the Äspö Hard Rock
Laboratory (Äspö HRL) for nuclear waste storage research) can provide
access for collecting samples, drilling is still a mainstay for recovering
material from the deep subsurface. However, the use of drilling techniques for
recovering solid rock and sediment matrices poses potential contamination
sources associated with the drilling fluid, core barrels, and drill bits  (Wilkins
et al., 2014). Although various sampling techniques have been developed to
prevent operation related contamination, more attention is needed to evaluate
and characterize the collected samples species introduced during collection
and sample processing.

3.1.2 Microbial life in the deep subsurface 
As a result of the severe energy limitation in the deep subsurface, the energy
flux for microorganisms in the marine deep biosphere is suggested to be 1000-
fold lower than that of microbes cultured in the laboratory (Hoehler and
Jorgensen, 2013). As a consequence, their generation times are estimated to
range from hundreds to thousands of years (Jorgensen 2011). In contrast, the
generation time for free-living microbial populations in the deep hard rock
fractures is estimated to be approximately 53 days by calculating the total
number of cells and adenosine triphosphate (ATP) concentrations (Pedersen,
2012). Despite the highly oligotrophic environments, several lines of evidence
suggest microbes in the deep biosphere are predominately active (Hoehler and
Jorgensen, 2013). This evidence includes that laboratory cultivation has shown
the existence of viable subsurface microorganisms, however, cultivation likely
does not reflect the real microbial activity in situ as the availability of electron
donors and acceptors would be much lower than during laboratory growth
(Lovley and Chapelle, 1995). A second line of evidence is that living bacteria
were directly visualized from marine sediments sampled up to 420 meters
below the sea floor using the catalyzed reporter deposition fluorescence in situ
hybridization (CARD-FISH) method (Schippers et al., 2005). Thirdly,
subsurface microbes formed biofilms on natural rock fracture surfaces
demonstrating their ability to attach to a solid surface and proliferate (Jagevall
et al., 2011). In addition, the presence of bacteriophages in the deep subsurface
suggests the existence of growing microbial hosts as phages depended on
active microorganisms to survive (Eydal et al., 2009; Kyle et al., 2008) .
Moreover, the first sub-seafloor meta-transcriptomes indicated metabolic
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3. The terrestrial deep biosphere -- 
Second-generation sequencing

3.1 Background

3.1.1 The terrestrial deep biosphere 
The occurrence of microbial life in the deep terrestrial biosphere was first
reported in the early 1930s (Ginsburg-Karagitscheva, 1933; Lipman, 1931)
and the term ‘deep subsurface’ was first used in reference to microbial studies
approximately 30 years ago (Sargent and Fliermans, 1989). Contrary to the
idea of depth beneath the surface, its definition depends on the connection
with the surface (Lovley and Chapelle, 1995). In 1992, Gold first proposed the
existence of a ‘deep, dark biosphere’ and suggested that deep subsurface life
could be a model for life on other planets (Gold, 1992). Research on microbial
communities in the deep biosphere has also increased appreciably owing to
interest in bioremediation of contaminants, assurance of the stability of waste
repositories (Edwards et al., 2012), the potential to discover novel biodiversity
and metabolic capabilities, and biogeochemical cycling.

The deep continental subsurface is estimated to contain up to 2.5 × 10 30

prokaryotic cells, potentially constituting up 40-60% of all the archaeal and
bacterial cells on earth (McMahon and Parnell, 2014; Whitman et al., 1998) .
Identification of the widespread presence of microbial life in the deep
subsurface occurred when drilling techniques and sequencing technology were
developed. Examples of diverse environments where terrestrial deep
subsurface life was detected include deep granitic aquifers (Eydal et al., 2009;
Szewzyk et al., 1994), salt deposits (Mormile et al., 2003), permafrost soils
(Rivkina et al., 2000), 2.7 km below the land surface in the Triassic
Taylorsville basin (Boone et al., 1995), 3.6 km deep groundwater accessed via
South African gold mines (Moser et al., 2003), 4 km beneath the ice sheet in
lake Vostok (Priscu, 1999), and 120000-year-old glacier ice cores from
Greenland (Miteva and Brenchley, 2005). However, due to the inaccessibility
of these environments and our current inability to cultivate their indigenous
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3. The terrestrial deep biosphere -- 
Second-generation sequencing

3.1 Background

3.1.1 The terrestrial deep biosphere 
The occurrence of microbial life in the deep terrestrial biosphere was first
reported in the early 1930s (Ginsburg-Karagitscheva, 1933; Lipman, 1931)
and the term ‘deep subsurface’ was first used in reference to microbial studies
approximately 30 years ago (Sargent and Fliermans, 1989). Contrary to the
idea of depth beneath the surface, its definition depends on the connection
with the surface (Lovley and Chapelle, 1995). In 1992, Gold first proposed the
existence of a ‘deep, dark biosphere’ and suggested that deep subsurface life
could be a model for life on other planets (Gold, 1992). Research on microbial
communities in the deep biosphere has also increased appreciably owing to
interest in bioremediation of contaminants, assurance of the stability of waste
repositories (Edwards et al., 2012), the potential to discover novel biodiversity
and metabolic capabilities, and biogeochemical cycling.

The deep continental subsurface is estimated to contain up to 2.5 × 10 30

prokaryotic cells, potentially constituting up 40-60% of all the archaeal and
bacterial cells on earth (McMahon and Parnell, 2014; Whitman et al., 1998) .
Identification of the widespread presence of microbial life in the deep
subsurface occurred when drilling techniques and sequencing technology were
developed. Examples of diverse environments where terrestrial deep
subsurface life was detected include deep granitic aquifers (Eydal et al., 2009;
Szewzyk et al., 1994), salt deposits (Mormile et al., 2003), permafrost soils
(Rivkina et al., 2000), 2.7 km below the land surface in the Triassic
Taylorsville basin (Boone et al., 1995), 3.6 km deep groundwater accessed via
South African gold mines (Moser et al., 2003), 4 km beneath the ice sheet in
lake Vostok (Priscu, 1999), and 120000-year-old glacier ice cores from
Greenland (Miteva and Brenchley, 2005). However, due to the inaccessibility
of these environments and our current inability to cultivate their indigenous
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O’Toole, 2000). Surface adhesion through surface sensing is a trigger for cells
to produce adhesive extracellular substances that mediate irreversible binding,
a prerequisite in the development of micro-colonies on biotic and abiotic
surfaces (Romling, 2013). 

Quorum sensing is a cell-to-cell communication system that allows
bacteria to collectively regulate their gene expression. It is activated by
chemical signal molecules called ‘autoinducers’ that are produced by bacteria
(Miller and Bassler, 2001). When the extracellular concentration of
autoinducers reaches a threshold concentration, they initiate a cascade of
regulatory functions that mediate many processes including the establishment
of a well-ordered surface community (Miller and Bassler, 2001). 

3.1.4 Microbial processes in the deep subsurface
Due to the scarcity of organic carbon in the deep biosphere, hydrogen formed
via abiotic reactions such as serpentinization and radiolysis (Sherwood Lollar
et al., 2007), is suggested to be the most important electron donor for
microbial metabolism (Fig. 8) (Pedersen, 2000). For instance, acetogenic
bacteria couple hydrogen oxidation and carbon dioxide reduction to form
acetate that is subsequently used by acetoclastic methanogens to yield
methane. The produced acetate from the acetogens can also be metabolized by
iron- and sulfate-reducers to produce sulfide. In addition, autotrophic
methanogens can reduce carbon dioxide to methane with hydrogen serving as
the electron donor. The produced organic compounds can then be metabolized
to hydrogen and carbon dioxide by other anaerobic microorganisms for
recycling. This process is an example of a syntrophic association.

Methane is also an important anaerobic electron donor for microorganisms
in the deep subsurface. Methane can be of abiotic origin, but in some
instances, it could be formed by methanogens that couple abiogenic hydrogen
oxidation and carbon dioxide reduction (Lollar et al., 1993). Anaerobic
oxidation of methane can be coupled to iron and manganese reduction (Beal et
al., 2009), sulfate reduction (Boetius et al., 2000), or denitrification by
anaerobic methanotrophic (ANME) archaea (Hu et al., 2009; Raghoebarsing et
al., 2006). In addition, the ability to anaerobically oxidize methane coupled to
nitrite reduction through an intra-aerobic methane oxidation pathway has been
demonstrated in the bacterium Candidatus ‘Methylomirabilis oxyfera’ (Ettwig
et al., 2010). More recently, it has been shown that the ANME archaeon
ANME-2d is capable of independent anaerobic methane oxidation through
reverse methanogenesis using nitrate as the terminal electron acceptor (Haroon
et al., 2013). 
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activities and cell division across all three domains of life (Orsi et al., 2013).
Finally, horizontal gene transfer was indicated by single cell genomics in a
deep subsurface Firmicutes population (Labonte et al., 2015). 

Due to the extreme energy limitation and the lack of photosynthesis,
microbial life in the deep biosphere relies on indigenous carbon and energy
sources as well as electron acceptors (more details in a later section). To thrive
in nutrient poor environments, some microorganisms are suggested to have a
smaller cell size to reduce replication costs and increase their capacity to
accumulate substrates from limited concentrations by optimizing their surface-
to-volume ratio (Brown et al., 2015; Giovannoni et al., 2014, 2005) . In
addition, a reduced genome size is suggested to be another adaptation for
microorganisms to efficiently use nutrients in oligotrophic environments
(Giovannoni et al., 2014). Microorganisms with a streamlined genome can
minimize the material costs of cellular replication and hence, can save energy
from replicating non-functional and redundant DNA (Brown et al., 2015;
Giovannoni et al., 2005).

3.1.3 Biofilm formation 
Biofilms are aggregates of microorganisms attached to a surface that are
embedded within a self-produced matrix of extracellular polymeric substances
(EPS). As opposed to planktonic cells, biofilms are the predominant form of
growth for most bacteria in nature (Costerton et al., 1995; Kolter and
Greenberg, 2006). Advantages of living in a biofilm include protection from
environmental stresses such as antimicrobial agents, metals, radiation, pH shift
etc.; the increased availability of nutrients; the potential for metabolic
cooperation (syntrophy); and acquisition of new genetic traits  (Davey and
O’Toole, 2000).

Biofilm formation initiates when a cell senses a solid surface and attaches
itself. This is achieved by the bacteria approaching a surface using e.g.
flagellar-mediated motility and overcoming the surface repulsive forces
(Belas, 2014; Friedlander et al., 2013). Pili are also required for some bacteria
to form biofilms by aiding in surface crawling and contributing to the shaping
of the three dimension architecture of biofilms (Barken et al., 2008; Romling,
2013). For instance, Pseudomonas aeruginosa is unable to form micro-
colonies without type IV pili, which are involved in surface-associated
twitching motility (O’Toole and Kolter, 1998). Lipopolysaccharide (LPS),
which is an important molecule in the bacterial outer membrane, is also
implicated in early attachment events. The absence of B-band LPS, one of the
major LPS species in P. aeruginosa, resulted in a reduced ability to interact
with hydrophilic surfaces (Makin and Beveridge, 1996). Finally, fibrous
surface proteins termed ‘curli’ also play a role in initial surface adhesion
(Barnhart and Chapman, 2006; Vidal et al., 1998). Although the initial
adhesion is associated with the various cell surface structures, their effects on
biofilm development may greatly differ between microorganisms (Davey and
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store nuclear waste (Bäckblom et al., 1997). It is located in proterozoic
crystalline bedrock of the Fennoscandian shield under the Äspö island, which
lies approximately 350 km south of Stockholm. With its 3.6 km long tunnel,
extending to 460 m below sea level, it provides access to explore the microbial
life in the deep continental subsurface. The Äspö HRL tunnel was excavated
from 1990-1995 by conventional drilling and blasting for the first 3.2 km and
then with a Tunnel Boring Machine for the final 0.4 km (Bäckblom et al.,
1997). As a result, the potential issues of contamination of the environment
from drilling or tunnel excavation are minimized as the tunnel was constructed
decades ago. In addition, the boreholes for groundwater sampling are drilled
into the bedrock from the tunnel wall and are far away from an oxidizing
environment that can influence the microbial community. Finally, the flow of
water in the Äspö HRL boreholes is directed towards the tunnel by hydrostatic
pressure and thus, further potential contamination and sampling errors
introduced by water-pumping are avoided.

The aquifers at the Äspö HRL are an anaerobic and oligotrophic
environment. Based upon previous culture-dependent, ATP analysis, and 16S
rRNA gene approaches (Hallbeck and Pedersen, 2012; Ionescu et al., 2015) ,
the Äspö HRL microbial communities include nitrate-, manganese-, ferric
iron-, and sulfate reducing microorganisms, along with acetogens and
methanogens. The microbes are hypothesized to be fed by carbon dioxide and
hydrogen gas from geological origin (Pedersen, 2000). However, these
microbiological studies are prone to biases introduced by selection or during
PCR amplification.

The ability of microbes to grow on introduced surfaces in artificial flow
reactors continuously fed with anoxic groundwater and on the natural rock
fracture surface in Äspö HRL has previously been reported (Gonzalez et al.,
1994; Jagevall et al., 2011; Pedersen et al., 1996; Pedersen and Ekendahl,
1992a, 1992b). Using 16S rRNA gene sequencing and scanning electron
microscopy, it has also been shown that the subsurface biofilm population was
comprised of many bacterial species (Gonzalez et al., 1994; Pedersen et al.,
1996). In a nuclear waste repository, the host rock interfaces are considered to
be important barrier against the migration of radionuclides. However, it has
been suggested that the existence of a biofilm may reduce the rocks’
adsorption capacity to migrating radionuclides depending on the radionuclide
investigated (Anderson et al., 2007, 2006). 

3.2 Aims of the research
The aims of Paper III were to investigate the taxonomic composition and
genetic potential of microbial communities based on the reconstructed
genomes of individual populations in three water types of varying age and
depth in the terrestrial subsurface (Fig. 9). 
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Fig. 8. Terrestrial granitic communities and the potential microbial process in the

subterranean environment. If present, organic carbon is respired with O2 otherwise

anaerobic respiration followed by fermentation occurs. Figure modified from Hallbeck and

Pedersen (2008) and Pedersen (2000).

The oxidation of organic carbon and reduced inorganic compounds such as
hydrogen and methane can be coupled to electron acceptors or be fermented
(from top to bottom in Fig. 8). As the only available oxygen source in the deep
biosphere is from the recharge water (Hallbeck and Pedersen, 2008), deep
subsurface systems are mainly anaerobic and the potential electron acceptors
will be utilized in the order of NO3

-, Mn4+, Fe3+, SO4
2- and S0, and lastly CO2

(Hallbeck and Pedersen, 2008; Lovley and Chapelle, 1995). Fermentation is
independent of the use of external electron acceptors, but it generates ATP
based on substrate-coupled electron-transfer reactions (Hoelzle et al., 2014).
Fermentative bacteria can convert soluble organic monomers into short-chain
fatty acids, such as alcohols, hydrogen, and carbon dioxide (Fig. 8) which can
be subsequently used by other microorganisms.

3.1.5 Äspö Hard Rock Laboratory
The Äspö HRL is operated by the Swedish Nuclear Fuel and Waste
Management Company (Svensk Kärnbränslehantering Aktiebolag; SKB) for
studying natural processes in the deep subsurface as well as the potential to
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values, the five groundwaters were characterized with regard to the origin and
age of the water types (Laaksoharju et al., 2008). SA1229A (170 m below sea
level) and KA2198A (300 m below sea level) originated from the Baltic Sea
and were classified as ‘modern marine’. These waters are estimated to have
aged less than 20 years since entering the subsurface and were probably even
younger. Groundwater from KA3105A (415 m below sea level) was a mixture
of several different water types and was defined as ‘undefined mixed’. The age
of this water could not be defined accurately. The deepest boreholes,
KA3385A (448 below sea level) and KF0069A01 (450 m below sea level),
were dominated by old saline water with a hydrological residence time in the
order of thousands and millions of years, respectively.

Fig. 10. A description of the Äspö HRL showing (A) the location of Äspö HRL; (B) the

sampling sites within the tunnel; and (C) a picture of the Äspö HRL tunnel. Boreholes for

Paper III are in green while those for Paper IV are in black. The figure is modified from

Hubalek et al. (2016) and the picture on the top of (B) is from Google earth. 

3.3.2 Groundwater sampling 

Fracture water was collected by first flushing three to five borehole volumes
of water to ensure that standing water was drained from the borehole and
pristine groundwater was allowed to flow. This ensured that the microbial
diversity was representative of the groundwater and was not influenced by
electron donors introduced to the boreholes (Drake et al., 2015).

Due to the low biomass in the deep biosphere, a 47 mm High-Pressure
Stainless Steel Filter Holder (Millipore) with a downstream needle valve and
pressure gauge was directly attached to the borehole (Fig. 11) to concentrate
planktonic cells for the DNA extractions used for 16S rRNA gene amplicon
sequencing and the metagenome prepared from the >0.22 µm microbial
communities. Between 50 and 600 L of water was filtered on a single filter to
acquire sufficient cells for metagenomic sequencing. By allowing the water to
flow under in situ pressure, iron precipitation that could block the filters was
avoided. The cells passing through the 0.22 μm filter (i.e. the <0.22 μm
community) were prepared based on the iron chloride precipitation method
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The aim of Paper IV was to describe biofilm formation under in situ
conditions in the terrestrial subsurface by investigating the capacity of resident
microorganisms to form biofilms, the potential growth strategies of the biofilm
populations, and the diversity and functional relationship between planktonic
and biofilm populations in two water types of varying age and depth (Fig. 9).

Fig. 9. Scheme over the contents and aims of Paper III and Paper IV. Colors: boreholes

and samples (dark blue); sequencing methods (light blue); downstream analysis after

sequencing (green); and the aims of Paper III and Paper IV (yellow).

3.3 Material and methods

3.3.1 Sampling site
Three boreholes (designated as SA1229A, KA3105A, and KA3385A) in the
Äspö HRL tunnel were selected for Paper III and two boreholes (KA2198A
and KF0069A01) were sampled for Paper IV (Fig. 10). The five boreholes
were distributed along the tunnel at various depths and intersected different
water bearing fractures. Based on their major element chemistry and δ18O
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microorganisms to form biofilms, the potential growth strategies of the biofilm
populations, and the diversity and functional relationship between planktonic
and biofilm populations in two water types of varying age and depth (Fig. 9).

Fig. 9. Scheme over the contents and aims of Paper III and Paper IV. Colors: boreholes

and samples (dark blue); sequencing methods (light blue); downstream analysis after

sequencing (green); and the aims of Paper III and Paper IV (yellow).

3.3 Material and methods

3.3.1 Sampling site
Three boreholes (designated as SA1229A, KA3105A, and KA3385A) in the
Äspö HRL tunnel were selected for Paper III and two boreholes (KA2198A
and KF0069A01) were sampled for Paper IV (Fig. 10). The five boreholes
were distributed along the tunnel at various depths and intersected different
water bearing fractures. Based on their major element chemistry and δ18O

32



(version 2.3.1) (Boisvert et al., 2012) and Newbler (version 2.6) after
removing the adapters and low quality reads. In order to assign the genetic
potential to respective organisms of the dominant populations, ‘binning’ was
performed to cluster the contigs that belong together into a near-complete
genome which represents a single population after the assembly. Individual
near-complete genomes were reconstructed using the binning tool, CONCOCT
(version 0.3.0) (Alneberg et al., 2014). The key concept of CONCOCT is that
36 single copy genes are used to evaluate the coverage of the near-complete
genomes. The assembled genomes bins with ≥31 single copy genes and ≤2
duplicated single copy genes were selected for taxonomic and functional
annotation using Phylosift v1.0.1 (Darling et al., 2014) and Prokka v1.10
(Seemann, 2014), respectively.

Functional comparison between planktonic and biofilm metagenomes was
carried out using an in-house pipeline. In brief, all the trimmed sequencing
reads were co-assembled into contigs using MEGAHIT v1.0.3 (Li et al.,
2014). The coverage of each gene was calculated and normalized by dividing
the coverage values by the total coverage of the sample after mapping the
reads back to the contigs and annotating the assembled contigs with Prokka
v1.10 (Seemann, 2014).

3.4 Summary of the papers

3.4.1 Paper III

Microbial metagenomes from three aquifers in the Fennoscandian
shield terrestrial deep biosphere reveal metabolic partitioning among
populations

The existence of ultra-small microorganisms which are able to pass through a
0.22 µm pore size filter has been reported in different environments, such as
glacial ice (Karl et al., 1999; Kuhn et al., 2014), seawater (Haller et al., 2000;
Torrella and Morita, 1981), freshwater (Hahn, 2003), acid mine drainage
(Baker et al., 2010; Comolli et al., 2009) , soil (Iizuka et al., 1998), a
hydrothermal vent (Huber et al., 2002; Naganuma et al., 2007), and
groundwater (Miyoshi et al., 2005). However, ultra-small cells in the
terrestrial deep biosphere were only discovered recently in shallow aquifers
(Luef et al., 2015). They were also detected in Paper III and showed a clear
distinction from the cells captured by a 0.22 µm filter. For instance,  Alpha-
and Gammaproteobacteria were exclusively detected in the small fraction
(<0.22 μm) while Deltaproteobacteria and unclassified archaea were only
found in the >0.22 μm fraction. The relative numbers of small cells were
quantitatively calculated by comparing the OTUs from a 0.22 μm filter and a
0.1 μm filter. A median percentage of 47, 54, and 50% of the modern marine,
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(John et al., 2011). Briefly, filtrates from the 0.22 μm filter were first mixed
with FeCl3, then the FeCl3 aggregates were filtered through a 0.8 µm filter
(Isopore, Millipore). All collected samples were stored at -80°C until
processing.

Fig. 11. Groundwater sampling and in situ biofilm sampling. High pressure filter holder

connected to the borehole (left) and flow cells attached to the borehole (right).

3.3.3 Biofilm sampling

Flow cells with a stainless steel shell (length 300 mm, diameter 65 mm) lined
with polyvinyldifloride plastic were utilized to grow biofilms in situ by the
microorganisms in flowing groundwater at the investigated borehole sites. The
flow cells were also equipped with manometers and a pressure relief valve to
enable biofilms to form under the in situ pressure (Fig. 11). Sterilized garnet
grains (MOBIO) and glass beads (VWR) were placed within the flow cells as
support materials for biofilm formation. The different groundwaters were
passed through the flow cells at varying rates for 33 days to allow microbial
attachment on the solid surfaces. At the end of the experiment, the flow cells
were closed at both ends before being disconnected from the boreholes and
transported at 4°C to the laboratory. Approximately 6 g garnet grains and 6 g
glass beads were collected from each flow cell for DNA extraction and
subsequent analysis of the biofilms.

3.3.4 Bioinformatic analysis

The 454 pyrosequencing 16S rRNA gene data analysis was carried out by
trimming the sequencing reads and clustering the data into OTUs.
Representative sequences were then selected from each OTU after the
phylogenetic classification by comparison against the SILVA database.
Illumina 16S rRNA gene amplicon sequencing data was analyzed via the
UPARSE pipeline (Edgar, 2013). Taxonomic annotation was carried out by
comparison to the SILVA database (Quast et al., 2013) using SINA (Pruesse et
al., 2007). 

Illumina metagenome sequencing data analysis was carried out using an in-
house pipeline. In brief, the sequencing reads were first assembled using Ray
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(version 2.3.1) (Boisvert et al., 2012) and Newbler (version 2.6) after
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with FeCl3, then the FeCl3 aggregates were filtered through a 0.8 µm filter
(Isopore, Millipore). All collected samples were stored at -80°C until
processing.

Fig. 11. Groundwater sampling and in situ biofilm sampling. High pressure filter holder

connected to the borehole (left) and flow cells attached to the borehole (right).
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candidate divisions, unknown archaea, or unknown bacteria. Although ferric-
and manganese reducing populations and methanogens have been identified
from the Äspö HRL (Hallbeck and Pedersen, 2008) and the Outokumpu deep
borehole waters (Purkamo et al., 2015), no evidence for these growth
strategies was identified in the reconstructed populations. 

3.4.2 Paper IV 

Hydrogen fed chemolithoautotrophic and diazotrophic populations
initiate biofilm formation in oligotrophic, deep terrestrial subsurface
waters

The formation of a biofilm allows the organisms to proliferate more
effectively than the independent planktonic cells (Caldwell et al., 1997) and
the transition to a biofilm state decidedly alters the cellular processes
(Flemming and Wingender, 2010). The number of cells per square centimeter
in biofilms was between 164 to 7000 fold greater than the planktonic cells per
mL in Paper IV.

In general, the most dominant microbial community class in both water
types and biofilm types was Epsilonproteobacteria. In addition, the 16S rRNA
pyrosequencing data suggested the planktonic and biofilm populations in the
two water types were highly distinct. This could be for several different
reasons. Firstly, the <0.22 µm planktonic cells might have been overlooked as
0.22 µm filters were used in Paper IV to collect the cells. Secondly, the
biofilm population must have been active and some planktonic populations
may have been dead or dormant and thus, not selected for. Thirdly, studies
have shown that some taxa have a preference for growing in biofilms (Hall-
Stoodley et al., 2004). Lastly, the potential bias introduced by PCR
amplification could have resulted in the distinct taxonomy between planktonic
and biofilm communities. Both the 16S rRNA gene amplicons and meta-
genome data showed a more diverse population in modern marine water
biofilms compared to old saline water biofilms. In support for the distinction
between biofilms and planktonic populations, genome base alignment of the
MAGs from Paper III and Paper IV supported that little overlap occurred. 

The biofilms generated in Paper IV attached to the solid surfaces and
developed for a total of 33 days. Thus, as the generation times for attached
microbial populations in the deep hard rock fractures are estimated to be
between 16 to 90 days, the attached cells were likely to be at the early stage of
proliferation with not more than one generation having occurred (Ekendahl
and Pedersen, 1994; Pedersen, 2012). Potential surface colonizers were
identified in both modern marine and old saline waters. One MAG suggested
to be capable of carrying out all the necessary stages in biofilm formation,
including surface adhesion plus EPS production and secretion, was identified
in each of the two water types. In the modern marine water, this MAG aligned
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undefined mixed, and old saline waters were suggested to belong to the small
fraction. Several streamlined genomes (<1.3 Mb) were also identified in
Paper III, indicating a potential adaptation to the low energy in oligotrophic
conditions (Giovannoni et al., 2014; Swan et al., 2013). Taxonomic results in
Paper III showed distinct microbial communities in the three water types.
Overall, the identified populations from the three water types were dominated
by Proteobacteria, Candidate divisions, unclassified archaea, and unclassified
bacteria.

The metagenome assembled genomes (MAGs) from the three water types
were searched for genes related to electron donors, electron acceptors, ability
to fix carbon dioxide and nitrogen, and uptake of nutrients. These data were
then used to reconstruct the metabolic pathways and create a metabolic model
(Fig. 2 in Paper III). In general, the modern marine water showed community
members with a predominantly anaerobic and heterotrophic lifestyle as the
abundant communities were suggested to have a greater dependency on
organic carbon. In addition, populations were present that were suggested to
fix carbon dioxide and nitrogen using energy derived from hydrogen oxidation
coupled to sulfate or nitrate reduction. However, the ability to reduce sulfate
(or sulfur) by known pathways was less widespread in this water type than
previously suggested (Itävaara et al., 2011; Pedersen, 2012). Populations from
the undefined mixed water were mostly suggested to be able to metabolize
organic carbon by either fermentation or by coupling to nitrate reduction. One
MAG in this water type from the >0.22 μm fraction was potentially capable of
reducing sulfate. In contrast to modern marine water, the microbial community
present in the old saline water was suggested to be more closely aligned to the
current paradigm of a hydrogen-driven, sulfate-reducing deep biosphere
(Pedersen, 2000), as evidence for sulfate reduction and sulfur reduction were
identified in this water type. Despite that the old saline water had a higher
sulfate concentration, based on the percentage of mapped reads, sulfur
reduction was potentially more dominant than sulfate reduction due to the
insufficient energy supply. Finally, data from this water type also indicated
that heterotrophic growth played an important role in this environment.

Microbes from the three water types were suggested to fix carbon dioxide
via the Calvin-Benson-Bassham (CBB) cycle. Although the reductive
tricarboxylic acid cycle, the reductive acetyl coenzyme A pathway, and the 3-
hydroxypropionate pathway are also suggested to be able to fix carbon dioxide
in anaerobic microorganisms (Hügler et al., 2005), key genes predicted to code
for these carbon dioxide fixation pathways were not identified in any of the
water types. Despite being the most energy demanding of the carbon dioxide
fixation systems, the data indicated that the CBB cycle was the major pathway
for carbon dioxide fixation.

 In addition to autotrophic species, several MAGs with a streamlined
genome were identified that were suggested to code for populations that use a
simple fermentative growth strategy. These populations were assigned to

36



candidate divisions, unknown archaea, or unknown bacteria. Although ferric-
and manganese reducing populations and methanogens have been identified
from the Äspö HRL (Hallbeck and Pedersen, 2008) and the Outokumpu deep
borehole waters (Purkamo et al., 2015), no evidence for these growth
strategies was identified in the reconstructed populations. 

3.4.2 Paper IV 

Hydrogen fed chemolithoautotrophic and diazotrophic populations
initiate biofilm formation in oligotrophic, deep terrestrial subsurface
waters

The formation of a biofilm allows the organisms to proliferate more
effectively than the independent planktonic cells (Caldwell et al., 1997) and
the transition to a biofilm state decidedly alters the cellular processes
(Flemming and Wingender, 2010). The number of cells per square centimeter
in biofilms was between 164 to 7000 fold greater than the planktonic cells per
mL in Paper IV.

In general, the most dominant microbial community class in both water
types and biofilm types was Epsilonproteobacteria. In addition, the 16S rRNA
pyrosequencing data suggested the planktonic and biofilm populations in the
two water types were highly distinct. This could be for several different
reasons. Firstly, the <0.22 µm planktonic cells might have been overlooked as
0.22 µm filters were used in Paper IV to collect the cells. Secondly, the
biofilm population must have been active and some planktonic populations
may have been dead or dormant and thus, not selected for. Thirdly, studies
have shown that some taxa have a preference for growing in biofilms (Hall-
Stoodley et al., 2004). Lastly, the potential bias introduced by PCR
amplification could have resulted in the distinct taxonomy between planktonic
and biofilm communities. Both the 16S rRNA gene amplicons and meta-
genome data showed a more diverse population in modern marine water
biofilms compared to old saline water biofilms. In support for the distinction
between biofilms and planktonic populations, genome base alignment of the
MAGs from Paper III and Paper IV supported that little overlap occurred. 

The biofilms generated in Paper IV attached to the solid surfaces and
developed for a total of 33 days. Thus, as the generation times for attached
microbial populations in the deep hard rock fractures are estimated to be
between 16 to 90 days, the attached cells were likely to be at the early stage of
proliferation with not more than one generation having occurred (Ekendahl
and Pedersen, 1994; Pedersen, 2012). Potential surface colonizers were
identified in both modern marine and old saline waters. One MAG suggested
to be capable of carrying out all the necessary stages in biofilm formation,
including surface adhesion plus EPS production and secretion, was identified
in each of the two water types. In the modern marine water, this MAG aligned

37

undefined mixed, and old saline waters were suggested to belong to the small
fraction. Several streamlined genomes (<1.3 Mb) were also identified in
Paper III, indicating a potential adaptation to the low energy in oligotrophic
conditions (Giovannoni et al., 2014; Swan et al., 2013). Taxonomic results in
Paper III showed distinct microbial communities in the three water types.
Overall, the identified populations from the three water types were dominated
by Proteobacteria, Candidate divisions, unclassified archaea, and unclassified
bacteria.

The metagenome assembled genomes (MAGs) from the three water types
were searched for genes related to electron donors, electron acceptors, ability
to fix carbon dioxide and nitrogen, and uptake of nutrients. These data were
then used to reconstruct the metabolic pathways and create a metabolic model
(Fig. 2 in Paper III). In general, the modern marine water showed community
members with a predominantly anaerobic and heterotrophic lifestyle as the
abundant communities were suggested to have a greater dependency on
organic carbon. In addition, populations were present that were suggested to
fix carbon dioxide and nitrogen using energy derived from hydrogen oxidation
coupled to sulfate or nitrate reduction. However, the ability to reduce sulfate
(or sulfur) by known pathways was less widespread in this water type than
previously suggested (Itävaara et al., 2011; Pedersen, 2012). Populations from
the undefined mixed water were mostly suggested to be able to metabolize
organic carbon by either fermentation or by coupling to nitrate reduction. One
MAG in this water type from the >0.22 μm fraction was potentially capable of
reducing sulfate. In contrast to modern marine water, the microbial community
present in the old saline water was suggested to be more closely aligned to the
current paradigm of a hydrogen-driven, sulfate-reducing deep biosphere
(Pedersen, 2000), as evidence for sulfate reduction and sulfur reduction were
identified in this water type. Despite that the old saline water had a higher
sulfate concentration, based on the percentage of mapped reads, sulfur
reduction was potentially more dominant than sulfate reduction due to the
insufficient energy supply. Finally, data from this water type also indicated
that heterotrophic growth played an important role in this environment.

Microbes from the three water types were suggested to fix carbon dioxide
via the Calvin-Benson-Bassham (CBB) cycle. Although the reductive
tricarboxylic acid cycle, the reductive acetyl coenzyme A pathway, and the 3-
hydroxypropionate pathway are also suggested to be able to fix carbon dioxide
in anaerobic microorganisms (Hügler et al., 2005), key genes predicted to code
for these carbon dioxide fixation pathways were not identified in any of the
water types. Despite being the most energy demanding of the carbon dioxide
fixation systems, the data indicated that the CBB cycle was the major pathway
for carbon dioxide fixation.

 In addition to autotrophic species, several MAGs with a streamlined
genome were identified that were suggested to code for populations that use a
simple fermentative growth strategy. These populations were assigned to

36



suggested to be taxonomically distinct from the planktonic community and
appeared to be dominated by mixed communities including hydrogen utilizers,
as well as nitrogen and carbon dioxide fixers. In order to examine whether the
potential growth strategies identified in this thesis are actively utilized, further
studies are needed. These include, for example metatranscriptomic sequencing
to identify the active populations within the community as well as the
metabolic strategies they utilize.

39

most closely to Sulfuricella denitrificans, a facultatively anaerobic, sulfur-
oxidizing bacterium that reduces nitrate (Kojima and Fukui, 2010). However,
it also potentially had the ability to utilize hydrogen, reduce sulfate, produce
an ion motive force via the ferredoxin:NAD+ oxidoreductase Rnf complex,
and fix carbon dioxide through the CBB cycle. In the old saline water, the
MAG suggested to be able to carry out all stages of attachment and biofilm
formation was most closely to Desulfovibrio aespoeensis, a hydrogenotrophic
sulfate-reducing bacteria previously isolated from the Äspö HRL (Pedersen et
al., 2014). Its growth strategy was in agreement with the suggested metabolic
strategy of reducing sulfate to sulfide, but it also contained genes assigned to
formate oxidation, nitrogen fixation, and carbon dioxide fixation via the CBB
cycle. Populations containing genes coding for surface adhesion or EPS
production and export were also identified in the two water types. Most of
these MAGs were suggested to be able to fix carbon dioxide via the CBB
cycle and/or nitrogen and conserve energy by reducing nitrate, sulfate, and/or
sulfur. The predicted general metabolisms (i.e. electron donors, electron
acceptors, and ability to fix carbon dioxide and nitrogen) in the MAGs which
were not involved in biofilm formation showed no distinctive differences
between the populations.

A comparison of gene frequencies between biofilm (Paper IV) and
planktonic (Paper III) populations showed the biofilm populations to be
enriched in populations suggested to have a chemolithoautrophic and
diazotrophic metabolism coupling hydrogen oxidation to acquire nutrients and
energy under oligotrophic conditions.

3.5 Conclusions
Microbial life in the terrestrial deep biosphere is suggested to be comprised of
anaerobes capable of reducing nitrate, manganese, ferric iron, sulfur, or sulfate
along with methanogens and acetogens which are fed by carbon dioxide and
hydrogen as carbon and energy sources (Hallbeck and Pedersen, 2008;
Nyyssonen et al., 2014; Purkamo et al., 2015). The metagenomic study of the
planktonic cells in the terrestrial deep subsurface identified a variety of
communities with heterotrophic, mixotrophic, and autotrophic metabolic
strategies coupled with fermentation, nitrate reduction, or sulfur and sulfate
reduction. These data are partly consistent with earlier studies but also reveal a
breadth and diversity of metabolic strategies not previously identified. The
<0.22 µm planktonic cells identified in Äspö HRL, which might be a
physiological adaptation for living in highly oligotrophic deep biosphere
groundwaters, would have been overlooked in earlier studies relying on
membrane capture. 

Populations suggested to be involved in initial biofilm formation were
identified in the terrestrial deep biosphere. The biofilm populations were
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appeared to be dominated by mixed communities including hydrogen utilizers,
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