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Abstract

Christel, Stephan (2018). Function and Adaptation of Acidophiles in Natural and
Applied Communities, Linnaeus University Dissertations No 328/2018, ISBN:
978-91-88761-94-1 (print), 978-91-88761-95-8 (pdf). Written in English.
Acidophiles are organisms that have evolved to grow optimally at high
concentrations of protons. Members of this group are found in all three domains
of life, although most of them belong to the Archaea and Bacteria. As their
energy demand is often met chemolithotrophically by the oxidation of basic ions
and molecules such as Fe2+, H2, and sulfur compounds, they are often found in
environments marked by the natural or anthropogenic exposure of sulfide
minerals. Nonetheless, organoheterotrophic growth is also common, especially
at higher temperatures. Beside their remarkable resistance to proton attack,
acidophiles are resistant to a multitude of other environmental factors, including
toxic heavy metals, high temperatures, and oxidative stress. This allows them to
thrive in environments with high metal concentrations and makes them ideal
for application in so-called biomining technologies.
The first study of this thesis investigated the iron-oxidizer Acidithiobacillus
ferrivorans that is highly relevant for boreal biomining. Several unresolved nodes
of its sulfur metabolism were elucidated with the help of RNA transcript
sequencing analysis. A model was proposed for the oxidation of the inorganic
sulfur compound tetrathionate. In a second paper, this species’ transcriptional
response to growth at low temperature was explored and revealed that At.
ferrivorans increases expression of only very few known cold-stress genes,
underlining its strong adaptation to cold environments.
Another set of studies focused on the environmentally friendly metalwinning technology of bioleaching. One of the most important iron-oxidizers
in many biomining operations is Leptospirillum ferriphilum. Despite its
significance, only a draft genome sequence was available for its type strain.
Therefore, in the third paper of this thesis we published a high quality, closed
genome sequence of this strain for future use as a reference, revealing a
previously unidentified nitrogen fixation system and improving annotation of
genes relevant in biomining environments. In addition, RNA transcript and
protein patterns during L. ferriphilum’s growth on ferrous iron and in
bioleaching culture were used to identify key traits that aid its survival in
extremely acidic, metal-rich environments. The biomining of copper from
chalcopyrite is plagued by a slow dissolution rate, which can reportedly be
circumvented by low redox potentials. As conventional redox control is
impossible in heap leaching, paper four explored the possibility of using
differentially efficient ironoxidizers to influence this parameter. The facultative
heterotrophic Sulfobacillus thermosulfidooxidans was identified as maintaining a
redox potential of ~550 mV vs Ag/AgCl, favorable for chalcopyrite dissolution,

while L. ferriphilum caused the potential to raise far above this critical value.
RNA transcript analysis was used to identify genomic features that may
contribute to this behavior.
Lastly, six fields in Northern Sweden were examined for the presence of acid
sulfate soils in the fifth paper. The study revealed three acid sulfate soils. The
presence of acidophiles that likely catalyze the production of acid in the soil was
confirmed by community 16S gene amplicon analysis. One site that was flooded
in a remediation attempt and is therefore anoxic still exhibited similar bacteria,
however, these now likely grow via ferric iron reduction. This process consumes
protons and could explain the observed rise in pH at this site.
This thesis examines acidophiles in pure culture, as well as natural and
designed communities. Key metabolic traits involved in the adaptation to their
habitats were elucidated, and their application in mining operations was
discussed. Special attention was paid to acidophiles in chalcopyrite bioleaching
and in cold environments, including environmental acid sulfate soils in
Northern Sweden.
Keywords: Acidophiles; Biomining; Psychrophiles; Adaptation; Acid Sulfate
Soil; Redox Control

Cover photo:
Extremely acidic water of Rio Tinto (Spain), stained
deeply red by vast concentrations of dissolved iron.
Rights: Wikimedia Commons

”An expert is a person who has
found out by his own painful
experience all the mistakes that one
can make in a very narrow field.”
Niels Bohr
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Introduction
From the peaks of the Himalaya (Sanyal et al. 2018), to the very depths of the
ocean’s Marianna trench (Peoples et al. 2018), Earth is saturated with life. While
some of it evolved to exceedingly complex multicellular organisms, the vast majority
of life forms are not quite as complicated. These organisms have proliferated in the
form of single cells since the very beginning of life on Earth, billions of years ago.
Their growth is powered by the harvest of energy released by chemical reactions
(Demirel & Sandler 2002) and due to their great adaptability, time allowed bacterial,
archaeal, and eukaryotic life to expand into extreme environments in every possible
direction (Madigan & Martinko 2006). Just as in the rich compost of ones backyard,
microbes colonize the sediments of frozen lakes in Antarctica (Sapp et al. 2018),
float in the dark cracks of deep bed rock 500 meter below the Baltic Sea (Wu et al.
2017), multiply in the boiling temperatures of Icelandic geysers (Gaisin et al. 2017),
and swim through the salty waters of the Dead Sea (Bodaker et al. 2010). Not even
the hard vacuum of outer space appears to be beyond the limits of what single-celled
life can endure, some of it being able to tolerate the complete lack of pressure and
extreme solar radiation for extended periods of time (Moissl-Eichinger et al. 2016).
With this in mind, there is little doubt that life on earth will continue, in one form or
another, long after humankind eventually disappears.
Due to the extreme nature of the environments they have adapted to inhabit,
some of these life forms are referred to as extremophiles (Durvasula & Rao 2018).
Members of this group are found in all three domains of life, but are more common
in the prokaryotic world of Bacteria and Archaea (Figure 1). While species resistant
to a multitude of extreme conditions exist, most are adapted to cope with fewer, often
related stressful environmental factors. These include high temperature (Urbieta et
al. 2015), high salinity (Bowers & Wiegel 2011), or high radiation levels (Ragon et
al. 2011). Beside their resilience to conditions that would kill most other organisms,
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Figure 1: Phylogenetic tree adapted from Dalmaso et al. (2015), illustrating the presence of
extremophiles within all three domains and life, along with the resistant characteristic appearing in
at least one species of each genera indicated by color.

extremophiles have in common that their metabolism is often simple and streamlined
(Sabath et al. 2013; Saha et al. 2014) to reduce the amount of energy necessary to
maintain cellular functions. The combination of these factors makes them interesting
subjects in the study of the origin of life on earth (Rampelotto 2013). In the early
days of earth, conditions were harsh, hot, and acidic (Ushikubo et al. 2008); shaped
by high concentrations of sulfur compounds and carbon dioxide originating from
volcanic activity (Nisbet & Sleep 2001). Complex organic molecules usable to gain
energy were scarce (Westall et al. 2011). Environments like this exist to this day
(Figure 2), for example in naturally exposed deposits of sulfide minerals, such as
in the Iberic Pyritic Belt (Spain), in the acidic pools of Yellowstone National Park
(USA), but also in man-made environments heavily influenced by mining activity
(Simate & Ndlovu 2014). Here, the first acidophiles, acid-loving organisms, were
14

Figure 2: Acidophiles often inhabit sulfur-rich, acidic environments, such as Rio Tinto in the
Iberian Pyritic Belt in Southern Spain (A), and the Norris Geyser Basin of Yellowstone National
Park in Wyoming, USA (B). Photo rights: Flickr Creative Commons
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isolated in the early 20th century (Temple & Colmer 1951; Waksman & Joffe 1922).
Their capability to grow at low pH, using only basic ions and molecules such as iron
and sulfur compounds to gain the energy needed to multiply, have recently also put
them in the spotlight of investigations on how life on earth originated (Holmes 2017).
However, regardless of the possibility of acidophiles being among the first life forms
on Earth, organisms classified as such were, and are, immensely important in the
geochemical cycles of our planet (Druschel et al. 2004) and profoundly influence
the world that we live in.

16

Acidophiles
Acidophiles are defined as organisms capable of sustaining cellular functions
and growth at pH lower than 5. Consequently, microbes with even lower optima,
i.e. pH<3, are called extreme acidophiles (Johnson 2007). Habitats providing such
high concentrations of protons are relatively scarce (Quatrini & Johnson 2018), but
originate from various sources. In nature, acidic environments are often connected to
volcanic activity (Armienta et al. 2000; Varekamp 2008) or naturally exposed sulfide
minerals that are oxidized to sulfuric acid by atmospheric oxygen (Furniss et al.
1999; Kwong et al. 2009). Since the beginning of the anthropocene, human activities
also contribute significantly to these environments, for example by careless dumping
of coal spoils and sulfidic ore tailings (see section Acid rock and mine drainage) or
drainage of wetlands and their underlying sulfidic sediments (see section Acid sulfate
soils).
Just as extremophiles in general, acidophiles consist of members of all three
domains of life. Among acidophilic eukaryotes, the most prominent are microalgae,
protists, and fungi, that all contribute significantly to the diversity in acidic habitats
(Baker et al. 2004). However, as most acidophilic species are enriched within the
Bacteria and Archaea (Quatrini & Johnson 2016), this thesis will concentrate on
members of these domains.

17
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Diversity of acidophilic prokaryotes
The recognized diversity in acidophilic Bacteria and Archaea has steadily increased since the discovery of the first acidophile, Acidithiobacillus thiooxidans, by
Waksman & Joffe (1922). Yet, with the beginning of the new millennium, next generation sequencing (NGS) has greatly accelerated the identification of acidophilic
organisms. While in the past microbial diversity was heavily biased towards what
species were able to grow under laboratory conditions, today, cultivation has become
largely unnecessary to identify new microbial species, as genome sequences can be
assembled directly from environmental samples by metagenomics (Cardenas et al.
2010; Cowan et al. 2015). Further, advances in phylogenetics, such as 16S rRNA
gene typing or more recently, multi-locus sequencing analysis have rigorously challenged and improved taxonomic classification of microbial species and clades, as
well as their placement in the universal tree of life (Hug et al. 2016; Nuñez et al.
2017).

Bacteria
Despite the challenging nature of their environment, acidophiles exhibit a
high degree of phylogenetic diversity. Thousands of isolated strains are capable
of growing at low pH, although within the Bacteria, each of them belongs to
one of only six phyla: Proteobacteria, Nitrospirae, Firmicutes, Actinobacteria,
Aquificae, or Verrucomicrobia (Figure 3; Dopson 2016). Considering the low
species saturation of many known bacterial phyla, it is easily conceivable that
this list may have to be extended in the future. Within their phyla, extreme
acidophiles often cluster seperately, mostly on the genus level, as e.g. the genera
Acidithiobacillus or Leptospirillum. This is albeit not always the case, and extremely
acidophilic species can be intermixed in otherwise neutrophilic clades, e.g. within
the Alicyclobacilli (Ciuffreda et al. 2015). Apart from the common resistance
against low pH in acidophile clades, great heterogeneity often occurs in other
metabolic aspects. This includes preference of electron donors and acceptors, carbon
source, and other chemical and physical parameters (see section Energy and carbon
metabolism and Challenges and adaptations of life in acid). A full account of the
currently known bacterial acidophilic diversity is therefore beyond the scope of this
thesis. Nevertheless, ecologically and technologically important acidophiles will be
explored in more detail in the following sections.
18
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Figure 3: Unrooted phylogenetic tree of 16S rRNA gene sequences from selected acidophilic
Bacteria, collected from SILVA (Quast et al. 2013). Phylogeny was inferred using FastTree (Price
et al. 2010) and the tree drawn by iTOL (Letunic & Bork 2016). Bootstraps < 0.5 are omitted.
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Proteobacteria
One of the most important acidophilic clades is the genus Acidithiobacillus within
the Proteobacteria class Acidithiobacillia (Williams & Kelly 2013) that contains
the first acidophile ever isolated, At. thiooxidans. This species was originally
described as Thiobacillus thiooxidans, but has since then been reclassified (Kelly
& Wood 2000). While still intensely investigated, seven distinct species are
currently described within the genus, including many of the most prominently
studied acidophiles, namely the mentioned At. thiooxidans plus At. ferooxidans,
At. caldus, At. ferrivorans, At. ferridurans, At. ferriphilus, and At. albertensis
(Nuñez et al. 2017). All of these species are gram-negative, rod-shaped autotrophs
that are capable of oxidizing elemental sulfur and other inorganic sulfur compounds
(ISCs) coupled to the reduction of oxygen for energy generation. Those that are
named to include a derivative of the latin ferrum (i.e. ferri/ferro) additionally
have the capability to aerobically oxidize ferrous iron (Fe2+ ), and even use ferric
iron (Fe3+ ) as an electron acceptor for anaerobic growth. Some Acidithiobacillus
spp. can also use elemental hydrogen as a energy source (Drobner et al. 1990).
All Acidithiobacilli are extreme acidophiles, and exhibit optimal growth at pH
values between 2-2.5 under mesophilic temperature conditions of 30-45 °C (Kelly
& Wood 2000). As an exception, At. ferrivorans has been described to be greatly
tolerant to colder environments (Christel et al. 2016b; Hallberg et al. 2010). This
characteristic is rather uncommon among acidophiles, reflected in this species being
the only Acidithiobacillus found in boreal climates or at high altitudes (see section
Temperature: Psychro- and thermoacidophiles).
The genus Acidiphilium lies within the α-Proteobacteria, and is the second
largest clade of acidophiles in the Proteobacteria phylum, despite being split by
the reclassification of two members to form the novel sister genus Acidocella
(Kishimoto et al. 1995). The genus’ remaining species include Acidiphilium
acidophilum, Ac. cryptum, Ac. angustum, and Ac. rubrum. Acidiphilum spp. are
gram-negative, motile rods that gain their energy exclusively from oxidizing organic
substrates or in some cases ISCs, using both oxygen and ferric iron as terminal
electron acceptors. Ac. acidophilum is the only member of this genus able to aquire
carbon autotrophically (Coupland & Johnson 2008; Guay & Silver 1975). This
species was in fact previously assigned to the Thiobacilli (now Acidithiobacilli),
as it was isolated from a culture previously considered purely consisting of At.
ferrooxidans, in which both species proliferated in an indistinguishable symbiosis
20
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(Harrison 1984; Liu et al. 2011). Growth of Acidiphilium spp. is not limited to
mildly acidic niches like for many other organoheterotrophic acidophiles (Jones
et al. 2013), but ranges from near neutral pH 6 to extremely acidic pH 1, with
reported optima around 3.5 at temperatures between 25-40 °C (Delabary et al. 2017;
Kishimoto et al. 1995). This variability makes them the most frequently encountered
organoheterotrophs in a wide range of acidic environments (Hamamura et al. 2005;
Kay et al. 2013; Wichlacz et al. 1986).
The species split from Acidiphilium genus to form the novel Acidocella include
Acidocella facilis, and Acc. aminolytica. More recently, two further species were
added to the group, Acc. aluminiidurans and Acc. aromatica (Jones et al. 2013;
Kimoto et al. 2010). While on the 16S rRNA gene level they differ sufficiently to
justify the formation of a new genus, and each species maintains a specialized gene
set, Acidocella spp. are metabolically similar to their sister genus Acidiphilium, and
inhabit the same temperature range albeit with a slightly higher pH niche (Jones et
al. 2013).
Lastly of note within the Proteobacteria is Acidicaldus organivorans, the sole
member of its genus. This species exhibits the highest optimal growth temperature
of the phylum’s acidophiles, 50-55 °C at a pH of 2.5-3. It is capable of aerobic
sulfur oxidation, but as most thermophilic organisms, Acd. organivorans grows best
organoheterotrophically. Of particular interest is that Acd. organivorans obtains
highest cell densities while degrading aromatic and phenolic compounds, substrates
also used by Acc. aromatica, but otherwise rarely found to be used by acidophiles
(Johnson et al. 2006).

Nitrospirae
Also of large importance within the bacterial acidophiles are members of the
Nitrospirae genus Leptospirillum, which are characterized by their spiral shape.
Similar to the Acidithiobacilli, they are gram-negative, autotrophic, and most strains
possess the capability to fix nitrogen (Christel et al. 2017; Parro & Moreno-Paz
2004). In addition, they prefer similar although slightly higher temperature ranges
of around 30-45 °C (Schrenk et al. 1998). Leptospirilli do generally have lower
pH optima between 1-1.6 compared to the Acidithiobacilli (Hippe 2000) and gain
their energy exclusively by the aerobic oxidation of iron (Coram & Rawlings 2002).
Their iron oxidation systems are highly effective, allowing them to out-compete
most other iron-oxidizers (Rawlings et al. 1999). Therefore, Leptospirillum spp.
21
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often constitute a large portion of the microbial population in environments with
exceedingly low pH and high metal concentrations (see sections Acid rock and
mine drainage and Biomining). Three recognized species are comprised in the
genus; Leptospirillum ferrooxidans, L. ferriphilum, and L. rubarum. In addition,
two candidate species have been identified by metagenomic approaches, and were
preliminary named ’L. ferrodiazotrophum’, and ’Leptospirillum sp. group IV UBA
BS’ (Goltsman et al. 2013).

Firmicutes
The genus Sulfobacillus lies within the phylum Firmicutes, and contains five
identified species, namely Sulfobacillus acidophilus, S. sibiricus, S. benefacians, S.
thermosulfidooxidans, and S. thermotolerans. All of these organisms are moderately
thermophilic, preferring growth temperatures of 45-55 °C, and a pH between 1.52.5 (Golovacheva & Karavaiko 1978). Slower growth occurs across vastly larger
temperature and pH ranges. Sulfobacillus spp. are immobile, gram-positive rods,
able to grow aerobically on iron, elemental sulfur, and ISCs, while using organic
compounds as a carbon source (Watling et al. 2008). In the case of S. acidophilus, S.
thermosulfidooxidans, and S. benefaciens, H2 can also serve as a source of electrons
(Hedrich & Johnson 2013) and all Sulfobacillus spp. can utilize ferric iron as an
electron acceptor in times of limited oxygen availability (Watling et al. 2008). In
addition, all members of this genus are facultative autotrophs, capable of acquiring
carbon solely from CO2 , although growth in this mode is slow and limited to a
smaller range of high-energy electron donors (Watling et al. 2008). Also of special
interest is that Sulfobacilli form endospores during times of high stress, such as
e.g. exceedingly low pH (Berkeley & Ali 1994). This makes the species of this
genus extraordinarily resilient to any range of temporarily unfavorable conditions
and combined with their unusual variability in terms of substrates, temperature, and
pH, contributes to the wide environmental distribution of this genus.
A closely related genus is Alicyclobacillus, two members of which were originally assigned to the Sulfobacilli, Alicyclobacillus disulfidooxidans and Acb. tolerans. The Alicyclobacilli are a large clade of currently 22 gram-positive endospore
formers, which are the most common cause of food spoilage in the fruit juice industry (Silva & Gibbs 2004). Alicyclobacilli proliferate at diverse pH values, the most
extreme being from 0.5-6 for Acb. disulfidooxidans (Karavaiko et al. 2005). Similarily, the genus inhabits large temperature ranges and is comprised of cold-adapted,
22
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mesophile, and thermophile species, although most grow optimally in moderately
thermophilic conditions (Ciuffreda et al. 2015). While many Alicyclobacillus spp.
are obligate organoheterotrophs, some exhibit metabolic properties similar to the
Sulfobacilli. For example, Acb. aeris, Acb. ferrooxydans, and Acb. contaminans
are all capable of iron and ISC oxidation, despite growing faster on organic substrates
(Goto et al. 2007; Guo et al. 2009; Jiang et al. 2008).

Actinobacteria
The acidophile genera of the phylum Actinobacteria are not as well explored, although several of them have been recognized (Figure 3). Acidimicrobium ferrooxidans is the sole member of its genus (Clark & Norris 1996). It is capable of efficient
autotrophic growth using ferrous iron or molecular hydrogen, but not ISCs, as a energy source as well as organoheterotropically in presence of yeast extract. Its optimal
growth temperature is 48 °C at pH 2 (Clum et al. 2009).
Another genus of interest is Acidithiomicrobium, which to date has no named
members. Strain P2 that is suggested to be its type species is both a moderate
thermophile and an obligate autotroph, a combination that is in the acidophilic
Bacteria otherwise only found in At. caldus. Strain P2 oxidizes elemental sulfur
and ferrous iron at pH<3 with a growth optimum at 55 °C (Norris et al. 2011).
A last example organism within the Actinobacteria is Ferrithrix thermotolerans, likewise a sole representative of its genus. Unlike the two previous genera, this
species is unable to utilize atmospheric CO2 and requires organic carbon sources.
Its energy demand can be met by the oxidation of ferrous iron or organic substrates
coupled to the reduction of oxygen or ferric iron. Fx. thermotolerans prefers a low
pH of ~1.8 and exhibits its shortest generation time at 43 °C (Johnson et al. 2009).
Aquificae and Verrucomicrobia
The last two bacterial phyla containing acidophiles are each comprised of only one
thermophilic acidophile that has been recognized. Hydrogenobaculum acidophilum
belongs to the phylum Aquificae and grows optimally at temperatures of 65 °C.
It is an obligate aerobic autotroph, gaining energy from the oxidation of H2 in
presence of elemental sulfur. At 3-4, its pH optimum is slightly higher than the
definition of an extreme acidophile (Stohr et al. 2001). The second species is
Methylacidiphilum infernorum, which is named for its original isolation from the
”Hell’s Gate” geothermal site in Tikitere, New Zealand. In addition to its for
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acidophiles unusually high growth temperature of 60 °C, this species is also the only
acidophilic methanotroph (Dunfield et al. 2007).

Archaea
While low and intermediate temperature environments are often dominated by
Bacteria, high temperatures are usually the realm of Archaea. Some microorganisms
of this domain exhibit optimal growth close to, or even beyond, the boiling point
of water and many of the world’s most pH-tolerant life forms are Archaea (Figure
4; Baker-Austin et al. 2010; Futterer et al. 2004). This is often attributed to
special adaptations that differentiate them from the Bacteria, such as e.g. their
highly impermeable cell membranes (Baker-Austin & Dopson 2007; Macalady
et al. 2004). Currently recognized archaeal acidophiles are found in two of the
domain’s orders, the Sulfobales and Thermoplasmatales, belonging to the phyla
Crenarchaeota and Euryarchaeota, respectively (Golyshina et al. 2016). While
the Crenarchaeota acidophiles are exclusively thermo- and hyperthermophiles, the
Euryarchaetoa prefer lower temperatures within meso- to moderate thermophile
boundaries. Members of both clades are frequently isolated from environments
shaped by volcanic or geothermal activity, such as Yellowstone National Park
(USA), Pozzuoli (Italy), or Krisuvik (Iceland), but also from marine geothermal
fields.

Crenarchaeota
The genus Sulfolobus within the Crenarchaeotes is one of the best explored acidophilic archaeal clades. It includes eight named species (Quehenberger et al. 2017),
as well as a myriad of unidentified strains. All Sulfolobus spp. are thermo- or hyperthermophiles, exhibiting temperature optima from 65 °C (Sulfolobus metallicus),
over 75 °C (Sb. acidocaldarius), up to 85 °C (remaining species). Sb. yangmingensis exhibits an even higher preferred growth temperature of 95 °C, albeit at a pH of 4
(Ren-Long et al. 1999), compared to the optimal pH between 2 and 3 of the remaining members of the genus. Most but not all Sulfolobi inhabit solfataric environments
rich in sulfur and use the available ISCs as an energy source to reduce oxygen, e.g.
Sb. metallicus, Sb. shibatae, or Sb. tokadaii. Similar to many acidophilic Bacteria,
molecular hydrogen can also serve as an electron donor for these species (Huber
et al. 1992). Nonetheless, Sulfolobus spp. additionally require organic molecules
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Figure 4: Unrooted phylogenetic tree of 16S rRNA gene sequences from selected acidophilic
Archaea, collected from SILVA (Quast et al. 2013). Phylogeny was inferred using FastTree (Price
et al. 2010) and the tree drawn by iTOL (Letunic & Bork 2016). Bootstraps < 0.5 are omitted.

for supplemental energy and as a carbon source, with the exception of the obligate
chemolithoautotroph Sb. metallicus, that is solely capable of the oxidation of ferrous
iron and ISCs and the fixation of inorganic CO2 (Huber & Stetter 1991).
A genus closely related to Sulfolobus is Metallosphaera, a versatile group of
aerobes that oxidize ferrous iron, ISCs, molecular hydrogen, and organic substrates
while fixing both organic and inorganic carbon (Auernik & Kelly 2010). The
five recognized species of the genus are Metallosphaera sedula, Ms. prunae, Ms.
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hakonensis, Ms. cuprina, and Ms. tengchongensis, all of which exhibit optimal
growth at temperatures of 65-75 °C in a rather large pH range of 1-6 (Peng et al.
2014).
Although most of the discussed acidophilic Archaea are aerobic, anaerobic
lifestyles are also common in this domain. An example of this is the genus Acidianus,
consisting of six recognized facultative anaerobes, Acidianus brierleyi, Aa. infernus,
Aa. ambivalens, Aa. manzaensis, Aa. tengchongensis, and Aa. sulfidivorans.
A seventh candidate was suggested and preliminarily named ’Aa. copahuensis’
(Giaveno et al. 2012). While they are capable of aerobic sulfur and hydrogen
oxidation to gain energy, in the absence of molecular oxygen these organisms also
have the capacity to direct electrons to elemental sulfur or ferric iron (Giaveno et
al. 2012; Plumb et al. 2007). Greatest cell yields were observed at temperatures
between 75 and 90 °C, at pH values of 1-3.
Obligate anaerobes are rare within the acidophilic Crenarchaeota and only one
species has been described. Stygiolobus azoricus is the sole member of its genus
and it grows exclusively by the oxidation of hydrogen coupled to elemental sulfur
reduction (Segerer et al. 1991).

Euryarchaeota
All acidophilic Euryarchaeota belong to the Thermoplasmatales. This clade includes
the most extreme acidophiles known and currently consists of only three families
and five genera, some of which will be explored in the following section. The genus
Thermoplasma contains two described members, Thermoplasma acidophilum and
Tp. volcanium. Both species grow optimally at pH ~2, but are able to tolerate pH
values as low as 0.5 at temperatures of 60 °C (Segerer et al. 1988). Their energy
metabolism involves the oxidation of complex organic molecules coupled to the
reduction of oxygen. In addition, Thermoplasma spp. are capable of facultative
anaerobic growth using elemental sulfur as an electron acceptor. Interestingly, both
members of the genus do not possess a cell wall and are shrouded only by a single
triple-layer tetraether membrane (Langworthy 1982). Additionally, with 1.56 Mbp,
Tp. acidophilum exhibits one of the smallest genomes ever sequenced for a free
living organism (Ruepp et al. 2000).
The genera Acidiplasma and Ferroplasma show very similar properties. Their
growth range lies between pH 0-4, with an optimum of pH 1-1.5. Similar to
Thermoplasma, no members of these genera form a cell wall, but rely solely on
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tetraetherlipid membranes. Ferroplasma acidophilum and ’Fp. acidarmanus’ are
facultative anaerobes, oxidizing ferrous iron together with organic compounds and
using oxygen or ferric iron as electron acceptors (Dopson et al. 2004). Similarly,
Acidiplasma cupricumulans and Ap. aeolicum are capable of anaerobic growth
using ferric iron, although cell growth is considerably faster while aerobically
oxidizing ferrous iron or organic substrates (Golyshina et al. 2009). Acidiplasma
spp. prefer slightly higher temperatures around 45-55 °C, compared to 35-45 °C of
Ferroplasma. Both genera are solely capable of assimilating organic carbon sources.
Lastly, the genus Picrophilus exhibits the lowest pH optima of any known life
form (Golyshina et al. 2016). Both members of the genus, Picrophilus torridus
and P. oshimae, tolerate protons between pH 0-3.5, growing optimally at pH
0.7 (Schleper et al. 1996). Perhaps relatedly, these species are the only known
organisms within the acidophilic Euryarchaeota that maintain a S-layer (Klingl
2014). Picrophilus spp. are obligate aerobes, and exclusively oxidize organic
substrates at 60 °C. P. torridus does also have an extremely small genome (1.54
Mbp), comparable in size to Tp. acidophilum (Futterer et al. 2004).
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Energy and carbon metabolism
As described in the previous sections, acidophiles meet their energy demand
exclusively chemotrophically, by oxidizing ferrous iron (Fe2+ ), reduced ISCs, H2 ,
and/or organic carbon compounds (Quatrini & Johnson 2018; Figure 5A). Electrons
extracted from these molecules or ions are transferred to terminal electron acceptors,
which for acidophiles so far appear to be limited to O2 , ferric iron (Fe3+ ), and
ISCs including sulfate. The amount of energy available from the oxidation of an
electron donor and the reduction of an electron acceptor can be estimated using their
respective standard reduction potentials as two halfs of a galvanic cell (Figure 5B).
The voltage between the two half cells is proportional to the free energy released
by combining the two reactions, which can be harvested as the so called proton
motive force (PMF) to obtain ATP, or by the generation of NADH that is used as
reducing power in numerous reactions within the cell. PMF is produced by coupling
the transport of electrons from the substrate to the terminal electron acceptor with
the dislocation of protons from the cytoplasm. Thus, a potential is created at the
outer side of the cell membrane which in turn can be utilized by transmembral
ATPases. These proteins allow the flow of protons back into the cytoplasm and
use their potential for the generation of ATP from ADP. The second cellular
energy currency, NADH, is generated by the direct exergonic electron transfer from
the substrate to NAD+ , e.g. during glycolysis in organotrophic organisms or by
NADH-dehydrogenases in lithotrophs. In litothrophic acidophiles, this process is
complicated by both the pH dependency of many substrate’s reduction potentials
and the presence of a large pH gradient across the cell membrane (Ingledew 1982).
At low pH, most substrates do not contain enough reducing power (i.e. their standard
reduction potential is too positive) to transfer electrons directly to NAD+ , which is
located in the cytoplasm at close to neutral pH (Figure 5B). Therefore, in the so
called reverse or uphill electron transport (named having the traditional redox tower
in mind; the vertical depiction of a standard reduction potential scale with negative
potentials at the top and positive potentials at the bottom), PMF generated during the
reduction of a terminal electron acceptor has to be consumed to assist the endergonic
generation of NADH under these conditions (Ingledew 1982; Nitschke & Bonnefoy
2016). Despite these limitations, acidophiles have evolved mechanisms to exploit a
large range of chemical reactions and manage to acquire sufficient energy to thrive
in some of the harshest environments on the planet.
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Figure 5: Illustration of key metabolic traits of acidophiles (A), adapted from Quatrini & Johnson
(2018) and standard reduction potentials E0 (at pH 0) and E0 ´ (at pH 7) of common substrates and
electron carriers of acidophiles (B). As by convention, the couples are depicted as ”oxidized state /
reduced state”. Due to the cytoplasmic location at neutral pH and the associated strong negativity of
the NAD+ /NADH potential (-0.32V), NADH generation needs to occur by reverse upphill electron
transport that consumes PMF for many substrates at acidic pH (as illustratated e.g. for ferrous iron),
compared to regular downhill transport for terminal electron acceptor reduction.

Iron
The oxidation of ferrous iron to gain energy is not exclusive to acidophiles,
even though the acidity of their environment greatly increases the viability of the
process compared to pH neutral niches. Due to the very high standard reduction
potential of the Fe3+ /Fe2+ redox couple, oxygen is its only feasible oxidant to
obtain sufficient energy to support active cell metabolism (Figure 5B). However, in
aerobic conditions and circumneutral pH, ferrous iron is spontaneously oxidized and
subsequently precipitated as ferric hydroxide. Only at low pH, Fe2+ ions are stable
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despite the presence of oxygen and are readily available for microbial oxidation.
Additionally, the standard reduction potential of oxygen rises with decreasing pH,
broadening the potential difference and increasing the amount of energy available
for harvest (Nitschke & Bonnefoy 2016). Consequently, only few neutrophiles have
evolved systems for energy acquisition via iron oxidation, while they are ubiquitous
in acidophilic clades and have there evolved to great efficiency, e.g. in the strong
iron-oxidizers of the Leptospirillum genus.
Biological oxidation of Fe2+ ions takes place at the outer membrane, averting
the import of iron species into the cell, where they can generate harmful radical
compounds within the cytoplasm (see section Oxidative stress). In most bacterial
acidophiles, such as the model iron-oxidizer At. ferrooxidans, the initial electron
extraction is conducted by a designated cytochrome c (Quatrini et al. 2009; Talla
et al. 2014). In Archaea, no evidence for the presence of cytochrome c has been
found to date and consequently, the blue copper protein sulfocyanin is proposed
to be responsible for the extraction of electrons from Fe2+ , e.g. in Ferroplasma
spp. (Castelle et al. 2015). This type of protein is also present in Bacteria in the
form of rusticyanin, although interestingly, members of the bacterial Sulfobacilli
express archaeal sulfocyanin rather than rusticyanin. Beside being involved in
electron extraction in Archaea and electron transfer in Bacteria, blue copper proteins
are suggested to be responsible for the bifurcation of electrons between the uphill
and downhill electron transport (Holmes & Bonnefoy 2007), directing electrons to
either PMF or NADH production, respectively. Alternatives to these proteins also
exist, e.g. iso-rusticyanin b, and iron oxidase Iro in At. ferrivorans (Talla et al.
2014). The downhill pathway ultimately transfers electrons to an oxidase of aa3 or
cbb3 -type, from which oxygen is reduced as a terminal electron acceptor. Directing
electrons to the opposite uphill pathway includes transfer via the bc1 complex and the
quinone pool towards NADH generation by respective dehydrogenases (Nitschke &
Bonnefoy 2016; Quatrini et al. 2009). Interestingly, and likely due to their capability
to reduce NAD+ during growth on organic substrates, these proteins are often not
detected in facultative organotrophic iron-oxidizers such as the Ferroplasma genus
(Bonnefoy & Holmes 2012). Other Archaea, i.e. Sulfolobus spp. and Ms. sedula,
exhibit a radically different iron oxidation pathway, consisting of a single haemcopper terminal oxidase in conjunction with cytochrome b, that is suggested to
provide both up- and downhill pathway functionalities (Bonnefoy & Holmes 2012).
The large inter-species variety of iron oxidation systems provides evidence for the
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hypothesis that this method for energy generation evolved independently multiple
times in different organisms (Nitschke & Bonnefoy 2016).
Most iron-oxidizing acidophiles are also capable of iron reduction under
anaerobic conditions, generally coupled to the oxidation of ISCs but also hydrogen
(Hedrich & Johnson 2013). This co-occurrence led to the assumption that both iron
pathways at least in part share the same proteins (Corbett & Ingledew 1987; Pronk et
al. 1991). However, more recently it was discovered that e.g. rusticyanin expressed
in both conditions in At. ferriphilus was not functional during anaerobic growth by
iron reduction (Ohmura et al. 2002). In addition, an extensive lag phase between
aerobic and anaerobic growth reported in At. ferrooxidans suggests enzymatically
distinct pathways (Ohmura et al. 2002). Despite continued efforts to elucidate the
reduction mechanism via proteomics and transcriptomics (Kucera et al. 2012; Osorio
et al. 2013), crucial elements remain elusive and no consensus model has yet been
reported (Nitschke & Bonnefoy 2016).

Inorganic sulfur compounds
ISCs in acidic environments occur in diverse speciation, ranging in sulfur
oxidation states from -II (hydrogen sulfide, H2 S) to +VI (sulfate, SO4 2 – ). Almost
all sulfur species can be used as electron donors by acidophiles, e.g. H2 S, elemental
sulfur (S0 ), thiosulfate (S2 O3 2 – ), and tetrathionate (S4 O6 2 – ). The end product of
microbial sulfur oxidation is sulfuric acid. The presence of ISCs in the environment
is therefore often the cause of severe acidification and in turn, many sulfur-oxidizers
are acidophiles (Dopson & Johnson 2012). With the exception of hydrogen sulfide,
the energy generation from reduced ISCs shares the same limitations as ferrous
iron under acidic conditions, in that they require reverse electron transfer for the
production of NADH, although with less energetic investment (Figure 5B). Even
the H2 S standard reduction potential is too high to directly reduce NAD+ . However,
in contrast to other ISCs it is low enough to inject electrons directly into the
quinone pool, from which they can be used by various cellular reactions (Nitschke
& Bonnefoy 2016). Reduced ISCs can net up to eight electrons per sulfur atom,
compared to only one per Fe2+ . This makes them attractive energy sources, justifying
extensive enzymatic investment. Nonetheless, most acidophiles capable of doing so
preferentially oxidize iron when fed both substrates (Kupka et al. 2009; Ponce et al.
2012). The mechanisms underlying this regulation are still elusive and appear to be
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Figure 6: Model of microbial ISCs metabolism based on Kletzin (unpublished), Dopson &
Johnson (2012), and Nitschke & Bonnefoy (2016), including enzymes catalyzing the respective
reactions. Dashed arrows indicate disproportionation, faint lines indicate spontaneous abiotic
reactions. 1) polysulfide reductase; 2) sulfide:quinone oxidoreductase (Sqr) or sulfide:cytochrome
c oxidoreductase; 3) sulfur reductase; 4) heterodisulfide reductase (Hdr); 5) sulfite:acceptor
oxidoreductase; 6) ATP sulfurylase; 7) reverse ATP sulfurylase (Sat) or adenylylsulfate:phosphate
adenylyltransferase; 8) adenylylsulfate reductase; 9) sulfite reductase; 10) tetrathionate reductase;
11) thiosulfate:quinone oxidoreductase (Tqo, DoxDA) or thiosulfate dehydrogenase (Tsd); 12)
Sox complex; 13) sulfur oxygenase reductase (Sor); 14) thiosulfate reductastase; 15) tetrathionate
hydrolase (TetH); 16) O-acetylserin or O-phosphoserine sulfhydrolases; 17) cysteine desulfurase

largely unexplored in organisms other than At. ferrooxidans (Ponce et al. 2012).
Due to the high amount of different compounds and intermediates, microbial
sulfur metabolism is immensely complex (Figure 6). Its study is further complicated
by the typically acidic conditions at which the respective processes are catalyzed,
as many ISCs are highly unstable at low pH and tend to react with each other or
spontaneously disproportionate (Suzuki 1999). Sulfur oxidation pathway models
for several acidophiles have been proposed, including e.g. the obligate sulfuroxidizer At. caldus (Mangold et al. 2011). In this species, ISCs are suggested to be
transported into the periplasm by outer membrane protein Omp40. There, hydrogen
sulfide can be oxidized by sulfide quinone reductase Sqr, injecting electrons directly
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into the quinone pool and releasing elemental sulfur, which can then be degraded
by sulfur oxygenase reductase Sor. Additionally, the polysulfides tetrathionate and
thiosulfate can be hydrolized by tetrathionate hydrolase TetH, and the Sox complex,
respectively. Both reactions ultimately result in sulfate and a further reduced quinone
pool. Alternatively, thiosulfate can be oxidized by cytochrome c, which transfers
electrons directly to oxygen via an aa3 -type cytochrome oxidase and increases the
PMF in the process. Other acidophiles often use similar pathways, but as previously
mentioned, due to the large number of intermediates and abiotic side reactions, the
diversity of sulfur oxidation systems is very high. However, in contrast to iron
oxidation, it appears there is no inherent difference in sulfur oxidation systems
between Archaea and Bacteria (Nitschke & Bonnefoy 2016).
The reduction of ISCs is also frequently observed in prokaryotes, although more
commonly in neutrophiles. This is due to the high toxicity of the end product of this
process, hydrogen sulfide. While this compound occurs prevalently in ionic form
and can be precipitated as metal sulfide in pH neutral conditions, at pH<5 the more
toxic H2 S is formed (Koschorreck 2008). Therefore, utilization of sulfur compounds
as terminal electron acceptors is scarce in acidic environments (Ňancucheo et al.
2016) and only a few acidophiles capable of doing so have been isolated. Currently
the process appears to be more prevalent within the archaeal domain, with the
exception of sulfate reduction, which has only been observed in Bacteria (Dopson
& Johnson 2012). Crenarchaeota such as Aa. ambivalens, Aa. brierleyi, and
Sl. azoricus evolved to use electrons obtained from molecular hydrogen to reduce
elemental sulfur, using a quinone-mediated pathway including a hydrogenase and
sulfur reductase (Laska et al. 2003; Segerer et al. 1991). The same life-style can
be adapted by the Proteobacteria At. ferrooxidans and At. ferriphilum (Ohmura
et al. 2002; Osorio et al. 2013). Other sulfur-reducing organisms extract electrons
from organic substrates, e.g. the Archaea ’Caldisphaera draconis’ and ’Acidilobus
sulfurireducens’. As previously mentioned, no known Archaea are capable of sulfate
reduction at low pH and Bacteria known to have this capacity are pH-tolerant rather
than extreme acidophiles. The Firmicutes genus Desulfosporosinus accomodates
several such moderately acidophilic species, i.e. Desulfosporosinus acidiphilus,
and Ds. acididurans, which were isolated from acidic river sediments (Alazard
et al. 2010; Sánchez-Andrea et al. 2014b). Other acid tolerant sulfate-reducing
Bacteria include members of the genera Desulfurella, Thermodesulfobium, and
Syntrophobacter (Sanchez-Andrea et al. 2011).
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Acidophilic sulfur-reduction has long been thought to be rare at best, mostly
owing to the toxicity of its main product. More recently, metagenomics of acidic
environments as well as novel isolation strategies have started to uncover more
acidophilic sulfur-reducing diversity, and will be valuable tools in increasing the
understanding of this ecological niche (Ňancucheo et al. 2016; Pimenov et al. 2015;
Pinto et al. 2016).

Hydrogen
Molecular hydrogen is a common substrate for microbial growth and can
be used to reduce oxygen or alternative electron acceptors, with high energetic
yields (Figure 5B; Schwartz et al. 2013). Its oxidation to 2 H+ releases two
electrons in a single reversible step, catalyzed by the enzyme hydrogenase (Frey
2002). In acidic environments, H2 can originate from the proton induced dilution
of base metals and minerals, and is therefore widely available. The capability to
grow by the oxidation of molecular hydrogen has long been known in acidophilic
Archaea, including members of the genera Sulfolobus, Acidianus, Metallosphaera,
and Stygiolobus (Brock et al. 1972; Huber et al. 1989; Segerer et al. 1986).
Until recently, At. ferrooxidans and H. acidophilum were the only confirmed
acidophilic bacterial hydrogen-oxidizers (Drobner et al. 1990; Shima & Suzuki
1993). Hedrich & Johnson (2013) consequently tested 38 bacterial strains for
hydrogen-enabled growth and reported positive results for members of the genera
Acidithiobacillus, Sulfobacillus, and Acidimicrobium, which combined hydrogen
oxidation with oxygen, Fe3+ , or ISC reduction.

Carbon
Carbon is a substantial cell constituent for all life forms, that needs to be taken
up as CO2 by autotrophs or in the form of organic molecules by heterotrophs. The
fixation of carbon dioxide in acidophiles proceeds similarly as in neutrophiles, although it is complicated by the low availability of soluble carbonate and bicarbonate
ions at low pH. Several autotrophic carbon fixation pathways have been identified in
microorganisms, of which the Calvin-Benson-Bassham cycle is the most prevalent
in acidophilic Bacteria and elsewhere (Johnson & Hallberg 2009). This pathway
is carried by the enzyme RuBisCo that catalyzes the formation of glucose from at-
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mospheric carbon dioxide (Calvin 1962) and includes the possibility to concentrate
CO2 in so called carboxysomes to increase fixation efficiency (Shively et al. 1998).
RuBisCo is found in a large variety of bacterial acidophiles, such as Acidithiobacilli
or Leptospirilli (Esparza et al. 2010). Other species fix carbon by reversing their
TCA cycle, e.g. the hydrogen-oxidizer H. acidophilum, or even express multiple
pathways, like L. ferriphilum (Christel et al. 2017). Acidophilic Archaea utilize an
entirely different system in which glyoxylate is produced as the fixation product by
the variants of the 3-hydroxypropionate cycle (Strauss & Fuchs 1993).
Obligate lithoheterotrophic organisms are exceedingly rare and consequently,
there are no known heterotrophic acidophiles that are not also facultative or obligate
organotrophs. Even though some may prefer to utilize CO2 as a carbon source (e.g.
Ac. acidiphilum), most organotrophs have no need for inorganic carbon fixation
systems as they are capable of diverting intermediates of their carbon based energy
metabolism towards usage as cell building blocks. Acidophilic representatives
of this group include many of the thermophilic Archaea, such as the genera
Ferroplasma, Sulfolobus, and Metallosphaera, but also the bacterial Acidiphilium
spp. and Am. ferrooxidans. Similar to their neutrophilic counterparts, acidophilic
organotrophs likely use glycolysis (S. thermosulfidooxidans; Zakharchuk et al.
1994), Entner-Doudoroff (Ac. cryptum; Shuttleworth et al. 1985), or PentosePhosphate pathways (Sb. solfataricus; (She et al. 2001)), followed by often
incomplete (”horse-shoe”) TCA cycles to oxidize organic matter (Cardenas et al.
2010; Wood et al. 2004), and generate ATP via substrate-level phosphorylation and
NADH mediated PMF.
Although some species have been well studied, little attention has been paid
to acidophile carbon metabolism (Johnson & Hallberg 2009). More research is
necessary to extend our understanding of their mechanisms, as the degradation of
carbon compounds is an important ecological process in acidic environments. At
low pH, sacid groups that are abundant in organic matter exist predominantly in
their protonated, unpolar form and are therefore capable of crossing cell membranes
and cause acidification of the cytoplasm (see section pH). Therefore, the presence
of organo- and heterotrophic community members capable of removing these
substrates is favorable for other acidophiles. In turn, organoheterotrophs are able to
symbiotically metabolize low weight carbon compounds assembled and expunged
by the primary producing autotrophs (Quatrini & Johnson 2018).
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Challenges and adaptations of life in acid
While tolerance against stress caused by vast concentrations of protons is the
determining trait of acidophiles, it is far from the only factor that has severe implications on life in acidic environments. Low pH directly influences the dissolution of
many substances that can affect microorganisms, especially heavy metals, but also
other compounds that in high concentrations inhibit cellular functions. Additionally,
reactive oxygen species (ROS) are readily formed in many acidic environments and
are a source of severe oxidative damage to living matter. Therefore, acidophiles
have developed an arsenal of adaptations to cope with these parameters.

pH
pH values of acidophile habitats vary, but generally have a lower limit around
pH 0, below which the physical conditions are too harsh to allow for any microbes
to multiply (see section Diversity of acidophilic prokaryotes). Most extreme
acidophiles prefer growth conditions between pH 1.5-3 and therefore, possess a
multitude of DNA and protein repair systems to deal with acid related damage to
cell structures (Crossman et al. 2004; Ram et al. 2005). However, just like in other
organisms, their basic intracellular reactions and functions, such as the PMF, require
near neutral conditions. Due to the logarithmic definition of pH, this means that
acidophiles have to maintain a ~10,000-fold proton gradient (∆pH) across their
cell membrane. The preservation of this gradient, termed pH homeostasis, can be
achieved via three simple principles: (i) restricting proton influx, (ii) buffering of
intracellular protons, and (iii) proton efflux (Baker-Austin & Dopson 2007).
The cell wall and membrane are the barriers between the inside and outside
of a cell, and the focus point of the ∆pH. To prevent the overly rapid influx of
protons, acidophiles have developed cell membranes that are not as susceptible to
acid hydrolysis, and more impermeable to protons than the ones of their neutrophilic
counterparts. Archaeal membrane lipids bound by ether linkages are highly resistant
to acid attack (Macalady et al. 2004), but also bacterial acidophile membranes have
enhanced resistance, e.g. by a increased abundance of hopanoids at low pH (Jones
et al. 2012a). In addition to structural changes, acidophiles also exhibit a reverse,
inside-positive, membrane potential. While neutrophiles use an inside-negative
potential to increase their PMF, acidophiles need to amass positive charges in the cell
to repel the influx of protons and prevent rapid acidification of the cytoplasm. This is
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likely achieved by import of relatively inert metal cations such as K+ , as acidophiles
exhibit a large abundance of genes coding for putative cation transporters on their
genomes (Baker-Austin & Dopson 2007; Buetti-Dinh et al. 2016). Lastly, influx of
protons into the cell is decreased by employing specialized porins with reduced pore
size (Amaro et al. 1991).
Protons that successfully cross into the cell are often sequestered by molecules
that exhibit high acid dissociation constants, and are abundant in the cytoplasm.
These include e.g. phosphate, pyruvate, and glutamate, but also the amino acids
lysine and histidine that bear alkaline side chains (Castanie-Cornet et al. 1999).
Further, acid-generating compounds such as organic acids can be oxidized or
reduced in order to raise their dissociation constants (Futterer et al. 2004), although
it is debatable if this a function of pH homeostasis or merely a byproduct of
organoheterotrophic energy and carbon metabolism (Baker-Austin & Dopson 2007).
Despite these adaptations, acidity will inevitably increase even in acidophile
cells, i.e. by proton-driven ATPases. As ATP generation is an omni-present
process that imports large quantities of protons through the membrane, these need
to be constantly pumped out of the cell. This can be achieved by the electron
transport chain, which couples substrate oxidation to proton export (see section
Energy and carbon metabolism), or by other energy dependent primary transport
systems. Additionally, acidophile genomes show numerous secondary transport
systems capable of extruding protons from the cytoplasm. Nevertheless, active
energy generation by substrate oxidation is an integral process for long-term pH
homeostasis and therefore, survival in acidophiles.

Heavy metals
While many metals are essential for various functions of living cells, any such
element can become toxic at high concentrations. Their effects on living cells are
diverse and often characteristic for the specific metal (Dopson et al. 2003), e.g. the
blocking of distinct receptors and transport systems on the outside of microbial cells.
Most metal mediated toxicity is localized within the cell and includes coordinate
bonding with functional groups of enzymes, displacement of essential trace metals,
and oxidative damage to cell components (see section Oxidative stress). At neutral
pH, metals are mostly covalently bound or part of insoluble salt crystals, and their
environmental concentration are accordingly low. At decreased pH however, their
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dissolution is greatly enhanced (Dold 2017; Reddy et al. 1995). Consequently, acidic
waters leach large amounts of metal ions from the surrounding environment and
the indigenous acidophiles are exposed to significantly higher metal concentrations
compared to neutrophiles (Blowes et al. 2003; Kadnikov et al. 2016). In fact, many
acidophiles even promote the dissolution of metals (see section Acid rock and mine
drainage) and due to the nature of their environments, frequently encounter e.g. iron,
copper, arsenic, aluminum, nickel, and zinc (Dopson et al. 2003). Nevertheless, both
acidophiles and neutrophiles employ similar tools to resist the detrimental effects of
heavy metals (Dopson & Holmes 2014). This, together with the fact that many
such systems are genetically encoded in potentially transposable genomic islands,
supports the hypothesis that metal resistance is a property heavily facilitated by
horizontal gene transfer (Navarro et al. 2013).
Genetically traceable adaptations to heavy metal resistance are various, but
similarly to resistances to other toxic compounds, can be divided into the categories
(i) efflux, (ii) inactivation, and (iii) conversion. Many organisms exhibit metal efflux
pumps, which can be specific to a certain metal, such as P-type copper ATPases
(Huang et al. 2016; Rensing et al. 2000) or transport a range of similar metals, e.g.
the RND system (Nies 1999; Nikaido 2018). Yet, these pumps are energy dependent
and therefore, metabolically expensive. To avoid the consumption of ATP or ∆pH,
microbes can also inactivate toxic metal ions by complexation, i.e. by inorganic
polyphosphates (Orell et al. 2012). The shielding of the metal’s electronegativity by
such ligands greatly decreases its reactivity as a toxic agent within the cytoplasm
until it can be expunged by more cost-efficient transporters (Remonsellez et al.
2006). A similar protective function is the formation of biofilms, in which abundant
extracellular polymeric substances (EPS) complex metal ions, as well as establish a
diffusion barrier that reduces the portion of metals coming in contact with microbial
cells (Harrison et al. 2007). Lastly, toxic metal ions can be converted to less toxic
species via enzymatic reactions. One such example is the reduction of mercury in
Sb. solfataricus, transforming the highly toxic Hg2+ ion to elemental Hg0 , which
subsequently diffuses out of the cell due to its high volatility (Schelert et al. 2004).
Comparing the number of metal resistance components in acidophile and
neutrophile genomes does not reveal a clear prevalence of such systems in either
group, with the exception of some extremely resistant acidophilic organisms; highly
enriched with efflux pumps, chaperones, and RND transporters for a vast range of
metals, e.g. At. ferrooxidans, L. ferriphilum, and others. However, despite the
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ubiquitous occurrence of metal resistance systems, acidophiles exhibit up to 1000fold higher tolerance to various metals compared to neutrophiles. Recently, this
disparity has been attributed to the nature of acidic environments themselves, as
well as to the defining property of acidophiles, their high pH tolerance (Dopson et
al. 2014). Unlike neutrophiles, acidophiles maintain an inside-positive membrane
potential in order to repel proton influx (see section pH). Since most metal ions are
also positively charged, this adaptation simultaneously increases metal tolerance.
But also the acidic environment could play a role in decreasing the reactive portion
of metal ions. Both protons and sulfate are among the species with the highest
concentration in natural low-pH environments, due to the aerobic oxidation of ISCs
to sulfuric acid (see section Acid rock and mine drainage). Any charged binding
sites upon the surface of a cell therefore attracts not only metal cations, but also
significantly more abundant protons. At the same time, large concentrations of
negative sulfate ions shield the metals positive charge and therefore decrease their
reactivity. The observed high metal tolerance in acidophiles may therefore be the
effect of both biotic and abiotic mechanisms (Dopson et al. 2014).

Oxidative stress
Oxidative chemical agents are ubiquitous in microbial habitats, and pose a
threat to cell function via the bulk oxidation of vital cell components such as DNA,
RNA, proteins, lipids, and cofactors (Fridovich 1978; Jones et al. 2012b). Often,
this oxidative stress is embodied by ROS that can originate from various sources,
but also derive from H2 O2 produced during microbial aerobic respiration (Ferrer
et al. 2016). This presents a problem especially in iron-oxidizing acidophiles,
as due to the low amount of energy gained by the reduction of a single oxygen
molecule by Fe2+ , oxygen consumption has to be increased to meet the cellular
energy demand (Rawlings 2005). Further, high metal concentrations in acidic
environments, in particular of copper, iron, or zinc, among others, play a major role
in free radical generation due to their involvement in the Fenton and Haber-Weiss
reactions (Equations 1 and 2, respectively; Ferrer et al. 2016).
M2+

2 H2 O2 −−−→ H2 O + HO• + HOO•

(1)

HOO• + H2 O2 −−→ H2 O + O2 + HO•

(2)
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These reactions can also occur directly on the surface of metal sulfides, such
as pyrite (Schoonen et al. 2006), which is one of the main sources of natural acidic
environments inhabited by acidophiles (see section Acid rock and mine drainage).
Therefore, these microbes are commonly exposed to high levels of oxidative stress
and require mechanisms to protect their cell components in order to survive.
The most simple among these protection systems are organic antioxidants such
as glutathione, which in some acidophiles maintain a reducing environment by
scavenging and neutralizing free radicals, and conduct basic repairs of oxidative
damage (Fahey 2001). In many other acidophiles however, this task is fulfilled by
CoA disulfide reductase. Upon sensing increased levels of oxidants, acidophiles
may also enhance expression of more complex enzymatic tools, e.g. superoxide
dismutase, peroxidase, and thioredoxin, all of which are commonly found on the
genome of acidophiles (Cardenas et al. 2012). These proteins neutralize radicals
like HOO•, reduce ROOR´ groups in by oxidative stress affected macromolecules,
and repair disulfide bridges in oxidized proteins, respectively. Interestingly, the
oxidative stress protein catalase that is ubiquitous in neutrophiles has been detected
only in a minority of acidophile genomes (Cardenas et al. 2012). It is unclear
how H2 O2 detoxification is achieved in these organisms, although a role similar to
catalase has been suggested for the more common rubrerythrin (Maaty et al. 2009).
Nevertheless, the low abundance of catalase analogues in acidophiles suggests
these microbes preferentially deal with oxidative stress by increasing their repair
capabilities rather than scavenge radicals and H2 O2 .
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Polyextremophiles
As described in section Challenges and adaptations of life in acid, acidophiles
are highly resistant to low pH, high heavy metal concentrations, and oxidative stress.
Many acidic environments expose microbes to additional stressing conditions and
are therefore likely to be inhabited by so-called polyextremophiles. These include
organisms enduring e.g. temperatures drastically deviating from the commonly
preferred mesophilic 30-40 °C, sun-induced UV radiation, or osmotic stress by high
salt concentrations. Tolerating such a large range of detrimental factors requires an
extraordinarily effective set of adaptations and rigorous streamlining of unessential
systems, often resulting in highly specialized organisms exclusively found in their
respective niche.

Temperature: Psychro- and thermoacidophiles
Water temperature is likely the most variable parameter in acidic environments,
ranging from close to freezing in e.g. acidic mine streams in Scandinavia (Liljeqvist
et al. 2015) to above boiling in pressurized sulfidic deep-sea hydrothermal vents (see
section Volcanic and geothermal environments). Microbes capable of multiplying at
low temperatures are termed psychrophiles, while so-called thermophiles proliferate
at high temperatures.
Traditionally, organisms growing at low temperatures were divided into true
psychrophiles and psychrotolerants. Their classification is based on the condition at
which optimal, i.e. fastest, growth is observed. Psychrophiles exhibit fastest growth
at temperatures below 10 °C, while psychrotolerants survive at these temperatures
but grow more rapidly in near mesophilic conditions (De Maayer et al. 2014).
This designation does not account for the lower speed of metabolic reactions
at low temperatures, which inherently slows down growth and therefore, does
not describe the degree of adaptation to cold conditions. Instead, the prefixes
eury- and steno- have been suggested (i.e. stenopsychrophile/eurypsychrophile), to
describe psychrophiles exhibiting growth in wide and narrow temperature spectra,
respectively (Bakermans & Nealson 2004; Cavicchioli 2016).
Low temperatures pose various challenges to microorganisms, often related
to reduced molecular motility. These include decreased substrate and intermediate
diffusion, excessive protein rigidity that can slow down reaction kinetics, as well as
over-stabilization of DNA and RNA secondary structures (Casanueva et al. 2010;
41

Acidophiles

D’Amico et al. 2006). Additionally, low temperatures facilate the dissolution of
gaseous O2 , and ice formation can concentrate ions in ice-free pockets, processes that
additionally lead to osmotic stress (Watkin & Zammit 2016). A major response to
cold conditions that is employed by organisms of all three domains is the expression
of cold shock proteins (CSPs) and cold induced proteins (CIPs) (Barria et al.
2013; Phadtare 2004). Both groups overlap and consist of proteins of various
function, some only remotely related to cold adaptation. A large portion however
exhibits nucleic acid binding motifs and is involved in the melting of rigid DNA
and RNA structures of the chromosome, transcriptome, and ribosomes (Phadtare &
Severinov 2010). Further, desaturases present in cold-adapted microbes can increase
membrane fluidity at low temperatures and therefore aid e.g. nutrient diffusion
(Liljeqvist 2012).
No stenopsychrophilic (i.e. exclusively psychrophilic) acidophiles have been
identified to date, despite the considerable diversity in many cold acidic environments (Kay et al. 2013; Liljeqvist et al. 2015). These habitats often contain various bacterial species, yet also described eurypsychrophilic acidophiles that actively
multiply at temperatures of 0-10 °C are still rare (Liljeqvist et al. 2015). One of the
most prominent example of such organisms is the Proteobacterium At. ferrivorans
(Christel et al. 2016b; Hallberg et al. 2010). This species is commonly found in
cold acidic mining waste streams where it fixes CO2 and catalyzes the oxidation of
iron and sulfur compounds, contributing substantially to the present biomass (Liljeqvist et al. 2013). Another cold-tolerant acidophile is a representative of the Betaproteobacteriales order Ferrovales, ’Ferrovum myxofaciens’, first identified in the
low-temperature environment of an abandoned welsh copper mine (Kay et al. 2013).
This species is obligately aerobic and gains its energy exclusively by the oxidation of
ferrous iron, while fixing inorganic carbon dioxide (Johnson et al. 2014). Lastly of
interest is the heterotrophic Actinobacterium ’Acidithrix ferrooxidans’, which despite being reported to actively oxidize iron at temperatures below 10 °C, has not
been found to grow in these conditions (Jones & Johnson 2015).
Although they are often initially cold, the chemical reactions catalyzed by
acidophiles can significantly heat up their environment (see section Acid rock and
mine drainage and Biomining), creating conditions for moderately thermophilic
and thermophilic Bacteria and Archaea. Other acidic environments derived from
volcanic and geothermal activity, and are inherently hot (see section Volcanic and
geothermal environments). These habitats attract organisms with growth optima at
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even higher temperatures. Heat resistance in microorganisms is mostly the result
of adaptations that increase stability of cell components, such as stabilization of
nucleic acids, enzymes and membranes, or the production of chaperones that aid
correct protein folding (Stetter 1999). Additionally, key cellular functions such as
DNA replication and repair are modified, to ensure their unimpaired performance at
higher temperatures (Chien et al. 1976).
A large proportion of chemolithotrophic and acidophilic Bacteria are moderate
thermophiles growing at temperatures between 40-60 °C, including e.g. the in
previous sections described Am. ferrooxidans and At. caldus (Dopson 2016).
Higher temperatures are in contrast dominated by the Archaea, with the above
mentioned exceptions of H. acidophilum and M. infernorum. Thermophilic and
hyperthermophilic Archaea are especially resistant to heat, proposedly due to their
particularly stable, ether-linked cell membranes, compared to bacterial ester-linked
membranes (Albers et al. 2000). Therefore, prevalently crenarchaeal acidophiles
such as Sulfolobus, Metallosphaera, and Acidianus spp. are able to tolerate
temperatures beyond 70 °C. These species dominate exceedingly hot environments
such as geothermal springs (Golyshina et al. 2016; Ward et al. 2017), where they
oxidize various substrates including Fe2+ , ISCs, and organic carbon. This makes
them especially interesting for application in biomining operations, such as the hightemperature bioleaching of copper minerals (see section Biomining).
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Environmental and ecological implications of acidophiles
Acid rock and mine drainage
Acid rock drainage (ARD) is the result of natural processes that lead to the
release of acid and heavy metals into the environment. It occurs in areas where
sulfidic minerals are exposed to the atmosphere and therefore, come in contact
with water and oxygen (Dold 2017; Warren 2011). The oxidation of some of these
minerals, i.e. pyrite (FeS2 , ”fool’s gold”), is exothermic and proceeds spontaneously
without the need of additional energy (Santos et al. 2016). The reaction’s end product
is ferrous iron and sulfuric acid (Equation 3).
FeS2 +

7
O2 + H2 O −−→ Fe2+ + 2 SO4 2− + 2 H+
2

(3)

If not sufficiently buffered by the presence of accompanying minerals such as lime,
silicates, or carbonates (Dold 2017; Parbhakar-Fox & Lottermoser 2015; Sherlock
et al. 1995), the protons released by the dissolution reaction can lead to a strong
acidification, which affects the surrounding environment and provides the right
conditions for more severe follow-up reactions, as well as the growth of a wide range
of acidophiles. These microbes promote the most harmful aspect of ARD, the release
of toxic heavy metals. As described in section Energy and carbon metabolism,
many of the acidophilic Bacteria and Archaea gain energy by the oxidation of
iron and/or sulfur compounds. ARD sites provide an ideal environment for such
microorganisms, in which they transform the ferrous iron released from the mineral
to ferric iron, a strong oxidant. Ferric ions are able to attack the sulfur moiety of more
stable sulfide minerals (Vera et al. 2013), which can contain various heavy metals,
such as arsenic, copper, zinc, cobalt, etc. Similar to the oxidation by oxygen, this
process breaks the mineral’s chemical bond and releases its components as ions.
During the reaction, for each consumed ferric ion, one or more ferrous ions are
produced that the present acidophiles can in turn oxidize again, initiating a chain
reaction and potentiating the release of acid and metals (Equation 4).
MFeS2 + 2 Fe3+ + 2 H+ −−→ M2+ + 3 Fe2+ + 2 S0 + H2 O
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Figure 7: Schematic illustration of the two mineral dissolution pathways, adapted from Schippers
& Sand (1999)

In addition to metals, ISCs are released in various forms. Depending on the nature of
the mineral, two different dissolution mechanisms are described (Figure 7; Schippers
& Sand 1999). Acid insoluble minerals, such as pyrite, molybdenite, or tungstenite,
are subject to the thiosulfate pathway, in which thiosulfate is the first free sulfur
species (Luther 1987; Moses et al. 1987). Most other metal sulfides are acid soluble
and behave differently. Minerals such as chalcopyrite, arsenopyrite, or sphalerite
are attacked by a combination of ferric iron and protons, and release more reduced
sulfur compounds according to the polysulfide mechanism (Dutrizac 1974). While
thiosulfate can be oxidized both biologically and abiotically by ferric iron, many
products of the polysulfide pathway (e.g. S0 ) are accessible only to microbial
oxidation. In producing more sulfuric acid, both these processes increase the net
release of protons and further decrease the pH of the receiving water body. As a
result, the biological diversity in the environment decreases significantly (Baker &
Banfield 2003; Kuang et al. 2013), as organisms not capable of tolerating elevated
proton and metal concentrations rapidly decline. As all the mentioned reactions are
exothermic, ARD waters can also heat-up substantially. Decreased pH and large
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variability with respect to temperature, metal concentration and carbon content is on
the other hand responsible for a large diversity of acidophiles typically encountered
in these environments. Microbes identified from ARD include Bacteria and Archaea
with a wide range of preferred temperatures and substrates, including psychrophiles
such as At. ferrovorans or Fv. myxofaciens (see section Temperature: Psychro- and
thermoacidophiles), as well as meso- and moderately thermophilic Acidithiobacilli,
Leptospirilli, and Acidimicrobia (Baker & Banfield 2003).
While it may be presumptuous to call a natural process occurring since millions
of years an environmental problem, ARD is an undesired reality in many places
around the globe and decreases water quality for human consumption (Verburg et
al. 2009). A prime example for this is the Rio Tinto, a river originating in the
mountains of Andalusia, Spain. For ~100 km, it winds through the Iberic Pyrite
Belt, a 250 km long geological entity consisting mainly of iron and copper sulfides
(Amils 2016). Here, the river has likely been subjected to ARD for millions of years
(Leistel et al. 1997). The Iberic Pyrite Belt is however also heavily influenced by
human mining activities, which began there as early as 3000 BC (Davis Jr. et al.
2000). Effluents from active and closed mines, along with their tailings that were
discarded on the slopes bordering the river, contribute to the acidity and heavy metal
load of the environment in the same way as naturally exposed minerals. Therefore,
in this area Rio Tinto can reach pH values ~2, and the water contains up to 20 g/L
dissolved iron (Gonzalez-Toril et al. 2003), staining the water deeply red (Figure 2,
and front cover of this thesis).
Today, the environmental impact of this acid mine drainage (AMD) (Hoffert
1947; Younger 2017) globally dwarfs that of natural ARD (Quatrini & Johnson
2018), and contaminates regions previously unaffected by its underground mineral
content (Blowes et al. 2003). Many examples more extreme than Rio Tinto exist,
with the Iron Mountain Mine close to Redding, California (USA) as an infamous
front-runner. Iron Mountain was operated above and below ground from 1860 until
1963 and exploited for a vast range of metals (Jacobs & Testa 2014). Despite the
mine’s closure, to this day the oxidative dissolution of pyrite exposed in the shafts
leads to the discharge of AMD exhibiting pH values as low as -3.6 (Nordstrom et
al. 2000); the most acidic waters ever measured in the environment. Additionally,
the waste stream exhibits strongly increased temperatures of up to 50 °C, heated
by the exothermic mineral dissolution reactions (Druschel et al. 2004). The more
drastic pH and temperature conditions of many AMD sites compared to AMD
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often drive the development of more extreme microbial communities, including e.g.
thermophilic Archaea in addition to bacterial acidophiles (Baker & Banfield 2003).
Due to their size, complexity, and inaccessibility, remediation of such sites
proves extremely difficult. Nevertheless, strategies are available to minimize their
effects, and regulations increasing the liability of mining companies are being
passed globally (Parbhakar-Fox & Lottermoser 2015). Today, the design of new
mining operations has to include careful considerations for prevention and treatment
of potentially dangerous mining waste. These can be divided in two different
approaches; (i) prevention and/or neutralization of acid at the site of generation or
(ii) treatment of the AMD stream or affected water body. One popular method to
prevent and neutralize acid generation is the application of lime, which is mixed
with water, and spread over the affected ore body. The buffering capacity of lime
raises the pH, preventing further dissolution of the minerals, and ideally inactivating
acidophile organisms catalyzing the process. However, this treatment does often not
last, and has to be repeated frequently (Caraballo et al. 2009). Longer lasting, widely
adapted methods include the covering of tailings with soil, flooding, or underground
storage of the acid generating material. This way, contact with atmospheric oxygen
is limited and the aerobic chemical reactions necessary for AMD production are
greatly diminished (Moncur et al. 2015; Peppas et al. 2000).
If the treatment of the source of acidity is not feasible, or does not prove
effective, the actual AMD streams have to be treated by neutralizing acidity and
removing heavy metals, reduced ISCs, and sulfate. Stand-alone applications such
as liming, aeration and precipitation, and many others are available to remediate
single or multiple parameters of AMD (Verburg et al. 2009). Depending on the
waste’s streams volume, though, these methods can be costly. More recently,
scientists have investigated biological ways for mining waste water treatment,
including sulfate-reducing Bacteria and biosorption (Choi 2015; Sánchez-Andrea et
al. 2014a). Additionally, increasingly complex methods involving combinations of
biological, physical, and chemical technologies are under development to remediate
waste streams and gain valuable resources at the same time, e.g. so-called microbial
fuel cells, which utilize electric currents produced by microbes to precipitate heavy
metals (Ni et al. 2016).
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Acid sulfate soils
Acid sulfate soils (ASSs) form by the same chemical principles as ARD, in
that they are caused by the oxidation of sulfide bearing minerals, although they
are not usually connected to large ore bodies. Instead, ASSs originate from past
sea sediments that contain fine grains of metal sulfides such as pyrite, formed via
the microbially catalyzed reaction of sulfate from sea water with iron oxides in
the anaerobic sediment zones (Bloomfleld & Coulter 1974). Such deposits are
termed potential acid sulfate soils (PASSs). They occupy only small areas, but are
commonplace around the world, and include many low-lying coastal regions on all
continents except Antarctica (Michael 2013). PASSs do not pose an environmental
problem, as long as they are submerged and not in contact with air. However,
land uplift over the millenia after the last ice age has exposed many PASSs to
atmospheric oxygen (Boman et al. 2010; Cook et al. 2000), causing the oxidation of
metal sulfides, assisted by microorganisms as described in section Acid rock and
mine drainage (Wu et al. 2013). Human activity such as drainage of wetlands
or large excavations have also significantly expanded the areas affected by ASS
(Minh et al. 1997). The increased occurrence of droughts, suggested to be caused
by anthropogenic climate change, also contributes to seasonal acid release from soils
(Fitzpatrick et al. 2017).
The sulfuric acid generated by the oxidation of the sulfide minerals causes a
severely decreased pH in the oxidized soil layers, even though due to the buffering
capacity of its constituents, the drop is not as drastic as in e.g. ARD. Typical
ASS exhibit pH values between 3-5, but can reach as low as pH 2, and mobilize
significant amounts of metals (Nordmyr et al. 2008). The leaching of toxic heavy
metals poses the most severe environmental impact of ASSs, causing damage to
aquatic environments including fish kills (Powell & Martens 2005), damage to
agriculture (Bronswijk et al. 1995), and threatening human health (Hinwood et
al. 2006). Another effect of ASSs is the deoxygenation of surface waters, which
is caused by the aerobic oxidation of large amounts of leached Fe2+ to Fe3+ , and
severely affects aquatic life (Sullivan et al. 2002).
Studies examining the composition of microbial community within ASSs are
still scarce, but large microbial diversity has already been reported ASS. Affected
soils can encompass both neutrophilic and acidophilic Bacteria and Archaea (Ling
et al. 2015), often overlapping with organisms found in ARD (Wu et al. 2013). Due
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to the large portion of organic matter in soil, organoheterotrophs are also abundant.
Factors that influence ASS community composition include temperature, pH, and
relatedly, state of oxidation. Members of the Acidithiobacilli were among the
earliest acidophiles to be isolated from these environments (Arkesteyn 1980). More
recently, 16S rRNA gene amplicon sequencing allowed the identification of many
more organisms including acidophilic Acidobacteria, but also a large abundance
of neutrophilic Halanaerobiales and Xanthomonadaceae, i.e. Rhodanobacter spp.
(Hogfors-Ronnholm et al. 2017; Wu et al. 2015).
Remediation of ASS is challenging and attempts are currently limited to sites
of high economic value, such as agricultural or construction land (Michael 2013).
Strategies applied to prevent further acid release into the environment follow the
same principles as in AMD treatment, consisting of addition of buffers such as
lime or carbonate (Baldwin & Fraser 2009) and the depletion of oxygen by reflooding or augmentation with organic matter (Michael et al. 2015; Minh 1998).
More recently, iron-oxidizing microbes that catalyze the sulfide mineral dissolution
have been targeted direclty, e.g. by the addition of acetate-releasing peat, although
so far only with limited effects (Hogfors-Ronnholm et al. 2017).

Volcanic and geothermal environments
Continental fault lines or other sites with reduced thickness or fragmentation of
the planetary crust do not only manifest as majestic volcanoes, but also allow deep
ground water to come in contact with magma and hot bedrock. This leads to the
formation of superheated water and steam, which can subsequently be brought to
the surface by geothermal activity, resulting in so called fumaroles. Fumarole fields
in areas with high sulfide mineral content often emit sulfurous gases along with the
superheated water, and are consequently called solfatara. Volcanic gases such as
H2 S and SO2 are highly reactive, and can produce elemental sulfur when reacting
with each other (Dopson & Johnson 2012). In the presence of sulfur-oxidizing
Bacteria or Archaea, formed S0 is biologically oxidized to sulfuric acid. Further,
the dissolution of SO2 in water produces sulfurous acid (H2 SO3 ). Both processes
can lead to strong environmental acidification, with pH values reaching lower than
1 at some sites (Schleper et al. 1995; Segerer et al. 1986). This, together with the
springs’ high temperature of up to 100 °C, makes solfatara ideal habitats particularly
for (hyper-) thermophilic acidophile Archaea, but also some Bacteria with lower
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temperature optima (Hedrich & Schippers 2016).
Acidic geothermal environments are found globally, e.g. in Iceland, Italy,
Hawaii, China, Australia, and many others. The arguably most prominent solfatara
field is the Norris Geysir Basin within Yellowstone National Park, Wyoming (USA;
Figure 2B). The pools of this basin have average temperatures between 65 and
90 °C, and contain high amounts of organic carbon. Their pH is moderate, and is
generally measured around 4. Nearby basins are more acidic, such as the Green
Dragon Springs, and the Roaring Mountain, which both exhibit pH<3, although
their temperatures are lower, with 65-75, and ~40 °C, respectively (Montana State
Geothermal Site Database, accessed July 2018). The Yellowstone solfatara fields
have been subject to intense study for more than 50 years, and many acidophilic
microbes were isolated from its pools, e.g. the first sulfur-oxidizing Archaea
Aa. brierleyi (Brierley 2008) and the very first acidophilic hyperthermophile, Sb.
acidocaldarius (Darland & Brock 1971). Due to the basins’ diverse conditions,
a wide range of microbial diversity is found in the area, including aerobic and
anaerobic chemolithotrophic Bacteria and Archaea (Johnson et al. 2003; Kozubal
et al. 2012), but also an abundance of organoheterotrophic community members
(Beam et al. 2013).
Another type of geothermal sites are marine hydrothermal vents on the sea
floor, exhibiting the same chemical reactions as terrestrial fumaroles and solfatara.
Due to the depth induced pressure, the water temperatures of these so-called ”Black
smokers” can can exceed 350 °C at the point of exit (Nakamura & Takai 2014),
but cool rapidly to ~120 °C at the deposit walls of the vent (Damm 2013). There,
some of the most hyperthermophilic organisms known can be found, such as the
neutrophilic Archaea ’Strain 121’ (Kashefi & Lovley 2003) or the acid-tolerant
Pyrolobus fumarii (Blochl et al. 1997). More moderate niches are commonly found
only short distances from the exhaust and exhibit temperatures between 50-80 °C
and pH values of 3-6 (Antranikian et al. 2017; Desbruyères et al. 2001). pH,
redox conditions, and chemical concentrations in hydrothermal vents are strongly
dependent on their flow rate and temperature, which can create highly stratified
environments. Consequently, a wide range of novel acid-tolerant and moderately
acidophile biodiversity has been isolated from these niches, e.g. members of the
’Deep-sea hydrothermal vent Euryarchaeota 2’ (Flores et al. 2012) that includes
Aciduliprofundum boonei (Reysenbach et al. 2006), but also extreme acidophiles,
i.e. the previously mentioned salt-tolerant acidophile Acidihalobacter prosperus
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(Cardenas et al. 2015; Huber & Stetter 1989). Numerous studies have even
suggested that cellular life could have originated in this highly diverse niches, as
the steep chemical and thermal gradients provide a constant energy reservoir, and
support the synthesis of organic compounds out of inorganic precursors (Colı́nGarcı́a 2016).
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Applications of acidophiles
Biomining
Biomining, or biohydrometallurgy, describes the intentional application of
acidophiles for the oxidation of insoluble metal sulfides to water soluble salts. The
dissolution of the sulfide minerals occurs according to the mechanism described
by Equation 4 in section Acid rock and mine drainage. The role of acidophilic
microorganism lies mainly in the regeneration of the oxidant, ferric iron. In practice,
this process can be used for two purposes; (i) to gain metals of interest by bringing
them in solution in a process referred to as bioleaching (Vera et al. 2013), or for (ii)
biooxidation, the removal of gangue materials that hinder access to more valuable
metals contained in the mineral structure (Brierley & Brierley 2013).
Biomining operations are employed in two different ways; dumps or heaps and
stirred tank reactors (STRs). Ore dumps presented the earliest form of mostly unintentional biomining and consisted of low grade sulfidic ore discarded from mines
because it was considered of too low grade for further processing. Exposed to water
and air, oxidation of the mineral commenced naturally and led to acid mine drainage.
From this uncontrolled discharge, humans gained metals such as copper already in
ancient times (Ehrlich 2001). More recently, dumps were optimized into engineered
heaps, which are stacked upon lining pads to prevent loss of leaching liquor and its
associated environmental damage (Petersen 2016). Additionally, heaps are ventilated with air from the bottom, and irrigated with diluted sulfuric acid from the top
(Figure 8). This greatly accelerated the mineral dissolution process, and made the
collection of metals more efficient (Demergasso et al. 2017). As bioleaching reactions are exothermic, their acceleration leads to an increase in heap temperature (Halinen et al. 2012). This is in part promoted by operators, as all reactions in the heap
will increase in speed and more mineral will be dissolved in the same time. However, continued optimization also presented the challenge of overheating. The overly
rapid increase of heap temperatures can cause devastating losses in the microbial
community, leading to extended periods of inactivity, or even complete sterilization
of parts of the heap (Leahy et al. 2007; Shiers et al. 2017). In addition to the natural
occurring microorganisms, most heaps are therefore inoculated with a mixture of
acidophiles exhibiting growth optima at different temperatures to prevent the loss
of microbial activity. These strategic biomining organisms include meso- and mod-
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Figure 8: Schematic illustration of a typical chalcopyrite heap-bioleaching operation, including
solvent extraction and electro winning steps

erate thermophilic Bacteria such as Acidithiobacilli, Leptospirilli, and Sulfobacilli,
but also thermo- and hyperthermophilic organisms such as Archaea of the Sulfobales
or Thermoplasmatales order. Therefore, as temperatures in the heap rise, microbes
with a corresponding growth optimum are continuously added, and can maintain the
processes necessary for the mineral dissolution (see section Diversity of acidophilic
prokaryotes and Temperature: Psychro- and thermoacidophiles). Nevertheless, microbial communities that develop in biomining operations are only partly in control
of engineers, as many acidophile niches overlap, and sterilization of the mineral is
not feasible. Therefore, ore type, temperature, and aeration are the major factors
influencing the microbial diversity. Fast-growing mesophilic iron-oxidizers like At.
ferrooxidans are typically the first to colonize bioleaching heaps, while moderately
thermophilic iron- and sulfur-oxidizers such as L. ferriphilum and At. caldus typically dominate soon after (Demergasso et al. 2005; Halinen et al. 2012). In later
stages, heaps are characterized by high metal concentrations and temperatures, providing conditions for more thermophilic Bacteria and Archaea, e.g. Sulfobacillus
spp. or members of the genus Ferroplasma (Demergasso et al. 2005; Pradhan et al.
2008).
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Today, heaps come in different sizes, but can cover several square kilometers
of land, and reach heights of up to 100 meters when stacked (Domic 2007). Due
to the enormous volumes, control of a heap is difficult and implied costs limit
its manipulation to inoculation with biomining microorganisms (Watling 2016),
irrigation and aeration, and to a lesser extend, grain size of the mineral (Watling
2006).
In order to control the oxidation process even better, STRs were developed
(Rawlings & Johnson 2007). Closed reactors allow for the adjustment of a
multitude of parameters such as temperature, pH, oxidation/reduction potential
(ORP), metal concentrations, and even the use of catalysts (Mahmoud et al. 2017).
This significantly reduces the time needed for complete metal extraction from
several months or years in a heap, to days or weeks in STRs (Hedrich et al.
2018). Accordingly, metal concentrations rise more rapidly within such a reactor
and generally reach higher levels as in bioheaps, so the utilization of specially
adapted microbial communities is required (Dopson & Holmes 2014). Additionally,
reactors accommodate mineral batches several orders of magnitude smaller than
heaps, making it necessary to concentrate the ore prior to processing, e.g. via
flotation. This and the higher operating costs of STRs compared to heaps make
them profitable only for the most valuable metals, such as silver, gold, uranium, or
cobalt (Brierley & Brierley 2013; Hong et al. 2016).
In today’s age of environmental awareness and search for sustainable industrial processes, bioleaching has become of special interest. In particular, heapbioleaching is commonly considered to provide a more environmentally friendly
alternative to traditional metal extraction by cyanide leaching or pyrometallurgy,
as it largely avoids the toxic emissions associated with those methods (Rawlings
2002). But bioleaching has also steadily gained interest in the more profit-oriented
industrial sector. As high-grade ore bodies become depleted globally, biomining
operations are capable of metal recovery from ores far less concentrated than those
previously considered profitable, reopening metal sources long discarded by mining
companies for exploitation (Petersen 2016). No process is without its drawbacks
however, and in biomining one such is presented by its extensive duration, and the
long lag phase between construction of the heap and first recovery of metals. This
phase is often attributed to the time needed for acidophile organisms to colonize the
material. As each and every mine has a unique composition of minerals, containing varying concentrations of in part toxic heavy metals, there can be no universal
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solution to accelerate the process. Additionally, once constructed, a heap has to be
maintained for an unascertained amount of time, as the release of acid and heavy
metals is near impossible to stop, and would otherwise devastate the surrounding
environment (see section Acid rock and mine drainage). This long-term commitment by mining companies necessary for profitable biomining has so far prevented
even more wide-spread utilization of its potential.
To reduce the time necessary for completion of a bioleaching operation,
researchers and engineers have extensively investigated both physical and biological
aspects of biomining, and our knowledge of the process increases steadily. Their
results can directly help mining companies, e.g. by modeling biomining on a specific
ore body to assess microbial functionality, strategies, and profitability of planned
operations (Govender et al. 2014; Petersen 2010), aid operation of bioleaching heaps
(Demergasso et al. 2010), or devise methods for remediation of acid mine drainage
(Verburg et al. 2009). Nonetheless, to date, significant problems remain unsolved,
and more studies are needed to fully understand the interaction of physical, chemical,
and biological parameters in biomining operations.

Chalcopyrite bioleaching
Few metals have played such profound a role in human development as copper. As
the primary metal in electric circuits, its demand has increased ever since the onset
of industrialization, and prices skyrocketed particularly after the year 2000 (AlonsoAyuso et al. 2014). To meet this ever growing demand, biomining has long been
employed in many parts of the world, i.e. in China, Australia, South Africa, and most
prominently in Chile (Domic 2007; Watling 2006); countries in which enriched ore
bodies are located. Today, >15% of the global copper production can be attributed
to bioleaching of secondary copper minerals such as chalcite, Cu2 S (Brierley &
Brierley 2013; Sandstrom et al. 2005). The world’s most abundant primary copper
mineral, chalcopyrite (CuFeS2 ), is notoriously difficult to leach and suffers from an
extensive lag phase and slow dissolution rates in large-scale operations (RiekkolaVanhanen 2013). While this may be attributed to the semiconductor properties of
chalcopyrite itself (Crundwell 2015), most researchers believe passivating layers
to be responsible, formed on the mineral surface under specific conditions during
the bioleaching process (Panda et al. 2015). The exact nature of the passivating
layer is albeit still under debate, and conclusive evidence has yet to be collected
(Khoshkhoo et al. 2014a; Wang et al. 2016). Nonetheless, strategies of delaying or
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circumventing passivation have been derived. These include bioleaching of finer
grains or at high temperature using thermo-acidophiles (Ma et al. 2017; Saitoh et
al. 2017). Especially the ORP in chalcopyrite bioleaching has received significant
attention (Khoshkhoo et al. 2014c; Third et al. 2002), and is suggested to be the
most important factor influencing leaching kinetics (Khoshkhoo et al. 2014b and
references therein). It is commonly observed that dissolution of CuFeS2 sharply
declines after ORP exceeds a certain threshold. Accordingly, a mechanism was
proposed in which at low redox potentials and presence of Fe2+ and Cu+ ions,
chalcopyrite is transformed to chalcite (Hiroyoshi et al. 2013). This mineral is more
readily oxidized by ferric iron than the original chalcopyrite, which could explain
the enhanced leaching rates.
All proposed solutions to increase efficiency of chalcopyrite bioleaching have
their own difficulties and drawbacks, and options for manipulation of heap attributes
can range from cumbersome and expensive to downright impossible. Therefore,
more cost-efficient methods are under investigation. While definite results have yet
to be reported, promising approaches have been tested successfully in laboratory
scale experiments, i.e. redox controlled leaching by the inoculation of selected microorganisms (Masaki et al. 2018). Eventually overcoming the problems associated
with chalcopyrite bioleaching would be a tremendous milestone, and might irrevocably shift the favor towards this sustainable technology.

Biomining in boreal climates
As mentioned in section Chalcopyrite bioleaching, most of the world’s biomining
operations are located in China, Australia, South Africa, and Chile. Here, the
climate is usually warm and temperature differences between the seasons small,
providing optimal conditions for establishing a microbial bioleaching community.
Although it has to be recognized that a large portion of the world’s richest ore
bodies are located in these countries, their convenient climate may also be one
of the reasons for their pioneer role in the large-scale application of biomining.
Suitable ore bodies are albeit not limited to warm climates, and also occur in areas
near the arctic circle, e.g. in Northern Sweden and Finland (Riekkola-Vanhanen
2010; Stromberg & Banwart 1994). Due to the harsh temperature changes in these
latitudes, operation of open-air bioleaching heaps proves difficult, especially during
the start-up phase where the energy released by exothermic reactions is not yet
sufficient to heat the heap. To date, only one such facility has been established,
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the Sotkamo mine in Talvivaara, Finland (Riekkola-Vanhanen 2013). In these
conditions, a specialized microbial community developed, containing acidophilic
psychrophiles capable of iron- and sulfur oxidation (Halinen et al. 2012), such
as At. ferrivorans (see section Temperature: Psychro- and thermoacidophiles).
Both community composition and gene transcription of involved organisms have
been studied extensively (Kupka et al. 2009; Liljeqvist et al. 2015), and allowed
insights into features and adaptations necessary for low temperature bioleaching
(Christel et al. 2016a,b; Dopson et al. 2007). The knowledge obtained by studying
the Sotkamo mine and similar sites could prove highly valuable in the design of
additional high latitude, boreal biomining operations that could unlock ore bodies
previously inaccessible to biomining.

Bioprospecting and genetic engineering
Beside their application in the metal industry, acidophiles are also of interest
for other industrial branches. The advances of NGS have recently re-kindled
the search for genetic elements and enzymes that can be used for commercial
processes, an effort that is now called bioprospecting. Microbial catalysts play
important roles in many industries, but often fail to withstand extreme conditions.
Therefore, enzymes produced by extremophiles, termed extremozymes, have been
paid increasing attention (Elleuche et al. 2014). Many extracellular proteins
produced by acidophiles are attractive due to their capability to catalyze industrially
important reactions at low pH and often high temperatures (Raddadi et al. 2015).
Several commercial branches already utilize acidophiles or their enzymes. For
instance, acid-stable pectinases have greatly increased yields in the fruit juice
industry (Sharma et al. 2016) and xylanases with low pH optima aid the breakdown
of hemicellulose in acidic bread dough (Shah et al. 2006). Further, acidophiles are
under investigation by scientists of the medical field, due to their potential use for
producing therapeutic agents or as delivery vectors for pharmaceuticals that can not
withstand the acidic conditions of the gastrointestinal tract (Fuhrmann & Leroux
2013; Wang et al. 2009).
By introducing desired functions into the robust ”chassis” of these microorganisms, genetic engineering could make acidophiles even more useful. These could
include e.g. additional genes for metal resistance or carbon fixation for biomining
organisms (Gumulya et al. 2018), but also systems for the production of biofuels
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(Kernan et al. 2015) or the mentioned therapeutic application of acidophiles in the
stomach. The development of molecular tools necessary for the manipulation of the
genome has however been lagging behind in acidophiles compared to neutrophilic
organisms (Gumulya et al. 2018). This has often been related to attributes of their
acidic habitats that disrupt engineering mechanisms, e.g. by inactivating antibiotics
used for selection of mutated clones. In addition, their low genetic stability (Grogan
et al. 2001) enhances acidophiles’ natural adaptability to adverse conditions, but
makes them poor subjects of genetic manipulation. Nonetheless, progress in this
field is continuously being made. Tools for DNA delivery, selection, and regulated
expression are becoming increasingly available for model species such as At. ferrooxidans, At. caldus, and Sulfolobus spp. (Gumulya et al. 2018), opening the field
of synthetic biology now also for acidophiles.
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Aims of this Thesis
The thesis at hand investigates functions and adaptations of acidophilic microorganisms in natural environments, as well as during their application as biomining organisms. The results obtained by the included studies are intended to aid
in the development of strategies for ARD/AMD remediation, increase the feasibility
of the environmentally sustainable technology of bioleaching, and serve as a reference for future research.
Three main points of focus were chosen:
•

Clarification of sulfur oxidation pathways and identification of cold adaptation systems in the acidophile At. ferrivorans (Papers I, II). This species
is of large interest as it significantly contributes to acidophilic biomass in
ARD/AMD, in particular in cold, boreal climates. Additionally, as the only
eurypsychrophilic acidophiles capable of both iron and sulfur oxidation, it has
great potential to be applied in boreal biomining operations.

•

Expansion of knowledge related to chalcopyrite heap bioleaching (III, IV).
The microbially promoted dissolution of chalcopyrite significantly contributes to the global copper production, but is still plagued by slow dissolution rates. Acidophiles involved in the process are intensely studied, and
prominently among them L. ferriphilum, At. caldus, and S. thermosulfidooxidans. Laboratory scale bioleaching experiments were conducted to understand microbial interactions within a model community of these three biomining organisms. Further, a complete genome sequence was obtained in
order to characterize the L. ferriphilum type-strain using genomic, transcriptomic, and proteomic approaches.
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•

Investigation of ASSs in Northern Sweden (V). Field samples were taken
aimed at identifying acidophilic community members and making predictions
about their potential environmental impact and prospects of successful remediation.
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Methodology
All studies in this thesis required either experimental work in the laboratory
or field sampling. Each project also included extensive nucleic acid and to a lesser
extent, protein sequencing (Table 1). Sequence data analysis and interpretation were
performed as final steps before preparing the manuscripts. A methodology in brief
can be found in the following sections. For more detailed descriptions of the used
materials and methods the reader is referred to the respective papers.

Experiments and sampling
At. ferrivorans sulfur oxidation and cold adaptation (I, II) were assessed via
two tetrathionate-fed continuous cultivation experiments, run for several weeks at
8 and 20 °C, respectively. The two growth conditions were sampled in duplicate
and rapidly cooled to ensure isolation of a representative transcriptome. Cells were
then pelleted by centrifugation and lysed using Tri-reagent (Ambion) according
to the manufacturer’s recommendations. The lysate was cleaned by addition of
bromo-chloropropane, followed by centrifugation with retention of the supernatant.
Genomic DNA was removed applying the Turbo DNA-free Kit (Ambion).
L. ferriphilum (III) was maintained both in batch mode and by continuous
cultivation, using ferrous sulfate as electron donor at 37 °C. The Genomic-tip 100/G
extraction kit (Quiagen) was applied to obtain uninterrupted genomic DNA suitable
for ultra long-read genome sequencing from a single sample from the batch culture.
Samples for RNA plus protein isolation were taken in triplicate from the continuous
cultures. They were rapidly cooled and cells were harvested by centrifugation.
Extraction of RNA and proteins was initiated by cell lysis using cryo-milling and
bead beating, followed by application of the Allprep isolation kit (Quiagen).
Bioleaching experiments (III, IV) were conducted in shaking flasks using chal-
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Paper
At. ferrivorans

Organism

Continuous

Continuous

Cultivation

S4 O6 2 –

S4 O6 2 –

Substrate

8, 20

20

Temperature (°C)

Transcriptome

Transcriptome

Sequencing

Table 1: Summary of experimental conditions and sequencing technologies used in the studies included in this thesis.

I
At. ferrivorans

Transcriptome, Proteome

II

37

Transcriptome, Proteome

Genome
Fe2+

37

Transcriptome

37
Continuous

CuFeS2

37

Fe2+

Batch

CuFeS2

Batch

Batch

L. ferriphilum

At. caldus
L. ferriphilum
S. thermosulfidooxidans

Field sampling

III

IV

Environmental community

16S rRNA gene

V
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copyrite concentrate. Quadruplet cultures inoculated singly or with combinations of
the biomining model species At. caldus, L. ferriphilum, and S. thermosulfidooxidans
were incubated at 38 °C. Experiments were analyzed for pH, ORP, Fe2+ , dissolved
and elemental sulfur, as well as total iron and copper until 14 days after onset of
microbial activity. Thereafter, planktonic cells were harvested from the medium by
centrifugation and RNA and proteins were extracted as described above for L. ferriphilum.
The investigated ASSs (V) were sampled from six sites in Västerbotten county
(Sweden). The soil profile’s pH was measured, samples of the different horizons
subsequently dried, and analyzed for heavy metal and sulfur content by inductive
coupled plasma mass and optical emission spectrometry, respectively. Bacterial soil
communities were analyzed by separation of intact cells from the soil and subsequent
extraction of metagenomic DNA using the PowerSoil DNA Isolation Kit (MoBio).
V3-V5 regions of the 16S rRNA gene were amplified and uniquely labeled for
sequencing.

Sequencing
All nucleic acid sequencing conducted during the work on this thesis was performed by the Science for Life Laboratory (SciLife; Stockholm, Sweden), including
library preparations. A complete, circular genome sequence of L. ferriphilum (III)
was obtained using two Pacific BioSciences (PacBio) single-molecule real-time sequencing cells. 16S rRNA gene amplicon sequencing for community analysis of
ASS (V) was performed using the Illumina MiSeq v3 platform. Total and depleted
RNA transcript sequences (I, II, III, IV) were obtained using an Illumina HiSeq2500
in high output mode. Protein sequences (III) were obtained by collaborators using
an EASY-nLC 1000 liquid chromatography system (Thermo Scientific), and a QExactive HF mass spectrometer (Thermo Scientific).

Multi ”-omics” analysis
Various bioinformatic tools were used to analyze sequencing data. The L.
ferriphilum genomic reads obtained from PacBio ultra long-read sequencing (III)
were assembled at the sequencing facility by HGAP3. The resulting circular contig
was annotated by Prokka (Seemann 2014) using the standard plus a custom database
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including genes from related biomining organisms from the Integrated Microbial
Genomes system (Markowitz et al. 2012). 16S rRNA gene amplicons (V) were
analyzed through the UPARSE pipeline (Edgar 2013) and operational taxonomic
units (OTUs) annotated against the SILVA database (Quast et al. 2013). Data
analysis was conducted in R using the phyloseq package (McMurdie & Holmes
2013).
At. ferrivorans transcriptomic reads (I, II) were processed using its published
genome sequence as a reference and the ”Tuxedo” pipeline (Trapnell et al. 2012), including differential expression analysis of the two temperature conditions (II). For
(meta-) transcriptome analysis of L. ferriphilum (III) and the bioleaching experiments (IV), sequencing reads were mapped to the respective reference genomes,
and differential expression analysis was performed using the DESeq2 package in R
(Love et al. 2014).
Protein identification for L. ferriphilum (III) was performed using the Andromeda software (Cox et al. 2011). Perseus (Tyanova et al. 2016) aided in differential protein abundance assessment and statistical analysis.
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The studies conducted in this thesis examined acidophiles in natural and
applied communities with the help of ”-omics” technologies (Figure 9). Genomic
and metagenomic analysis allows for the identification of the genetic potential
of an organism or community, respectively. Microorganisms in the laboratory or
environment do however not always use their full arsenal of encoded genes and
therefore, (meta-) transcriptomics and proteomics are useful tools to identify actively
transcribed and translated genes. In addition, microbial regulation and adaptation to
different conditions can be assessed by comparing expression patterns between them.
Within the context of biomining, a special focus was set on the cold-adapted
At. ferrivorans and the important iron-oxidizer L. ferriphilum in this thesis. As
discussed in the previous sections, biomining is defined as the microbially assisted
dissolution of sulfide minerals to gain or ease access to metals of interest. So far, in
particular heap bioleaching operations are mostly localized in warm or moderately
temperated regions. An organism that is able to catalyze the necessary processes
also at low temperatures is At. ferrivorans. This bacterium is well established to be
present in cold, acidic environments and is known to be capable of oxidizing both
iron and ISCs. Aspects of its sulfur metabolism and adaptation to cold environments
were therefore elucidated.
A mineral that is prominently, albeit with great difficulty, exploited by bioleaching is chalcopyrite, the world’s most abundant remaining source of copper.
One outstanding organism frequently found to represent large portions of microbial biomass in biomining operations is L. ferriphilum. To understand this species’
role in these environments even better, its type-strain’s complete genome sequence
was acquired and analyzed, along with its transcription and translation in during bioleaching. Subsequently, it was tested how an acidophile community consisting of L.
ferriphilum, S. thermosulfidooxidans, and At. caldus interacts and how manipula-
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Figure 9: Summary of ”-omics” analysis conducted during the work on this thesis. Roman
numerals refer to the papers as described in section Included publications
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tions of this defined community could result in improved leaching rates.
The topic of ASS has largely been ignored in the boreal regions, although
their detrimental effects on the environment are well established. Therefore, the
state of several ASS sites in Northern Sweden and their microbial community were
investigated in an attempt to raise awareness of the problem, and increase our
understanding of the process in cold climates.

Papers I-IV: Systems biology of biomining organisms
Physiology of cold-adapted Acidithiobacillus ferrivorans
Previous genomic analysis of At. ferrivorans strain SS3 revealed genes coding for
significant redundancy in the species’ oxidative sulfur metabolism (Liljeqvist et al.
2013; Talla et al. 2014). For instance, two systems for elemental sulfur oxidation are
present (Hdr and Sor), two thiosulfate oxidation systems (Sox complex and DoxDA),
and two copies of genes encoding sulfide oxidation (Sqr). In order to elucidate their
actual utilization, RNA transcript analysis of these genes was conducted on cells
grown on the biomining relevant substrate tetrathionate (I). According to the number
of transcripts encoding the respective gene products, initial tetrathionate oxidation
was conducted by TetH1. The formed thiosulfate was first believed to be oxidized by
the truncated sox cluster, as it showed higher transcript counts compared to doxDA.
Yet, closer analysis of the truncated genes revealed several important binding sites
missing, raising in question the genes’ functionality, and making it more likely that in
fact the doxDA-cluster facilitates thiosulfate oxidation. The significant expression of
Sox in the analyzed strain could however indicate that environmental strains utilize
functional homologues of both systems. Transcript counts attributed to elemental
sulfur oxidation systems were dominated by the hdr-cluster, although in the tested
conditions the sulfur originated from enzymatic reactions rather than extracellular, as
the experimental culture was given soluble tetrathionate as a substrate. In biomining
applications, elemental sulfur is available in the environment, and gene expression
may vary. Lastly, transcripts related to sulfide oxidation by two copies of sqr were
investigated and revealed the expression of both genes, albeit with a slight preference
towards sqr2. In addition to sulfur related systems, genes predicted to be involved
in ferrous iron oxidation were observed to be expressed, i.e. the rus-cluster and iro
iron oxidase. This could indicate a permanent ”ready-state” for iron oxidation in At.
ferrivorans, and confirm a preference to ferrous iron for its energy acquisition, as
67

Summary of Results

previously reported for other Acidithiobacilli (Ponce et al. 2012).
Beside substrate utilization, previously unexplored molecular mechanisms
responsible for At. ferrivoran’s adaptation to low temperatures were investigated;
using differential expression analysis of growth at 8 versus 20 °C (II). A large
number of cold-tolerance systems were identified on the At. ferrivorans SS3
genome, including (i) DNA-binding CSPs, (ii) chaperones and helicases in particular
of the DEAD/DEAH type, (iii) cell wall and membrane modification proteins
(desaturases and hopanoid biosynthesis proteins), (iv) systems related to the import
and synthesis of compatible solutes (e.g. trehalose), and (v) oxidative stress response
that aids in tolerating increased oxygen solubility at low temperatures (catalase,
superoxide dismutase, and cobalamin synthesis). Despite this big arsenal and
At. ferrivorans’ previous classification as merely ”psychro-tolerant”, only 13.8%
of the identified cold adaptation genes were significantly differentially expressed
(p≤0.05) between the two conditions. Genes up-regulated during growth at 8
°C included one CSP and a few genes associated with compatible solutes and
membrane modification. Instead, genes related to energy metabolism and translation
were enhanced. This indicates that At. ferrivorans SS3 was not stressed by this
temperature, and underlines the futility of defining levels of psychrophily (i.e.
psychrophile vs psychrotolerant) according to arbitrary temperature caps rather than
ranges. Instead, we suggest to designate At. ferrivorans a eurypsychrophile.
In bioleaching operations in cold climates, iron and sulfur oxidation needs to
occur over a wide temperature scale, often rapidly changing from close to freezing
to 25-30 °C. The data collected in these studies confirms and in part explains, the
affinity of At. ferrivorans to cold, sulfidic environments associated with the mining
industry. The results are encouraging to conduct more research, but also to explore
this species’ potential in more applied industrial settings.

Physiology of iron-oxidizer Leptospirillum ferriphilum
Despite the high relevance of L. ferriphilum in bioleaching environments, no
complete genome sequence of its type strain DSM 14647 was available prior to
our study (III). A circular genome obtained by PacBio ultra long-read sequencing
added ~160 kbp to the existing draft, and was therefore analyzed and published
as a reference for future research. Functional annotation confirmed and extended
previously reported features of L. ferriphilumT ’s extremely acidic life style. These
included systems of general cellular function, e.g. energy conservation, carbon
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fixation, motility, and chemotaxis, but also more specific adaptations, such as
pH homeostasis, metal resistance, and oxidative stress response. In addition, a
cluster of nif genes responsible for nitrogen fixation was identified that was not
previously reported in the type strain. Analysis of RNA transcript numbers and
protein concentrations revealed the transcription and translation patterns during
growth on ferrous iron, although e.g. the function of nitrogen fixation could not be
resolved, likely due to the availability of ammonium and therefore lacking need for
the expression of these genes in the medium. Interestingly however, although carbon
fixation is suggested to be conducted via the reverse TCA cycle in L. ferriphilum,
RuBisCo exhibits similarly high protein concentrations.
L. ferriphilumT transcription and translation in continuous culture was further
compared with chalcopyrite bioleaching cultures, in order to identify features and
adaptations important for its application as a biomining organism. Unexpectedly
few genes exhibited significant differential expression or translation (p≤0.05),
underlining this species’ remarkable adaptation to acidic, metal-rich environments.
Among the observed alterations were strongly increased transcript numbers related
to metal resistance in the bioleaching cultures. Protein concentrations belonging
to this group yet appeared to decrease, with the exception of several cus copper
efflux proteins. Additionally, biofilm formation seemed to be strongly enhanced,
as observed by the increase of transcripts and proteins related to chemotaxis and
motility in the planktonic cells of the bioleaching experiments.

Community-controlled leaching of chalcopyrite
Chalcopyrite bioleaching suffers from slow dissolution rates, likely due to the formation of passivating layers. It is long known that passivation is reduced at low redox
potentials, but conventional redox control is impossible in bioleaching heaps. Microbial redox control was first reported only recently (Masaki et al. 2018), and confirmed by our results (IV). Chalcopyrite bioleaching experiments were conducted
using microbial communities consisting of combinations of L. ferriphilum, S. thermosulfidooxidans, and At. caldus, and exhibited large differences in ORP. All combinations including L. ferriphilum showed redox potentials vastly exceeding 600
mV (vs Ag/AgCl), while in cultures only containing S. thermosulfidooxidans for
microbial iron oxidation ORP remained significantly below that value. Increased
ORP correlated negatively with the measured copper release from the chalcopyrite,
confirming that exclusion of aggressive iron-oxidizers such as L. ferriphilum, and
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promotion of weaker iron-oxidizers such as S. thermosulfidooxidans could benefit
bioleaching operations. In order to identify features potentially responsible for the
difference in iron-oxidation efficiency of these two species, their transcriptional response to co-culture was analyzed. The data revealed no effect in L. ferriphilum, but
strong down-regulation of iron oxidation genes in S. thermosulfidooxidans during
co-culture. This could suggest affinity differences in ferrous iron oxidation systems of the two microorganisms, and encourages future research in the identified
gene’s products. Further differences were discovered by microscopical analysis,
which revealed a large proportion of S. thermosulfidooxidans cells to remain planktonic, while the majority of L. ferriphilum attaches to the mineral. The attachment
of these cells by EPS could lead to localized concentration of ferric ions that additionally raise ORP and negatively affect copper release. The data collected during
this study confirms that microbial inoculation strategies are a viable tool for redox
control, and underlines the importance of developing methods to manage acidophilic
communities in biomining operations.

Paper V: Acid sulfate soil in Sweden
Six sites in in the Västerbotten county in Northern Sweden were investigated
for the presence of ASS (V). The measured geochemical parameters revealed three
of the tested soils to be classical ASSs with decreased pH and sulfur concentration,
as well as trace metal loss. One of these sites has been flooded for an extended period
of time, and exhibited higher pH compared to the other two. The three remaining
sites displayed heterogeneous soil profiles containing both clay and sandy material,
but had overall higher pH and sulfur content and were therefore not considered ASS.
Microbial alpha diversity indices of the soil profiles did not correlate with
the measured parameters, indicating that e.g. decreased pH did not prevent the
formation of a diverse soil community. Consequently, analysis of the present
microorganisms was concentrated on the classic ASSs. 16S rRNA gene sequences
isolated from these environments included mainly typical soil bacteria, but also
several OTUs closely related to Halanaerobiales spp. that were originally isolated
from the acidic Rio Tinto. Many other OTUs aligned closely to known acidophiles
as well, e.g. the family Acidimicrobiales, or to iron-oxidizing bacteria such as
Gallionellaceae or Ferrovaceae. In contrast to a studied ASS field in Finland,
members of the Acidithiobacilli were not identified. The flooded ASS site exhibited
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a similar microbial community as the non-flooded ASSs, prominently including
Acidimicrobiaceae and Xanthomonadales. This supports the hypothesis that this site
used to be oxidized prior to the flooding. Due to this environment now being anoxic,
many of the acidophilic community members possibly grow via ferric iron reduction,
a process that is proton consuming and could be responsible for the increased pH.
The results of this study confirm the oxidation of PASS occurs in boreal climates,
and elucidates the microbial community members potentially involved in both acid
generation and remediation.
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Conclusions
Acidophiles are remarkable life forms, surviving in some of the harshest
environments on the planet. Vast concentrations of protons, toxic heavy metals,
and aggressive oxidative agents are only some of the obstacles acidophilic Archaea
and Bacteria have to overcome to multiply and colonize a habitat, and often these
organisms persist by using energy from nothing but the most basic molecules.
Humanity devised methods to utilize their unique metabolic properties only shortly
after their discovery in the early 20th century and today, acidophiles are most widely
used to leach metals from sulfidic minerals. Nevertheless, much can still be learned
from these organisms. In recent years genomic, transcriptomic, and proteomic
analysis of acidophiles has given unprecedented insights into the ecology and
adaptation of these microbes. This, for instance, greatly deepened our understanding
of the causes and progression of ARD, AMD, and ASS, allowing us to improve
old, and develop new approaches for remediation. Countless studies have been
conducted focusing on the application of acidophiles for biomining, and substantial
advances have been made with respect to the organisms involved, which types of
ore can be leached, and what parameters can be tweaked to increase the efficiency
of industrial operations. Room for improvement however still remains, e.g. in the
understanding and overcoming of chalcopyrite passivation in heap bioleaching. Also
much is still to be done in the field of genetic engineering of acidophiles, where tools
for manipulation of the genome have only recently become available.
With ever increasing knowledge and many of yesterday’s now seemingly
”simple” questions answered, the problems of today are inevitably becoming more
and more complex, and will not be solved by the effort of a single scientist or
even group. With the broad accessibility to a wide range of analytic technologies,
interdisciplinary efforts are a necessity, and will become even more so, with
numerous experts interacting and working as a team toward a common goal. Such
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efforts are already observable in this, and many other fields, and fortunately widely
supported by funding bodies. Nevertheless, in the era of big data one should also
never lose sight of the biochemical confirmation of predicted features and remember
that a result is only as good as the used database.
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