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Abstract

Abstract

Biological leaching is the dissolution of metal sulfides by acidophilic sulfur- and/or
iron-oxidizing microorganisms. As the biological leaching activity can result in both
negative and positive outcomes, both of these two contrary aspects are discussed
below: 1) The negative effect of bioleaching is known as acid mine drainage or acid
rock drainage (AMD/ARD) and the concomitant pollution of soil and water with
sulfuric acid and heavy metals. Il) The positive option to use bioleaching
microorganisms in biotechnological applications, for the recovery of metals from low-
grade metal sulfide ores or waste materials. Attachment and biofilm formation on
these ores and materials has a major impact on the leaching activity of these
microorganisms. However, biofilm formation by bioleaching microorganisms on the
metal-bearing sulfides is not thoroughly understood. The composition of the
extracellular polymeric substances (EPS), which mediate adhesion to solid
substrates, is fundamental for the biofilm lifestyle. The EPS consist of several
different compounds such as polysaccharides, fatty acids, extracellular DNA (eDNA),
proteins and others, which may vary between species, and also be dependent on the

energy source and other environmental conditions prevailing during growth.

The objective of this study was to investigate the amounts and composition of the
EPS, of the iron-oxidizing Acidithiobacillus species Acidithiobacillus ferrooxidans
ATCC 53993, Acidithiobacillus ferrivorans SS3 and Acidithiobacillus ferridurans
ATCC 33020. Different solid substrates, such as pyrite, chalcopyrite and sphalerite
as well as elemental sulfur were used as energy source, in order to test their

influence on differences in the EPS composition and amounts.

For these experiments, the cultivation method was optimized, to improve the bacterial
EPS production, in order to facilitate extraction and analysis of EPS. Different
conditions were assayed, like addition of different supplements (e.g. glucuronate,
iron(lll) ions, citrate), exchange of cultivation media, different growth temperature.
Phosphate (1 mM) and supply of glucuronate (1 mM) revealed as suitable for the
cultivation of the microorganisms on metal sulfides. In contrast, phosphate (1 mM)
together with an exchange of cultivation media every four days were chosen, when

microorganisms where grown in the presence of sulfur.
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For the extraction of the tightly-bound EPS (TB EPS), a cation exchange resin (CER)
was used, whereas the loosely-bound EPS (LB EPS) was extracted by centrifugation.
The EPS of cells from the planktonic cell sub-population (PP) and the biofilm cell sub-
population (BP) were extracted and analyzed separately. Quantitative analysis of
major EPS components (proteins, carbohydrates, lipids, uronic acids, eDNA)
revealed main differences when the solid substrates were compared, whereas only

minor inter-species differences were observed.

Finally, the EPS proteins were identified using a high-throughput shotgun proteomics
approach. A cluster of orthologous group (COG) analysis revealed insights into
various functions of the EPS proteins. A prediction of secretion sequences within the
amino acid sequences revealed that several proteins could possibly be secreted,
whereas many other proteins harbored none or no known secretion sequence and

could be originated from lysed cells.

By a protein basic local alignment search tool (BLAST) uncharacterized proteins
were compared to known functional domains. Proteins were found to have conserved
domains, with functions related to DNA binding, metal tolerance, adhesion, protein
folding, iron oxidation, electron transfer and others. Two proteins are of special
interest, according to their predicted functions. These proteins, with the locus tag
Lferr_0115 and Lferr_2308 of At. ferrooxidans ATCC 53993, may be interesting for
further characterization studies. Lferr_0115 harbored sequences which are described
as related to chaperon function (YscW domain Bit Score 88.87), copper
tolerance/efflux and adhesion to abiotic surfaces (NIpE Bit Score 80.88), a META
domain (Bit Score 103.95), some proteins containing these domain are involved in
motility, as well as HslJ sequence (Bit Score 68.61) a membrane associated heat
shock protein. Lferr_2308 has predicted functions in e.g. chemotaxis (Tar Bit Score
48.06) and cell surface adhesion (Yad A Bit Score 72.53).
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Zusammenfassung

Zusammenfassung

Biologische Laugung ist die Auflosung von Metallsulfiden durch acidophile Schwefel-
und/oder Eisen-oxidierende Mikroorganismen. Da deren biologische Aktivitat sowohl
negative als auch positive Auswirkungen haben kann, werden im Folgenden beide
gegensatzlichen Aspekte diskutiert: I) Der negative Effekt der biologischen Laugung
I st bekannt als ,Acid mine drainage® oder
geht einher mit der Verschmutzung des Bodens und Wassers durch Schwefelsaure
und Schwermetalle. 1) Der positive Effekt ist die Moéglichkeit der Verwendung von
Biolaugungs-Mikroorganismen in der biotechnologischen Anwendung zur Gewinnung
von Metallen aus minderwertigen metallsulfidischen Erzen und Abfallmaterialien.
Anheftung und Biofilmbildung auf diesen Erzen und Materialien haben einen
wesentlichen Einfluss auf die Laugungsaktivitat dieser Mikroorganismen. Jedoch ist
die Biofilmbildung durch die Biolaugungs-Mikroorganismen auf metallhaltigen
Sulfiden bisher nicht vollstandig erforscht. Die Zusammensetzung der extrazellularen
polymeren Substanzen (EPS) ist einer der grundlegenden Aspekte des Biofilmes,
unter anderem vermitteln die EPS die Anheftung der Mikroorganismen an die
Substrate. EPS bestehen aus unterschiedlichsten Substanzen wie Polysacchariden,
Fettsduren, extrazellularer DNA (eDNA), Proteinen wund anderen. Die
Zusammensetzung der EPS kann variieren in Abhangigkeit zur Gattung, zur
Energiequelle, aber auch zu anderen aul3eren Umwelteinflissen, die wéhrend des

Wachstums vorherrschen.

Ziel dieser Arbeit war es, die Mengen und die Zusammensetzung der EPS der drei
Acidithiobacillus ~ Spezies  Acidithiobacillus  ferrooxidans  ATCC 53993,
Acidithiobacillus ferrivorans SS3 und Acidithiobacillus ferridurans ATCC 33020 zu
untersuchen. Verschiedene Substrate wie Pyrit, Chalcopyrit, Sphalerit und
elementarer Schwefel wurden als Energiequellen fur die Mikroorganismen genutzt,

um deren Einfluss auf die EPS Zusammensetzungen und Mengen zu untersuchen.

Um die bakterielle EPS Produktion zu verbessern, wurden zunéchst die

Kultivierungsbedingungen optimiert, mit dem Ziel, die Extraktion und Analyse der

EPS zu erleichtern. Unterschiedlichste Bedienungen wie verschiedene Zusatze (z.B.

Glucuronat, Eisen(lll) lonen und Citrat), der Austausch des Mediums und

verschiedene Kultivierungstemperaturen  wurden getestet. Eine Phosphat
XIV



Zusammenfassung

Konzentration von 1 mM und ein Zusatz von 1 mM Glucuronat zeigten sich als
geeignet fur die Kultivierung der Mikroorganismen auf Metallsulfiden. Im Gegensatz
hierzu zeigte sich eine Phosphat Konzentration von 1 mM in Kombination mit einem
Austausch des Mediums alle vier Tage als fur die Kultivierung der Mikroorganismen

mit elementarem Schwefel geeignet.

Die Extraktion der-bcswmgenBR8te(O0TBt EEB) I wur de
Kationen-Austausch-Har zes ( CER) durchgef O0htrayndwabhR &“nd

(LB EPS) durch Zentrifugieren extrahiert wurden. Die planktonische Subpopulation
(PP) und die Biofilm Subpopulation wurden in dieser Arbeit getrennt voneinander
extrahiert und analysiert. Die quantitativen Analysen der wichtigsten EPS-
Bestandteile (Proteine, Kohlenhydrate, Lipide, Uronsauren, eDNA) zeigten
wesentliche Unterschiede bei einem Vergleich der eingesetzten Substrate, wahrend

die Unterschiede zwischen den Arten im Vergleich gering waren.

Die EPS Proteine wurden mittels einer Hoch-Durchsatz-Shotgun-Proteomik-Methode

i dentifiziert.clEustersogfenannhel ggous group”

dass Proteine mit unterschiedlichsten Funktionen in den EPS detektiert werden
konnten. Eine Vorhersage der Siganlsequenzen fir die Sekretion, die in den
Aminosauresequenzen codiert sind, zeigte wiederum, dass mehrere der gefundenen
Proteine wahrscheinlich sekretiert werden, wéhrend andere gefundene Proteine
keine Siganlsequenzen oder aber keine bekannte Siganlsequenzen besalen.
Speziell die beiden letzteren Proteingruppen kénnen ihren Ursprung auch in der Lyse

von Zellen haben.

Durch das sogebasntel ppabdt ai n gBLASeE)wurdedie
Aminosauresequenz von uncharakterisierten Proteinen mit bekannten funktionellen
Domanen verglichen. Konservierte funktionelle Domanen, die in Zusammenhang mit
Funktionen wie DNA Bindung, Metalltoleranz, Adhasion, Proteinfaltung,
Eisenoxidation, Elektronentransfer und mehr stehen, konnten in unterschiedlichen
Proteinen nachgewiesen werden. Besonders die Proteine mit der Kennung
Lferr_ 0115 und Lferr_2308 des Mikroorganismus At. ferrooxidans ATCC 53993
konnten fur weiterfihrende Charakterisierungsstudien von Interesse sein. In
Lferr_0115 wurden unterschiedliche funktionelle Doméanen detektiert, die verbunden
sind mit den Funktionen Chaperon Faltung (YscW domain Bit Score 88.87),

Kupfertoleranz/Kupferefflux und Adhé&sion an abiotische Oberflachen (NIpE Bit
XV
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Zusammenfassung

Score 80.88), sowie eine META Domane (Bit Score 103.95) und eine HSIJ Sequenz
(Bit Score 68.61). Proteine mit META Domé&nen sind involviert in die Motilitat. Bei
dem HSIJ Protein handelt es sich um ein membranassoziiertes Hitzeschockprotein.
In dem Protein Lferr_2308 wurden funktionelle Doméanen detektiert, die mit der
Chemotaxis (Tar Bit Score 48.06) und der Zell-Oberflachen-Adhé&sion (Yad A Bit
Score 72.53) zusammenhangen.
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1. Introduction

1. Introduction

1.1 Biological leaching and bioleaching mechanisms

Acidophilic iron- and/or sulfur-oxidizing microorganisms play a fundamental role in
biogeochemical processes of metal sulfide dissolution. One consequence of their
metabolic activity is bioleaching, i.e. the oxidation and dissolution of metal sulfides
such as pyrite (FeSz2), chalcopyrite (CuFeS2), or sphalerite (ZnS) (Rohwerder et al.
2003, Brandl 2008, Panda et al. 2015, Brierley 2016, Shafaei et al. 2016). This may
lead to serious acidification and contamination of the ground water and the
surrounding soil with heavy metals. The resulting pollution is called acid mine
drainage (AMD) by human impact or acid rock drainage (ARD) in natural habitats
(Silverman 1967). AMD occurs at active or abandoned mining sites, as these
deposits regularly contain metal sulfides such as pyrite and marcasite, which come
into contact with water and oxygen. This favors the growth of bioleaching
microorganisms (Schippers et al. 1999, Olson et al. 2003, Vera et al. 2013).
Therefore, environmental authorities of humerous countries are still demanding the
needed sanctions against the concerning industry (Johnson et al. 2005). Commonly
used methods for the protection of the environment are associated with high cost and
extensive efforts. Alkalization of AMD sites and the surrounding area with huge
amounts of lime is presently the most common method (Johnson et al. 2005).
However, due to major expenditures for production and transportation of the lime
(plus expensive waste disposal and storage of the heavy metal-contaminated lime
precipitates) this process is extremely cost intensive and even more environmental
unfriendly considering the CO2 emission at the production of lime. The natural
process of weathering and dissolution of metal sulfides is called ARD. As an
example, the Rio Tinto area in Spain is one of the most famous and best known ARD
places (Davis et al. 2000). Over the years the naturally occurring sulfide containing
ore underwent weathering and degradation processes, which formed a natural
habitat for iron- and sulfur-oxidizing organisms (Lottermoser 2010, Velasco et al.
2013).

Since more than five decades, the leaching capability of these microorganisms is
used by a biotechnological application called biomining to recover valuable metals
from sulfidic ores. This covers both (I) bioleaching for recovery of metals such as

1
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copper, cobalt, nickel, zinc, and uranium from metal sulfides and (II) biooxidation to
make gold accessible for chemical cyanide leaching, by removing of metal sulfide
mineral phases containing iron or arsenic metals. The removal of arsenic is beneficial
due to the environmental impact in connection with smelting technologies, while iron
may interfere with the cyanidation process, used for the recovery of gold from low-
grade ores, by formation of unwanted ferrous cyanide complexes. In the last 25 years
biomining became increasingly important (Gericke et al. 2009, Gericke 2012, Brierley
2016, Donati et al. 2016). Heap leaching is a widespread application for the recovery
of copper or uranium. Approximately 18% to 20% of the worldwide copper recovery is
based on biomining applications (Gericke et al. 2009, Gericke 2012, Brierley 2016,
Donati et al. 2016). A considerable advantage of biomining against traditional
smelting methods are the low energy costs, the low carbon footprint and the absence
of environmentally harmful and toxic combustion gases like sulfur dioxide (Rohwerder
et al. 2003, Zhuang et al. 2015).

Another potential application of bioleaching is the recovery of metals from industrial
waste products (Rawlings 2002). According to the general technological progress
and the worldwide consumer behavior, the amount of waste of electrical and
electronic equipment (WEEE) increases steadily. However, extrapolations done in
2011 and 2015 showed that only 10% of the annually produced 50 million tons of
electronic waste are separated for recycling (Willner et al. 2013, Baldé et al. 2014).
The use of biomining microorganisms as a cost-effective recycling alternative can
help to save existing natural resources and can also be applied for detoxification of
industrial residues like sewage sludge and heavy metal containing soils. Especially
bacteria of the Acidithiobacillus species exhibit great potential for these applications
(Bosecker 1997, Schippers et al. 1999, Brandl et al. 2001, Rohwerder et al. 2007).

Two mechanisms were proposed for the process of bioleaching of sulfidic minerals,
the direct and the indirect one. The direct mechanism proposed an enzymatically
oxidation of the mineral sulfide, whereas the indirect mechanisms describes the
mineral oxidation as a pure chemical reaction, by which the microorganisms oxidize
e.g. iron(ll) ions to iron(lll) ions. Iron(lll) ions act as a powerful oxidant and attack the
mineral. The direct mechanism is regarded as non-valid. Only the indirect mechanism

is considered as scientifically validated.
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The indirect mechanism is differentiated into two reaction pathways depending on the
acid-solubility of the sulfidic substrate (Sand et al. 1995, Schippers et al. 1996,
Schippers et al. 1999, Rohwerder et al. 2003, Rohwerder et al. 2003). The reaction
pathways were analyzed by studying the intermediary sulfur species, which occur
during the degradation process, i.e. thiosulfate or polysulfides as intermediate and

eponymous compounds (Figure 1).

a Thiosulfate mechanism |  Polysulfide mechanism

Fe* Fe* H*
MO [ 0, MS MO ( O, MS
Fe® Fe®
A\ 4 v
M + S,0,% M?* + H,S* (H,S2)
MO | Fe*, 0, MO | re, 0,
\ 4 v
Sh06, Ss H2S,,| Se
MO | re* 0, MO | Fe*, 0,
v
SO +H' SOZ +H'

Figure 1: Schematic comparison of the thiosulfate (a) and the polysulfide pathway (b) in the biological
leaching process of metal sulfides (MS).

In both cases iron(lll) ions attack the MS and are thereby reduced to iron(ll) ions. The attack results in
a release of metal cations (M?*) and water-soluble intermediary sulfur compounds (S203% or H2S").
Iron oxidizing microorganisms (MO) recycle the oxidizing agent by re-oxidizing iron(ll) ions to iron(lll)
ions. The sulfur compounds are generally oxidized by sulfur oxidizing MO to sulfate. Figure adapted
from Sand et al. 1999.

The thiosulfate-mechanism describes the dissolution of acid-insoluble metal sulfides
like pyrite (FeS2), molybdenite (M0Sz2), and tungstenite (WSz), while the polysulfide-
mechanism describes the dissolution of acid-soluble metal sulfides, like galena
(PbS), sphalerite (ZnS), and chalcopyrite (CuFeS2) (Schippers et al. 1996, Schippers
et al. 1999, Sand et al. 2001).

Most metal sulfides are semiconductors in which metal and sulfur atoms are bound in
the crystal lattice. The valence bands of acid-insoluble metal sulfides are only formed

from orbitals of the metal atoms. The acid-insoluble pyrite was further described as
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both an n- and p-type semiconductor, while the p-type having the higher conductivity.
In contrast, valence bands from acid-soluble metal sulfides are formed from orbitals
of the metal and sulfur atoms and most were described as n-type semiconductors
(Crundwell 1988, Sand et al. 2001). These valence bands and semiconductor types
explain the fact that the bond in acid-insoluble metal sulfides can only be broken by a
strong oxidation agent like Fe(lll) ions, whereas the bonding between metals and
sulfur orbitals can be broken even by the attack of protons. The n-type semiconductor
chalcopyrite plays a special role in the electrochemistry. Even a fast electrochemical
dissolution would be expected, a slow dissolution kinetic was observed. Hackl et al
(1995) described a thin copper-rich passivation layer as responsible for the slow
kinetic, whereas Crundwell 2015 described a pseudo-passivation of chalcopyrite as a
result of its n-type properties and limiting of supply holes to the surface (Hackl et al.
1995, Crundwell 2015)

Further on, two leaching-modes were distinguished: the contact mechanism and the

non-contact mechanism, both shown in Figure 2.

Contact leaching Non-contact leaching

Fe2+ Fe3+

\{ ~~~~~~ .
N,
e Fe2+

Metallsulfide e.g. pyrite

Figure 2: Scheme of contact and non-contact leaching.

In both leaching modes iron(ll) ions are oxidized by microorganism. For non-contact leaching, the
corrosive iron species are initially released into the bulk solution by aquatic living cells. Contact
leaching assumes the cells attached to the sulfidic substratum and extracellular polymeric substances
(EPS) serving as a reaction space. The relevant oxidation processes occur exclusively in this reaction
space between the cell and the mineral surface. Figure adapted from Rawlings et al 2001.

In case of the contact mechanism a large fraction of the bacterial cells attach to the

mineral surface. Enhanced bioleaching occurs in the interface between the metal

surface and the bacterium. The non-contact mechanism is based on planktonic cells

oxidizing iron(ll) ions and releasing iron(lll) ions into the bulk solution (Sand et al.

1995, Sand et al. 2001, Rawlings 2002). A differentiation between both concepts may

be beneficial for a better understanding of the leaching process, however, both ways
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generally occur in parallel (Rawlings 2002, Bellenberg et al. 2015). Bellenberg et al.
(2015) demonstrated in pyrite cultures that at iron-ion concentrations below 200 mg/L
the contact mode solely controls mineral degradation of Acidithiobacillus ferrooxidans
DSM 14882'. With increasing levels of iron ions in solution, the iron oxidation activity
of the planktonic subpopulation (PP) becomes crucial for maintaining a high ratio of
iron(lll) over iron(ll) and therefore high metal sulfide oxidation rates, since then

transport of the oxidant to the reactive surface sites controls mineral dissolution.

1.2. Biofilms
Biofilm formation is a complex and well regulated sequence of steps as shown in
Figure 3 (Jerez 2009, Flemming et al. 2010).

re \% Q
~ O

Metallsulfide e.g. pyrite

Detection of surface Initial attachment  EPS formation and  Biofilm development Development mixed
cell multiplication Biofilm

Figure 3: Mechanism of biofilm formation of biomining microorganisms.

In the first step, cells (first colonizer) attracted chemotactically by soluble substrates e.g. iron(ll) ions,
attach to the mineral surface. Multiplication of cells and EPS production can lead to the formation of
biofilms. By chemotaxis or quorum sensing other biomining microorganisms are attracted. Attachment
of these second colonizer lead to a three dimensional mixed biofilm. Figure adapted from Jerez 2009
and Florian et al. 2010.

In the first step microorganisms (first colonizers) attach to the surface via different
chemical and physical forces based on electrostatic or hydrophobic interactions.
Approaching the surface is triggered through a) active movement, which requires
motility of the organisms by cilia or flagella, b) diffusion by Brownian movement as
the slowest option, or c) (fast) convection as a result of liquid flow (van Loosdrecht et
al. 1990, Watnick et al. 2000). Initial attachment may be initiated by chemotaxis,
which allows the cells to detect potential substrates (e.g. Fe(ll) ions, thiosulfate)
released from the mineral, resulting to an increased attachment to specific favorable,
reactive sites on the substratum (Jerez 2001, Schaechter 2010). The initial
attachment is reversible. The cells multiply, start to secret EPS and begin to build up

a monolayered biofilm, while attachment becomes irreversible as cells become
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embedded in EPS (van Loosdrecht et al. 1990, Rawlings 2002, Flemming et al.
2010). Further biomining species are attracted by chemotaxis or quorum sensing
(QS) molecules. The resulting mixed biofilms are microbial communities with network
characteristics by symbioses, competition and partitioning of community-essential
roles (Tyson et al. 2004, Noél 2013). A previous study indicated that
Leptospirillum ferriphilum is such a described first colonizer of a pyrite surface under
moderately thermophilic conditions of leaching experiments. In mixed cultures and by
the use of supernatants of L. ferriphilum the attachment behavior und leaching
efficiency of Acidithiobacillus caldus, Leptospirillum spp.,
Acidithiobacillus ferrooxidans,  Acidimicrobium  ferrooxidans,  Acidithiobacillus
ferrivorans and Sulfobacillus thermosulfidooxidans was significantly influenced (Noél
2013).

The EPS of microorganisms have fundamental functions. They affect the
physicochemical conditions and interactions between the cells and their immediate
surrounding environment, such as the mineral surface and play an important role for
the structural stability and maturation of the biofilm (Gehrke et al. 1998, Karatan et al.
2009). It is generally recognized that microorganisms are able to produce EPS
components with different chemical and functional properties, while the composition
varies strongly depending on the species and growth conditions (Rehm 2010). EPS
mainly consist of polysaccharides, proteins, lipids and DNA, but uronic acids (e.g.
glucuronic acid), ions, and other molecules may also be incorporated (Flemming et
al. 2010). Complexed iron ions in the EPS of biomining microorganisms provide a
positive shift of the zeta-potential, which allows the cells attaching to the (under acidic
conditions) negatively charged metal sulfide surface by electrostatic interactions
(Sand et al. 1995). In case of cells attached to sulfur, hydrophobic interactions are
responsible for the attachment. It has been demonstrated that cells of the acidophilic
microorganism Acidithiobacillus ferrooxidans strain R1, later reclassified as
Acidithiobacillus ferriphilus, grown on sulfur did not attach to pyrite surfaces. The
EPS of these cells contained less polar components like carbohydrates but much
more hydrophobic components like fatty acids compared to EPS from cells grown on
pyrite. Furthermore, complexed iron ions are missing in these EPS (Gehrke et al.

1998, Rohwerder et al. 2003). It has also been shown that cells attached to pyrite
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produce 13 times more EPS than cells grown with iron in liquid medium (Gehrke et
al. 1998).

In many bacterial species, the EPS biosynthesis and the formation of biofilms are
controlled by cell-to-cell communication mechanisms, such as QS. In some Gram-
negative bacteria like for example At. ferrooxidans this communication system
regulates different cellular processes by diffusible autoinducers (Al) as a function of
the cell density (Bassler 1999, Hammer et al. 2003, Ng et al. 2009, Bellenberg et al.
2012, Gonzalez et al. 2013, Falagan et al. 2016). By adding synthetic acyl
homoserine lactones (AHL, e.g. tetradecanoyl C14-AHL, 3-hydroxy-C14-AHL, C12-
AHL, 3-hydroxy-C12-AHL, or mixtures composed of C14-AHL, 3-hydroxy-C14-AHL,
and 3-oxo-C14-AHL) to At. ferrooxidans ATCC 23270 cultures, an increase of cell
attachment to sulfur- or pyrite-coupons could be demonstrated (Bellenberg et al.
2012, Gonzalez et al. 2013).

C-di-GMP is a second messenger involved in the biofilm formation, EPS production,
motility and other multicellular behavior (Hengge 2009).The genome sequence of
At. ferrooxidans encodes several proteins which are involved in the c-di-GMP
metabolism (cyclic-di-guanosine monophosphate). Increased c-di-GMP levels were
observed in cells grown on solid substrates (sulfur prills and pyrite grains) compared
to levels measured in planktonic cells grown in liquid iron(ll) sulfate containing
cultures (Ruiz et al. 2012).

In acidophilic bacteria, the mechanisms of attachment and biofilm formation have not
been thoroughly deciphered yet (Gehrke et al. 1998, Schippers et al. 1999, Sand et
al. 2001, Bellenberg et al. 2012, Vera et al. 2013). Especially, the interfacial
processes between the biofilm microorganisms and the metal sulfide surface have
not been investigated intensively. A detailed knowledge of the composition of EPS

could give an opportunity to better understand these interfacial processes.

1.2.1 Proteins in biofilms

Proteins are one of the main components in bacterial biofiims. These have been
found to be involved in several biofilm mechanisms, e.g. general enzymatic activities,
adhesion, protective barriers, electron donor/acceptor, sorption of organic or
inorganic components, and structural components among other functions (Flemming

et al. 2010). For several of these proteins, specific functions and their contribution to
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the extracellular matrix or to microbial physiology are not clear yet (Jiao et al. 2011).
Some examples for EPS proteins and known functions are e.g. enzymes which
degrade different water soluble and insoluble biopolymers as well as inorganic
particles (e.g. polyphosphates) to low molecular mass components, which could be
further taken up by microorganisms and used as carbon or energy sources (e.g.
peptidase, glucosidase, phosphatase, lipase, oxidoreductase) (Wingender et al.
1999, Flemming et al. 2010). For example hydrolases and lyases were found to be
the main responsible enzymes for extracellular polysaccharide degradation
(Gjermansen et al. 2005, Ude et al. 2006). In Escherichia coli more than 500 EPS
proteins were identified with functions related to amino acid and carbohydrate
metabolic pathways as well as cell wall and membrane biogenesis (Eboigbodin et al.
2008). More than 200 proteins involved in motility, secretion, ribosomal proteins, and
proteins of unknown functions were identified in the EPS of Haemophilus influenza
(Gallaher et al. 2006). These results demonstrated the importance of EPS proteins in
the different aspects of biological living, like the metabolism of organic compounds,
the development and regeneration of the cell wall as well as involvement in essential
functions like production of new enzymes. The EPS build up an own reaction space
with proteins specific for the different microorganisms and environmental conditions.
Furthermore, EPS proteins are known which are partially responsible for microbial
influenced corrosion (Busalmen et al. 2002). In an environmental proteomic
approach, biofilms from the surfaces of AMD pools were collected and investigated.
More than 1000 proteins were identified, while 9% to 14% were estimated to be
cellular contaminations (Jiao et al. 2011). Contaminations with cellular proteins due to
e.g. high expression, high levels of protein secretion, cell lysis, or shedding of
protein-containing membrane vesicles during cell growth, are the main problems for
functional analysis of EPS proteomes and can not be totally eliminated from such

investigations (Bendtsen et al. 2005, Jiao et al. 2011).

2.3 Acidophilic iron-oxidizing bacteria

Acidophilic metal sulfide oxidizing microorganisms can be separated into four
different subgroups, according to their optimal growth temperature: psychrophiles,
with an optimal growth below 15°C, mesophiles, which grow from 15°C to 40°C,
moderate thermophiles with optimal growth between 40°C and 55°C, and

thermophiles, exhibiting a temperature optimum between 55°C and 80°C (Rawlings
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et al. 2007, Schippers 2007). The best studied bioleaching microorganisms belong to
the mesophilic or moderately thermophilic domain of bacteria, and mesophilic to
extreme thermophilic Archaea (Schippers 2007). Metal sulfide-oxidizing
microorganisms are iron- and/or sulfur-oxidizers and most of them grow

chemolithoautotrophically or mixotrophically (Schippers 2007).

A common method to investigate biological systems and processes on the genetic
and proteomic level is the genetic manipulation of the microorganisms. However, in
the past the transformation efficiencies particularly with cells of the At. ferrooxidans
were extremely low and the genetic manipulation proved to be difficult and published
techniques are generally difficult to reproduce. (Kusano et al. 1992, Peng et al. 1994,
Kernan 2017). Nevertheless, mutants were successfully prepared i.e. an
At. ferrooxidans ATCC 23270 phosphofructokinase mutant resulting in a reduced
growth capacity in sulfur-containing media and an At. ferridurans ATCC 33020 recA
mutant, which exhibited a higher sensitivity to UV- and y-radiation (Liu et al. 2000,
Wang et al. 2012). Besides, one At. ferrooxidans ATCC 19859 expression mutant is
known with a homologous rus gen (coding for rusticyanin) under the control of Ptac
promotor. Overexpression could be detected and an increased iron(ll) ion oxidation
was observed (Liu et al. 2011). Another study with a tetrathionate hydrolase knock-
out mutant and overexpression mutant showed the importance of this enzyme in the
oxidation of sulfur (Yu et al. 2014)

2.3.1 Acidithiobacillus species
Acidithiobacillus species were previously classified as Thiobacillus ferrooxidans

(T. ferrooxidans) and were reclassified and characterized as shown in Figure 4.
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Acidithiobacillus species

Thiobacillus ferrooxidans (discovered in 1951 Temple et al.)

physiological characteristics and
Kelly et al. 2000 16S rRNA gene sequence comparisons

Acidithiobacillus species
Halothiobacillus species
Thermithiobacillus species

(Acidithiobacillus ferrooxidans)

multi locus sequence and genomic
analysis

l l l l

Amouric et al. 2011

Group | Group I Group I Group IV
(At. ferrooxidans) (At ferridurans) (At. ferrivorans)  ( At. ferriphilus)
Amouric et al. Hedrich et al. Amouric et al. Falagan et al.
2011 2013 2011 2016

Figure 4 : Temporal development of the discovery and characterization of Acidithiobacillus species.

T. ferrooxidans was isolated from mine drainage water of the major bituminous coal
sections of the United States and first characterized in 1951 (Temple et al. 1951). 50
years later, Thiobacillus isolates were characterized by 16S rRNA sequence
analyses. They revealed a new classification into three different genera (Kelly et al.
2000). In 2011, known At. ferrooxidans isolates have been reclassified into four
different subgroups of iron-oxidizing Acidithiobacilli, which were defined by multi
locus sequence alignment (MLSA). These four groups correspond to different
species and are taxonomically classified by the names At. ferrooxidans,
At. ferrivorans, At. ferridurans and At. ferriphilus (Amouric et al. 2011, Hedrich et al.
2013, Falagan et al. 2016).

These four sub groups differ in their iron oxidation pathways. Four different genes
were mainly in focus of this study. Two of them are coding for high-potential iron—
sulfur proteins (HiPIPs): a) Iro (iro), an iron oxidase and b) Hip (hip), which is involved
in the transfer of electrons between sulfur compounds and oxygen. Furthermore, two
genes are coding for rusticyanin: a) rusticyanin A (rusA), encoded in the rus-operon
playing a central role in the iron respiratory chain and b) rusticyanin B (rusB), which
detailed function is still unknown (Amouric et al. 2011). The study revealed a

10



1. Introduction

correlation of the encoding genes iro/hip and rusA/rusB in the different subgroups

shown in Figure 5.

Group /11 Group HI/IV
Fe(ll) Fe(lll) Fe(ll) Fe(lll)
Outer membrane ( %( ) ? Outer membrane

;
G

103 Cytochrome
Inner membrane Cytochrome | | y;xidhase Inner membrane
oxidase ;
v v
0, H,0 O, H,O

Figure 5: Iron oxidation pathways of Acidithiobacillus species group | (At. ferrooxidans), group Il
(At. ferridurans), group 11l (At. ferrivorans), and Group IV (At. ferriphilus).
Red dashed line indicates the electron flow. Figure adapted from Amouric et al. 2011.

The genes encoding for Hip and Rus A were only found in members of group | and
group II, while the genes encoding for Iro were detected only in group Il and IV
(Amouric et al. 2011). The study demonstrated a high similarity in the iron oxidation

pathways of group | and group Il, as well as of group Il and group IV.

The relevance of RusB is still not clear. Whereas copies could not be found in group |
or group Il members, also not all group Il or group IV members had copies of this
gene encoded in their genomes. One, two or no copies of rusB were observed in

group Il and group IV members (Amouric et al. 2011).

The present study focused on three microorganisms of the subgroups I, II, and 111, i.e.

At. ferrooxidans, At. ferridurans, and At. ferrivorans.

2.3.1.1 Acidithiobacillus ferrooxidans

At. ferrooxidans is a chemolithoautotrophic, acidophilic, mesophilic proteobacterium
(Kelly et al. 2000, Vera et al. 2013). This microorganism is the first isolated and one
of the most studied bioleaching bacterium due to its role on natural leaching habitats,

AMD generation in mining sites and application in heap leaching.

At. ferrooxidans has been successfully used in experimental set ups to recover

metals from industrial waste products, like lithium batteries, fly ash, circuit boards and
11
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components of mobile phones (Temple et al. 1951, Brombacher et al. 1998, Kelly et
al. 2000, Brandl et al. 2001, Olson et al. 2003, Mishra et al. 2008, Willner et al. 2013).
The removal of metals such as Zn, Cu and Ni by At. ferrooxidans from dewatered
metal plating sludge was also successfully studied in laboratory scale (Bayat et al.
2010).

Some strains of At. ferrooxidans were sequenced (Valdés et al. 2008) and following
proteomic analysis were possible. Proteomic studies were performed on cells being
stressed by e.g. physiological adaption to pH variations, phosphate (Pi) starvation,
adaption to different energy sources. (Amaro et al. 1991, Varela et al. 1992, Seeger
et al. 1993, Ramirez et al. 2002, Vera et al. 2003, Ramirez et al. 2004, Bouchal et al.
2006, Chi et al. 2007, Ribeiro et al. 2011, Kucera et al. 2012). A pH shift from 1.5 to
3.5 leads to a shift in the protein pattern observed by 2D-gelelectrophoresis, whereas
the main particular difference was an increased synthesis of a 36 kDa membrane
located protein which was most likely a porin in the strain At ferrooxidans ATCC
19859 (Amaro et al. 1991). As stress response, cells of the same strain produce
DnaK and GroEL homologues as the major heat shock proteins, which are known as
chaperones in E. coli and several other bacteria (Varela et al. 1992). In another
proteomic study of At. ferrooxidans Brazilian strain LR on the heat stress response
(40°C; optimal growth temperature 28°C) and Pi (inorganic phosphate) starvation, 44
differentially expressed protein spots were identified by 2D electrophoresis. 30 of
them were related to heat stress and 14 to P; starvation. Identified proteins belong to
different cellular functional categories including protein fate, energy metabolism,
cellular processes, and shock response (Ribeiro et al. 2011). Under Pi starvation a
26 kDa protein was depressed, which showed a close resemblance to an alkaline
phosphatase (Seeger et al. 1993). By switching from aerobic to anaerobic conditions,
a change in the proteomic pattern of At. ferrooxidans CCM 4253 regarding 59
proteins were observed (Kucera et al. 2012). A comparison of At. ferrooxidans ATCC
19859 cells grown on sulfur, iron, or metal sulfides revealed differences in their
protein expression. Two main groups were identified. Group (I) upregulated proteins
in sulfur-grown cells: an outer membrane protein, an exported thiosulfate-sulfur
transferase protein, a thiosulfate/sulfate binding protein, a capsule polysaccharide
export protein, and a protein of unknown function. Group (ll) downregulated proteins

in sulfur-grown cells: rusticyanin, a cytochrome ¢ (552), a phosphate binding protein
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(PstS), the small and large subunits of ribulose biphosphate carboxylase, and a
CbbQ protein. In sulfur-grown cells upregulated proteins were also found, when cells
were grown with iron containing metal sulfides. This indicated differences in the iron
and sulfur metabolism and that both pathways are active while degrading iron
containing metal sulfides (Ramirez et al. 2004). Also, the synthesis of an exported
rhodanese-like protein (sulfur-transferase) was highly increased in At. ferrooxidans
ATCC 19859 cells grown on pyrite, thiosulfate, elemental sulfur, CuS, or ZnS
compared to ones grown with ferrous iron (Ramirez et al. 2002). In thiosulfate-grown
cells 131 periplasmic proteins were identified by high-throughput proteomics in
At. ferrooxidans ATCC 23270 (Chi et al. 2007). Furthermore, proteomic analysis of
the same strain showed differences between planktonic cells and pyrite-attached
cells during the early stage of biofilm formation. More than 1300 proteins were
identified: 62 of these were found to be increased and 25 decreased in biofilm cells.
The amount of proteins, which were known to be related to the ferrous- and sulfur-
oxidation-pathways was not significantly influenced. Three transcriptional factors
were influenced in the subpopulations. The biosynthesis of EPS was revealed to be

pivotal for the early stage of biofilm formation (Vera et al. 2013).

These studies revealed differences in oxidation pathways depending on the energy
source, protection- and adaption mechanisms. A specific proteomic analysis of the
EPS-proteins has not been done. Extracellular proteins have to be transported over
the cell walls and secreted in the surrounding media. Different protein secretion
systems of At. ferrooxidans ATCC 55993 were investigated and revealed the
availability of the Usher and non-classical pathways (e.g. membrane vesicles) along
with the type I, II, IV protein secretion systems (Pagliai et al. 2009, Lloubes et al.
2013). Proteins which secreted by the Usher pathway own a conserved protein
secretion system termed the chaperone—usher pathway. These proteins secreted by
the cooperative work of the usher protein (outer-membrane protein, with a structure

reminiscent for porins) and a periplasmic chaperon (Sauer et al. 2004).

2.3.1.2 Acidithiobacillus ferrivorans

At. ferrivorans is the only psychrotolerant, acidophilic species, which is characterized
in detail. Genomes of At. ferrivorans species are sequenced and available
(https://www.ncbi.nlm.nih.gov/), therefore proteomic analyses are possible (Liljeqvist

et al. 2011). At low temperatures this organism dominates the microflora originating
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from a boreal sulfide mine environment with At. ferrooxidans, the iron oxidizer
Leptospirillum ferrooxidans (L. ferrooxidans), the sulfur oxidizers At. thiooxidans and
At. caldus, and other heterotrophic strains (Dopson et al. 2007, Kupka et al. 2009,
Liljegvist et al. 2011). In substrate competition assays At. ferrivorans SS3 oxidize
preferentially of ferrous iron compared to tetrathionate, while the genes petAl and
petB1 (both involved in ferrous iron oxidation) were upregulated in the presence of
ferrous iron, and cyoB1 (involved in inorganic sulfur compound oxidation) was
downregulated. Until now, no proteomic analysis of At. ferrivorans cells has been
published. Metabolic processes were postulated on the basis of the annotation of the
available genome sequence (Liljegvist et al. 2013). Since genome sequences of
At. ferrooxidans and At. ferrivorans are available, investigation and identification of
the EPS-proteins and consequently the proteins involved in the biofilm structure is

possible.

2.3.1.3 Acidithiobacillus ferridurans

At. ferridurans is a mesophilic, chemolithoautotrophic y-proteobacterium. Since
At. ferridurans has been reclassified as an own species quite recently, only a few
studies are available focusing on this species. It is able to grow under extreme acidic
conditions and in the presence of high concentrations of uranium and other metals
(Tomizuka et al. 1976, Hedrich et al. 2013). At. ferridurans ATCC 33020 was first
isolated from process water of a uranium mine in Japan and described as motile
(Tomizuka et al. 1976, Hedrich et al. 2013). A constitutive expression of the rus gene
was measured in cells grown with iron and sulfur. The protein Cytochrome ¢ Cyc2
was also detected in this strain and described as an outer membrane protein
(Yarzabal et al. 2002).

At. ferrooxidans, At. ferrivorans and At. ferridurans are able to form biofilms on metal
sulfides and elemental sulfur (Gehrke et al. 1998, Rohwerder et al. 2003, Rohwerder
et al. 2003, Harneit et al. 2006, Karatan et al. 2009, Schaechter 2010, Bellenberg et
al. 2012). Whereas, in these species, only monolayer biofilms were observed grown
on metal sulfide surfaces (Bellenberg et al. 2015).
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2. Aims of this study

The current project focused on the investigation of At. ferrooxidans, At. ferrivorans,
and At. ferridurans grown on different minerals (FeS:z, CuFeS:z, ZnS, and sulfur). Of
special interest is the EPS composition in dependence of the cultivation conditions
and species-specific differences. The following questions were addressed in this

study:

1 What are common characteristics and strain specific differences in the
composition of EPS in those closely related species?

1 Does the EPS composition change when cells are cultivated with different
energy sources?

1 Which proteins occur in the EPS of these species?
To answer those questions the study was divided into four experimental parts:

1. Optimization of the cultivation for enhancement of attachment and EPS
formation to get analyzable amounts of EPS.

2. Extraction of EPS

3. Spectrophotometrical analysis of the recovered EPS for the detection of
carbohydrate, protein, eDNA, uronic acid, and lipid content.

4. High-throughput proteomic analysis of EPS proteins.
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3. Materials and methods

3.1 Strain collection and growth

The strains At. ferrooxidans ATCC 53993 (Hippe 2000, Orellana et al. 2011),
At. ferrivorans SS3  (DSM 17398) (Hallberg et al. 2010) and
At. ferridurans ATCC 33020 (Sugio et al. 1992) were used in this study. Strains were
taken from our strain collection (University Duisburg-Essen). The strains were grown
in Mackintosh (MAC) medium (Mackintosh 1978) using 4 g/L iron(ll) ions, 2 % (w/v)
of metal sulfide grains or 5% (w/v) of sulfur. pH was adjusted for sulfur-grown
cultures to 3, for pyrite- or iron-grown cultures of At. ferrivorans to 2.5 and of
At. ferrooxidans or At. ferriduransto 1.8, whereas for chalcopyrite- or sphalerite-
grown cultures initial pH was adjusted to 1.5. All cells were cultivated on orbital
shakers at 120 rpm at 28°C. These conditions will further be referred to as
“ st a n.drarrcdll” harvesting, centrifugation (Thermo Scientific, Sorvall RC 6+
centrifuge, rotor F109-6x500Y; 10 min at 20°C at 8000 rpm) was used.

Cultures were checked for contamination using cell morphology as an indicator.
Precultures were monitored by phase-contrast light microscopy (1000 x
magnification, Leica DMLS, Wetzler GmbH). Heterotrophic contamination was
excluded by proving absence of growth after inoculation of an aliquot of the culture in

MAC medium (pH 3) containing 2 g/L glucose and 0.2 g/L yeast extract.

3.2 Mineral preparation

The minerals and their country of origin are summarized in Table 1.

Table 1: Minerals and their country of origin.

Mineral Origin
Pyrite Rom Romania
Pyrite BRGM BRGM, France
Chalcopyrite Chile
Sphalerite Harz, Germany

An elemental analysis by X-ray fluorescence spectroscopy was done at the Geology
department of the Faculty for Biology and Geography, University Duisburg-Essen.
The metal content was also analyzed by inductively coupled plasma optical emission
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spectrometry (ICP-OES) at the BGR (Bundesanstalt fir Geowissenschaften und
Rohstoffe, Hannover, Germany) prior to an aqua regia digestion. For the aqua regia
digestion ~1 g mineral was cooked for 2 h in aqua regia according to the
recommended method by the International Organization for Standardization (ISO)
(ISO 1995). 1 mL of supernatant was dissolved in 9 mL HNO3s (conc.) and measured
by ICP-OES. The results of X-ray fluorescence spectroscopy and ICP-OES
measurements are summarized in the appendix (Appendix Tab. 1 - 4).

For cultivation, minerals were grounded and sieved to obtain mineral grain sizes

between 50 and 100 M nbetween 100 and 200pm ( Test si eves

Germany). Mineral fractions were washed and sterilized as previously described
(Schippers et al. 1999). Elemental sulfur was obtained by Carl Roth GmbH and

melted at 130°C to get coupons or prills after cooling.

3.3 Cultivation optimization

To optimize cell attachment, the strains were tested with different energy sources
under different growth conditions. For each mineral, the condition previously
described as standard (chapter 3.1) was tested first. Afterwards, modifications were
tested as described in Table 2. Standard deviation are given from biological and

technical replicates (n).
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Table 2: Conditions for optimization of biofilm formation and leaching activity.

Energy

Preculture pH Conditions
source

Pyrite Rom Iron(ll) ions 4 g/L | 1.8/2.5 Daily exchange of the cultivation media

Dalily filtration of the cultivation media through
Pyrite Rom ron(ll)ions4g/L | 1.8/25|a02pym pore si ze ([Belénbeegr

et al. 2015)
Pyrite Rom Iron(ll) ions 4 g/L | 1.8/2.5 | Additional supply of air and stirring at 120 rpm
Pyrite Rom Iron(ll) ions 4 g/L | 1.8/2.5 P; deficient medium (without P;)
Pyrite Rom Iron(ll) ions 4 g/L | 1.8/2.5 Reduced pyrite amount 0.2% (w/v)
Pyrite Rom Iron(ll) ions 4 g/L | 1.8/2.5 Reduced pyrite amount 0.1% (w/v)
Pyrite BRGM | Iron(ll) ions 4 g/L | 1.8/2.5 Increased P; concentration (1mM)
Pyrite BRGM | Iron(ll) ions 4 g/l | 1.8/2.5 | SUPP of 1 mM glucg‘gig?te (Bellenberg et al.

Increased P; concentration (1 mM) and supply

Pyrite BRGM | Iron(ll) ions 4 g/L | 1.8/2.5 of 1 mM glucuronate

Chalcopyrite Chalcopyrite 15 -

Increased P; concentration (1 mM) and supply

Chalcopyrite | Iron(ll) ions 4 g/L 15 of 1 mM glucuronate

1 mM sodium glucuronate and 1 mM iron(lll)

Chalcopyrite | Iron(ll)ions 4 g/L |~ 1.5 ions (FeCls) (Bellenberg et al. 2015)

Chalcopyrite Iron(ll) ions 4 g/L 15 70 mM citric acid (Li et al. 2014)

Increased P; concentration (1 mM) and supply

Sphalerite Iron(ll) ions 4 g/L 15 of 1 mM glucuronate

Sulfur Sulfur 3.0 Increased P; concentration (1 mM)
Sulfur Sulfur 3.0 Daily exchange of cultivation medium
Sulfur Sulfur 30 Increased Pi concentration (1 mM) and

exchange of cultivation medium every 4" day

Optimization was performed in 100-mL wide-neck Erlenmeyer flasks containing
50 mL MAC medium. The inoculum was a washed cell pellet from a 500-mL
preculture (=5 x 108 cells/mL).

3.4 Attachment experiments

The number of planktonic cells was determined with a Thoma counting chamber
(Assistant, Germany) in combination with a phase-contrast light microscope (Leica
DMLS, Wetzlar GmbH, 400 x magnification). Experiments were done in 100-mL
wide-neck Erlenmeyer flasks containing 50 mL MAC medium at standard cultivation
conditions (chapter 3.1). The medium was inoculated with ~5 x 102 cells/mL. The first
sample was taken before addition of the energy source (0 min). Further samples
were taken after 1.5, 10, 20, 30, 60, 90, 120, 240, 300, 360 and 420 min. The

unspecific attachment (e.g. to glass) was tested by parallel experiments without
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addition of mineral. Attached cells were determined indirectly by quantifying the

decrement of the planktonic cell number.

3.5 Analytical methods
Spectrophotometrical analyses were done in microtiterplates (96 well-microtiterplate;

Brand plates®, Brand) using an Inifnite M200Pro spectrophotometer (Tecan).

pH determination
The pH was determined with a pH meter (Model pH 537, WTW, in Lab® 422
Combination Semi-micro pH Electrode, Mettler Toledo).

Determination of iron ions

The determination of iron ions was performed according to DIN 38406-1 (standard
methods for the examination of water, waste water and sludge; cations;
determination of iron) by using 1,10-phenanthrolin. 1,10-phenanthrolin and
iron(Il) ions form a red colored complex, which can be determined
spectrophotometrically at 492 nm. lron(lll) ions were reduced by addition of
hydroxylamine prior to complexing with the color reagent, whereby the total iron
concentration can be measured. As a standard an iron(ll)-sulfate-heptahydrate

solution was used in a concentration range of 0.8 to 4 mg/L.

Determination of sulfate

For the determination of sulfate, an ion exchange chromatograph (IC, Dionex DX500
system) equipped with an eluent generator (EG 50), a conductivity detector (CD 20)
and an auto sampler (AS 3500) was used. The used software was Chromeleon
Version 6.7. The stationary phase was an lonPac AS17 (2 x 250 mm, Dionex USA)
with a guard column lonPac AG17 (50 mm, Dionex, USA). A suppressor current of
50 mA and a flow rate of 0.25 mL/min were used for measurements. A potassium
hydroxide gradient elution mode was applied to the measurement with an injection
volume of 10 pL by the autosampler. The gradient was adapted from Schippers et al.
(2001) (1 min 10 MM KOH, 1.5 min linear increase to 30 mM KOH, 1 min linear
increase to 40 mM KOH, 1.5 min 40 mM KOH) (Schippers et al. 2001). Samples
were diluted in phosphate buffer (5 mM K2HPO4/5 mM KH2POa4, pH7.5) until pH was
adjusted to pH 7, for pH dependent precipitation of metal ions. After centrifugation,

supernatant was diluted in ddH20 and samples were measured in triplicate.
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Determination of copper ions

Copper determination was done spectrophotometrically with bicinchoninic acid
according to Anwar et al. (2000) (Anwar et al. 2000). Bicinchoninic acid forms a
colored complex with copper(l) ions, which can be measured at 562 nm. Total copper
concentration was measured by previously reduction of copper(ll) ions with
hydroxylamine solution prior to complexing with the color reagent. As a standard
copper sulfate solution in a concentration range of 0.04 mM to 1 mM was used.

Determination of zinc ions

The zinc concentration was determined by flame atomic absorption spectrometry
(FAAS) (Perkin-Elmer 1100B, Massachusetts, USA). A zinc hollow cathode lamp at
213.9 nm was used (gap 0.7 nm, gap geometry high). The gas flow was adjusted to
2.5 L/min acetylene and 7.0 L/min air. As a standard Zn(NOs)2 x 4 H20 in
0.5 M HNOs in a range of 0.05 to 1.0 mg/L was used. If necessary, samples were
diluted in 0.5 M HNO:.

3.6 Fluorescence microscopy
Epifluorescence microscopy (EFM) and confocal laser scanning microscopy (CLSM)

were used for the visualization of fluorescently labeled cells.

Nucleic acid and protein staining

Mineral grains or coupons were washed with ddH20 to remove planktonic cells.
Afterwards, the grains or coupons were covered with 6 uM SYTO®9 (Nucleic acid
staining; Invitrogen®, L13152 LIVE/DEAD®BacLight) or with 50-fold concentrated
Sypro®Red (Protein staining; Invitrogen) and incubated for 10 min. A preliminary
study with different concentrated Sypro®Red solutions (1-fold, 10-fold, 50-fold, 100-
fold, 500-fold and 5000-fold) in comparison to SYTO®9 revealed a concentration 50-
fold concentration of Sypro®Red as suitable for counterstaining of the used
Acidithiobacillus species. For removement of remaining dyes residues, samples were
washed twice with ddH20. Nucleic acid staining was used for the observation of
biofilm formation over the cultivation period, whereas Sypro®Red was used as
counterstaining for the lectin screening assay according to the overlapping excitation

and emission wavelength of SYTO®9 and FITC.
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Lectin staining
The used lectins are described in Table 3.

Table 3: Lectins tested for staining of EPS polysaccharides.

Name Symbol Target
Concanavalin A ConA o-D-Ma n n o s-B-Glucase, branched
mannose
Dolicho sbhiflorus agglutinin DBA Methyl-2-acetamido-2-deoxy-D-galactose
Biotinylated soybean SBA a anMA@getyl gal actosan
agglutinin Galactose
Limulus Polyphemus LPA Sialic Acid (N-Acetyl neuraminic acid)
agglutinin
Wheat germ agglutinin WGA ((GIcNAc-B-(1,4)-GIcNAc)1-4> BGIcNAC>
NeuS5Ac
Ulex europaeus agglutinin UEA-I a-L-Fucose
Peanut agglutinin PNA Ter mi «Gadctosp
Griffonia simplicifolia | GS-| Me | i b iDeGalactose
Griffonia simplicifolia Il GS-l Ter mi o adNpAgetylglucosamine
Bauhinia purpura aagglutinin BPA N-Acetylgalactosamine
Maclura pomifera agglutinin MPA N-Acetylgalactosamine>Galactose

Fluorescein-isothiocyanat (FITC) conjugated lectins were used (EY Laboratories) at a
final concentration of 50 pg/mL in buffer according to Lectin Kit manual (EY
Laboratories). Since FITC has a maximum excitation at 490 nm and a maximum
emission at 525 nm together with Sypro®Red as counterstaining (excitation 550 nm
emission 630 nm), this combination was suitable. To avoid false positive results,
sterilized uncolonized substrates were also stained with Sypro®Red and the different
FITC conjugated lectins. Signals were not detected with any of the lectins on these

controls.

Staining was performed as described previously (Bellenberg et al. 2015). Counter
stained samples were washed with the corresponding lectin buffer. Lectin staining
was performed for 20 min by covering samples with lectin solution. Samples were
washed twice with lectin buffer and mounted on glass slides. Subsequently, samples
were protected by supply of an anti-fading agent (Citifluor, Ltd. AF2) and 22 x 22 mm
cover slides. For the coupons glass bottom petri dishes (thickness 0.085-0.13mm,
MatTek Corporation) were used. Standard deviation are given from biological and

technical replicates (n).
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EFM and CLSM

Visualization of fluorescently stained samples was carried out using EFM- or CLSM
microscope. An EFM (Zeiss®AxiolmagerTMA1m) with a HBO 100 mercury vapor
lamp (Zeiss®filter set for FITC/ SYTO®90 (exciter BP 450-490 nm, beam splitter FT
510 nm, emission BP 515-565 nm) or for Sypro®Red (exciter BP 525-550 nm, beam
splitter FT 570 nm, emission BP 605-670 nm, air-objectives Zeiss® EC plan
NEOFLUAR 440480/9903 and EC epiplan NEOFLUAR 422393/9900) and a
microscope camera (Zeiss®AxioCam TMMRm). A CLSM-microscope with a laser
scanning module (LSM 510 Carl Zeiss®Jena) coupled to an inverted Axiovert 100
MBP microscope (Zeiss®). The operating software LSM 510 Release 3.2 (Zeiss®)
was used. Basic visualization and image manipulation were performed using the

program ImageJ (http://rsbweb.nih.gov./ij/) or the software AxioVision 4 (Zeiss®).

3.7 Extraction of EPS

Two fractions of EPS are available: the loosely-bound (LB) EPS and the tightly-bound

(TB) EPS. While the LB EPS are dissolved in the bulk culture medium and easy to

recover by centrifugation, the extraction of TB EPS from cell pellets and grains was

done by usingacation exchange resin (CER) ( DOWE X
according to previous studies of (Michalowski 2012, Wikiel 2013, Bellenberg et al.

2015). In case of sulfur-grown cells, extraction with crown-ether (CE) was also tested

(Wuertz et al. 2001, Wikiel 2013).

Extraction of LB EPS

The LB EPS were recovered by centrifugation of the cells (Thermo Scientific, Sorvall

RC 6+ centrifuge, rotor F109-6x500Y; 15 min at 20°C at 8000 rpm) getting the

polymers to be stripped off and to remain in the supernatant. The supernatant was

frozen and lyophilized. The lyophilized sample was dissolved in a tenfold reduced

volume of ddH20, filtered through a 0.2 pym pore si
(3.5 kDa membrane tube; Sigma) against ddH20 for 48 h. The dialyzed sample was

again frozen, lyophilized and stored at room temperature for further analysis.

Extraction of TB EPS; CER
The extraction of TB EPS was done by t he use of CER ( DOWEX™
Sigma). First, planktonic cells were harvested. Then the extraction was performed

either with pooled biofilm cell subpopulation (BP) and planktonic cell subpopulation
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(PP) or with separated subpopulations, each of them individually. The extraction
agent was activated by stirring for 1 h in PBS buffer followed by an additional
washing step with PBS buffer (2 mM NasPOs, 4 mM NaH2P0O4,9 mM NaCl, 1 mM
KCI; pH 7). For pooled cell subpopulations extraction was performed according to
Bellenberg et al. (2015). For extraction of EPS from BP, one volume of the mineral
was mixed with two volumes of CER (w/v) in 20 mL of PBS. The cell pellet of PP was
resuspended in 5 mL of PBS-buffer, and EPS of the planktonic cells were extracted
with 5 g of CER. The extraction mixtures were stirred for 4 h at 120 rpm at 4 °C. After
recovery of the supernatant, the CER mixture was washed once with 20 mL (BP) or
5 mL (PP) of PBS buffer. The supernatants were centrifuged for 10 min at 4500 g
and filtered through a 0.2 um pore size membrane filter (Sarstedt) for removing of
cells, mineral particles, or CER residues. Dialysis was done for 48 h against ddH20
(3.5 kDa cutoff membrane tube, Sigma). Remaining EPS samples were lyophilized

and stored at room temperature for further analysis.

Extraction of TB EPS; CE
First studies showed that the protein content of the EPS obtained by CER extraction
was very low. An optimization of the extraction to enhance the recovery of proteins

for proteomic studies was necessary. CE was tested as a second extraction agent.

30 mM dicyclohexyl-18-crown-6-ether in 50 mM Tris buffer pH 8.0 (Wuertz et al.
2001) was used as extraction reagent. Extraction was done with separated cell
subpopulations. In the first instance, the planktonic cells were harvested by
centrifugation (10 min, 8000 rpm, Sorvall RC 6+, Thermo Scientific). PP was
resuspended in 5 mL CE and 20 mL of CE was supplied to the BP attached on the
energy source. Extraction of TB EPS was carried out under stirring at 120 rpm for 4 h
at 4° C. Subsequently, the supernatant was centrifuged for 10 min at 4,500 rpm and
filtered through a 0.2 um pore size filter membrane (Sarstedt). Remaining EPS

samples were lyophilized and stored at room temperature for further analysis.

3.8 EPS composition analysis

The lyophilized samples were resuspended in particle-free ddH20 for
spectrophotometrical analysis of proteins, DNA, uronic acids, carbohydrates, and
lipids. Prior to determination, lipids were shaken out with a mixture of chloroform and
methanol (2:1, v/v). The spectrophotometrical analyses were done in microtiterplates

(96 well-microtiterplate; Brand plates®, Brand) using an Inifnite M200Pro
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spectrophotometer (Tecan). Each analysis contained was performed with two
biological samples. Standard deviation are given from biological and technical

replicates (n).

Determination of proteins

The concentration of proteins was determined by using the Bio-Rad Protein Assay
with bovine serum albumin (Merck KGaA) as a standard in a range of 0 to 45 mg/L
according to Bradford (1976) (Bradford 1976). In principle, the absorbance maximum
of the Coomassie®Brilliant Blue G-250 dye shifts from 465 nm to 595 nm after binding
of the reagent to proteins in acidic solution. 160 pL of sample was mixed with 40 pL
Bradford solution (containing Coomassie®Brilliant Blue G-250 dye) and absorbance

was measured at 595 nm.

Additionally, the protein concentration for proteomic analysis was estimated by the
measur ement of the absorption maxi mum at 28
M200Pro, Tecan).

Determination of extracellular DNA (eDNA)

The determination of eDNA was done with the Pico Green® Kit (Quanti T ™
PicoGreen® dsDNA Assay Kit, Invitrogen). 100 pL of sample were mixed with 100 pL
of Quant-i T™ P i c ®ré&pgeatalituted in TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH 7.5). After incubation for 2-5 min at room temperature, the concentration was
measured spectrophotometrically (excitation 480 nm; emission 520 nm). As a

standard, phage lambda DNA in a range of 25 pg/mL to 2 pg/mL was used.

Determination of carbohydrates

Determination of carbohydrates was done as described (Dubois et al. 1951). 20 pL of
sample were mixed well with a mixture of 220 uL concentrated sulfuric acid (97 %
(v/v)) and 40 L of a 5 % (w/v) phenol solution. After incubation for 10 min at 30°C,
absorption at 485 nm and 570 nm was measured. Absorbance at 570 nm was
subtracted from absorbance values measured at 485 nm, to avoid interfering

absorption peaks. As a standard, glucose in a range of 0 to 50 mg/L was used.

Determination of uronic acids
Uronic acids were determined by the method of Blumenkrantz et al. (1973)
(Blumenkrantz et al. 1973). 35 pL of sample were mixed with 315 pL of 0.0125 M

Na2B4O7 (in conc. Sulfuric acid) on ice. After incubation for 5 min at 100°C the
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mixture was subsequently cooled down on ice. Background was measured at
520 nm. 4.5 pL of B-hydroxydiphenyl (0.15 % (w/v) in 0.5 % NaOH (v/v)) were added
to 200 uL of the reaction mixture and further incubated for 5 min at room
temperature, absorbance was measured again at 520 nm. Sodium glucuronate in a

range of 0 mg/mL to 10 mg/L was used as a standard.

Determination of lipids

One volume of the aqueous EPS sample was mixed with 1.7 volume of a chloroform
methanol mixture (2:1, v/v). Lipids were shaken out and 100 pL of the organic phase
were transferred into a 2 mL reaction tube. Solvent was totally evaporated at 95°C.
Remaining lipid precipitate was disolved in 100 pL of concentrated sulfuric acid and
incubated for 10 min at 95°C. After subsequent cooling to room temperature,
background was measured at 525 nm. Then, 900 yL of a vanillin-phosphoric acid
solution (1.5 mg/mL vanillin in 17 % H3PO4 (v/v)) was added. After incubation for
10 min color development was measured at 525 nm. As a standard, olive oil was

used in a range of 1 ug to 50 ug.

Detection of elemental carbon and nitrogen

In some of the recovered LB EPS fractions, brownish precipitates were found. Those
precipitates were not soluble in ddH20 or organic solvent (lipid detection, this
chapter). To get a hint if these remaining precipitates are biomolecules, the total
content of elemental carbon and nitrogen was analyzed by the use of the elemental
analyzer Vario Pyro cube (Elementaranalysesysteme GmbH, Langenselbold
Germany) in the department of Instrumental Analytical Chemistry, at the Faculty of
Chemistry, University Duisburg-Essen. Freeze-dried samples (sample size adjusted
to 0.5-2mg) were filled in tin capsules (4 x 6 mm, IVA Analysentechnik GmbH,
Meerbusch Germany). Composition tube was adjusted to a temperature of 920°C
and reduction tube to 600°C. Oxygen flow was 30 mL/s for 70 s and He flow

constantly 228 mL/min. As a standard, acetanilin was used.

3.9 Protein purification

For mass spectrometric protein analysis, determination of protein concentration was
necessary. In this study samples were concentrated in different ways, by freeze-
drying as described in chapter 3.7 or by membrane filtration (Corning Spin-X UF
Concentrators, 10 kMWCo0). In some cases, proteins were concentrated by

precipitation as described below.
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TCA precipitation

Trichloroacetic acid (TCA) precipitation was performed according to Peterson (1979)
(Peterson 1979). 0.25 volume of ice cold TCA solution (100 % w/v) was added to
1 volume of sample and incubated for 30 min on ice. Precipitated proteins were
harvested by centrifugation (12000 rpm, 30 min, 4°C) and supernatant was carefully
discharged. The pellet was washed with 200 puL acetone by shaking for 15 min.
Afterwards, the mixture was incubated for 15 min at 21°C and centrifuged
(12000 rpm, 30 min, 4°C) for acetone separation. The remaining proteins were dried

at room temperature for total acetone evaporation.

Phenol-Acetone precipitation

1 volume of phenol was added to 1 volume of EPS sample and mixed for 1 min.
Afterwards, the sample was incubated at 70 °C for 10 min, followed by incubation on
ice for 10 min. Phases were separated by centrifugation (15 min, 12000 rpm, 4°C,
Biofuge®Fresco, Heraeus) and the aqueous phase was discarded. By adding
1 volume of ddH20 and mixing for 1 min, samples were washed and the heating and
cooling step was repeated. After repeated phase separation by centrifugation, the
aqueous phase was carefully disposed. Proteins were precipitated by addition of
1.5 volume of ice-cold acetone. The mixture was vortexed for 1 min and precipitated
proteins were collected by centrifugation (5000 rpm, 10 min, 4°C, Centrifuge 5430 R,
Eppendorf). Finally, the protein pellet was washed with ice-cold acetone and dried at

room temperature (Vera et al. 2013).

Acetone precipitation

4 volumes of ice-cold acetone were added to 1 volume of the sample. The mixture
was incubated for 15 min at -80°C followed by overnight incubation at -20°C.
Precipitated proteins were harvested by centrifugation (15 min, 12000 rpm, 4°C,
Biofuge®Fresco, Heraeus) and supernatant was removed carefully. The remaining
acetone was evaporated at room temperature (Barritault et al. 1976).

3.10 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried
out as described by Laemmli (1970) (Laemmli 1970). Samples were boiled in
Laemmli buffer (Tris-HCI 62 mM, pH 6.8; SDS 2 % (w/v); glycerin 10 % (v/v);
2-mercaptoethanol 5 % (v/v); bromophenol blue 0.02 % (w/v)) for 10 min. A 12.5 %
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acrylamide SDS-PAGE was prepared. Protein bands were separated with the Mini
PROTEANR TetraSystem (BioRad; 45 mA, ~30 min). Gels were stained in staining
solution (10 % (w/v) BrilliantBlueR (Sigma-Aldrich), 50 % (v/v) methanol, 7 % (v/v)
glacial acetic acid) for 10 min. Destaining was carried out with a solution of 25 % (v/v)
methanol, 7.5 % (v/v) glacial acetic acid, and 67.5 % (v/v) H20 (destaining solution).
As proteinladderGangNam Stain™ Prestained Protein La

was used.

3.11 Mass spectrometry

The gel lines were cut into small gel pieces and transferred into reaction tube
containing 50 % (v/v) methanol. Remaining commassie stain was completely
removed by repeated incubation in washing solution (0.025 M NH4COs, 50 % (v/v)
acetonitrile (ACN)) for 20 min at 37°C. Washing solution was discharged and gel
pieces were dried (SpeedVac, Eppendorf). An in-gel digestion was performed with
100 pL trypsin solution (12.5 ng/pL in 40 mM NH4HCOs, Sequencing Grade modified
Trypsin, Promega) over night at 37°C on orbital shakers. 100 pL of eluent solution
(50 % (v/v) ACN, 0.5% (v/v) TCA) were added and incubated for 20 min in an
ultrasonic bath. Supernatant was evaporated (SpeedVac, Eppendorf) in glass vials
(Waters, USA), and remaining proteins were solved in buffer A (0.1 % (v/v) formic
acid (FA) in 2 % (v/v) ACN).

The ESI-MS/MS measurements were performed in collaboration with Dr. Ansgar
Poetsch and Dr. Christian Troetschel (Plant Biochemistry, Ruhr University, Bochum,
Germany). ESI-MS/MS analysis was performed on a nanoAcquityUPLC (Waters,
USA) coupled with an LTQ Orbitrap Elite (Thermo Fisher Scientific). The peptide
separation was obtained by a trap column (Symmetry Cis, S5um particle size,
180 pm x 20 mm (Waters, USA)) and an analytical column (HSS T3, 1.8 um particle
size, 75 pm x 150 mm (Waters, USA)) at a flow rate of 0.4 uL/min coupled to a
PicoTip emitter (SilicaTip, 10um, New Objective). Gradient settings: 90 min gradient
at 55 °C; 0-5 min 98 % buffer A (0.1 % (v/v) FA) and 2 % buffer B (0.1 % (v/v) FA in
ACN), 5-10 min 98-95 % A, 10-1 min 95-70 %A, 71-76.5 min 70-15 % A, 76.5-90
min 15-98 % A.
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3.12 Proteomic analysis

Protein identification

Searching of RAW-files was performed with the software Proteome Discoverer
(1.4.1.14, Thermo Fisher Scientific) using SEQUEST algorithm. As reference the
databases genome files of At. ferrooxidans ATCC 53993 (Genebank ID: NC_011206;
containing 2747 protein sequences) and of At. ferrivorans SS3 (Genebank ID:

NC_015942; containing 3067 protein sequences) were used.

A maximum of two missed cleavages for tryptic peptides was accepted. Methionine
was permitted as dynamic modification. Mass tolerance for precursor ions was
8 ppm, while fragment mass tolerance was set to 0.6 Da. Two peptides had to be

found at least for positive detection of a single protein.

Bioinformaticanalysis

Furthermore, analysis of detected proteins was performed with Cluster of
Orthologous Groups (COGs) (http://www.ncbi.nlm.nih.gov) and the presence of
different export signals were analyzed by using the algorithms SecretomeP v2.0
(Bendtsen et al. 2004, Bendtsen et al. 2005), LipoP v1.0 (Juncker et al. 2003),
SignalP v4.0 (Petersen et al. 2011), and TaT v1.0 (Bendtsen et al. 2005), available at

http://www.cbs.dtu.dk/services/.

Protein identification was performed with Standard Protein BLAST of the National
Institutes of Health (NIH), available at https://www.nih.gov/ (Marchler-Bauer et al.
2004, Marchler-Bauer et al. 2010, Marchler-Bauer et al. 2014, Marchler-Bauer et al.
2016), to find regions of local similarity between sequences and known domain
model's. For a Bit Score over 300 identity is confirmed, for a Bit Score between 30

and 300 identity is probably.
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4. Results

4.1 Analysis of minerals

Analysis of minerals was performed by X-ray fluorescence spectroscopy and ICP-
OES. A disadvantage of the ICP-OES measurements is that sulfur can not be

measured with this method.

Naturally occurring minerals are heterogeneous mixtures. The X-ray analysis for
pyrite showed a low percentage of iron (~37%, detected as Fe203) while the detected
amount of sulfur was even lower (~24%) (Appendix Tab. 1). In the ICP-OES method,
a total content of 55% of iron could be detected (Appendix Tab. 4). Both
measurements indicated that the used pyrite was mainly composed of iron. The
second main component, identified by X-ray measurements was identified as sulfur.
Whereas, iron content was slightly higher and a low amount of other elements were

detected.

As shown in Appendix Tab. 2 the chalcopyrite used, contained only ~5% of copper as
measured by X-ray. Norrish et al. (1990) reported a possible underestimation of
metals (like Cu and Fe) in metal sulfides, when analyzed by X-ray, which might be
due to the experimental setup. According to the molecular formula of chalcopyrite,
one third of copper, iron and sulfur was expected as constituent. With ~28% of Fe
(Fe203) and ~18% S the composition was not in accordance with this expectation. In
total 20% of SiO2 was observed as foreign component. In comparison to that ICP-
OES measurements (Appendix Tab. 4) resulted in a copper amount of 6.1%,
whereas the iron value was approximately two times higher than in the X-ray
measurements (48%). Furthermore, a contamination of 3.1% by other metals was
detected. The used chalcopyrite was mixed with various other minerals, mainly iron
sulfide and SiOz2.

The results of the two used methods for sphalerite composition analysis showed
comparable amounts of iron (3-4%) (Appendix Tab. 3 and 4). In contrast, the Zn
amount was around three times higher (36%) in the X-ray measurement than to the
ICP-OES results (9.5%). An amount of 0.3% Cd was detected in both measurements.
In addition, X-ray spectroscopy discovered 14% of sulfur and 17% of SiO: as foreign

components.
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Both methods confirmed the existence of the expected metals, although the
measured amounts were comparably low. Even if the described possible
underestimation of components (Norrish et al. 1990) is taken into consideration, this
leaves a high amount of unidentified components. Both methods resulted in a high
percentage of minerals which could not be identified; within this context, it should be

taken into account that sulfur cannot be measured by ICP-OES.

Mineral samples from the environment are known to be a mixture of different metal
sulfides. Pure metal sulfides could be retained by a laboratory synthesis which would
have been time and cost intensive but might be used in the future to get more clear

results.

4.2 Attachment experiments

This part of the study describes the attachment abilities of cells from pure cultures of
At. ferrooxidans, At. ferrivorans and At. ferridurans to pyrite, chalcopyrite, sphalerite

“

and sul fur under standar d” conditions (cha
used to quantify attachment of planktonic cells to the mineral surface (Florian 2012,
Noél 2013). In Figure 6, percental attachment after 7 h is shown. The attachment
velocity after a stabile plateau of attached cells was observed is summarized in Table

4.
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Figure 6: Cell attachment of Acidithiobacillus species to pyrite, chalcopyrite, sphalerite and sulfur after
7 h of incubation.

Cultivation at 28°C on orbital shakers (120 rpm), in 50 mL MAC medium, cell inoculum was
~5 x 108 cells/mL, (2% wi/v) pyrite grains (pH 1.8/2.5), chalcopyrite grains (pH 1.5) and sphalerite
grains (pH 1.5), respectively (5% wi/v) sulfur prills (pH 3.0). Standard deviation from n=6 (L&ffler 2015).

Table 4: Summary of time in attachment experiments, after a stabile plateau of attached cells was
observed. n=2, SD=0.

At. ferrooxidans At. ferrivorans At. ferridurans
[min] [min] [min]
Pyrite 60 120 90
Chalcopyrite 60 60 120
Sphalerite 240 240 120
Sulfur 60 60 120

Depending on both, the strain and the energy source (pyrite, chalcopyrite, sphalerite,
or sulfur), attachment rates of 13% to 58% were observed after 7 h of cultivation
(Figure 6).

At. ferrooxidans showed twice higher attachment to sphalerite grains and sulfur prills
compared to attachment rates to pyrite or chalcopyrite grains. The total number of
attached cells did not always correlate with the attachment velocity. Attachment of
At. ferrooxidans to pyrite, chalcopyrite, or sulfur resulted in a stabile plateau after
60 min, as the number of planktonic cells remained constant (Table 4). In contrast,
continuously increasing attachment was observed in the presence of sphalerite over

an assay period of 240 minutes.
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At. ferrivorans attached comparably to sphalerite (42 + 5%), pyrite (46 = 2%), and
sulfur (40 = 1%), whereas attachment to chalcopyrite grains was significantly weaker
(18 = 6%). As above, attachment rates reached their maximums after a certain period
of cultivation. Thus, a stabile plateau was observed after 60 min when cells attached
to chalcopyrite or sulfur; after 120 min when cells attached to pyrite; and after

240 min when attach to sphalerite.

A clear tendency of At. ferridurans cells favoring attachment to metal sulfides (max.
58% + 11%) over elemental sulfur (21 £ 1%) was observed. The attachment speed
did not correlate with the number of attached cells. A stagnation of attachment after
120 min in attachment to chalcopyrite, sphalerite, or sulfur and after 90 min in

attachment with pyrite was observed.

4.3 Optimization of cultivation and biofilm formation

The three strains were cultivated with different energy sources pyrite, chalcopyrite,
sphalerite, and sulfur. Colonization and biofilm formation on the mineral surface, was
observed by CLSM or EFM, respectively. Leaching activity was measured by

detection of the reaction products iron, copper, zinc, and sulfate.

4.3.1 Cultivation of Acidithiobacilli with pyrite as sole energy source

The objective of this part of the current study was the optimization of Acidithiobacillus
species cultivation with pyrite as energy source. Previous results showed differences
in the composition of minerals depending on their source of supply (Appendix Tab. 1
and 4). Pyrite from Romania was first tested. Different cultivation conditions and
medium supplementations were compared to the standard cultivation condition
regarding their influence on the cell attachment and mineral dissolution. The results
are summarized in Table 5. Visualization and iron oxidation are listed in Appendix
Fig. 1 - 6.
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Table 5: Summary of the cultivation conditions for At. ferrooxidans, At. ferrivorans and At. ferridurans
with pyrite from Romania, with respect to its colonization (visualized by CLMS images Appendix Fig.
1 - 3) and leaching activity (detected by iron formation Appendix Fig. 4 — 6) after 14 days of cultivation.
Standard deviation from n=9.

At. ferrooxidans At. ferrivorans At. ferridurans
Condition Attached Total iron Attached Total iron Attached Total iron
cells [mM] cells [mM] cells [mM]
Standard (0] 9.8+0.1 0 9.1+0.2 (0] 1.9+0.0
Daily media
exchange o n.d. o n.d. (o] n.d.
Daily filtration o 3.8+0.1 o 0.2+0.0 + n.d.
Stirring/air supply - 0.4+0.1 - 1.3+0.1 - 0.8+0.0
-Pi + 1.2+0.0 + 3.1+0.1 + 1.8+0.2
0.2% (w/v) pyrite n.a. n.a. + 1.6+0.1 + n.d.
0.1% (w/v) pyrite n.a. n.a. + n.d. + n.d.

-Pi: phosphate starvation; o: no effect; +: enhancing effect; -: inhibitory effect; n.a.: not applicable/not

investigated, n.d.: not detected (below detection limit).

The daily exchange of cultivation media (removing of reaction products and
planktonic cells) did not significantly influence the number of attached cells of any of
the strains (Table 5). An increase of the sessile cells of At. ferrivorans after 14 days
of cultivation was observed (Appendix Fig. 2). Due to the removal of the cultivation
media which and following the removal of oxidized iron, the detection of iron was not

applicable.

Dalily filtration (removing of planktonic cells) did not influence the number of attached
cells of At. ferrooxidans and At. ferrivorans, whereas an increase was observed for
At. ferridurans. The leaching of iron of At. ferrooxidans decreased of around 61%, for
At. ferrivorans of around 97% and iron in the culture of At. ferridurans was below the

detection limit.

Stirring and air supply reduced both the attachment rate as well as the leaching
activities by 50% to 96% of all Acidithiobacilli species.

As described in previous studies (Vera et al. 2008), phosphate starvation enhanced
the attachment of cells to the mineral surface but decreased the leaching activity of
At. ferrooxidans (-88%) and At. ferrivorans (-82%).
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A decreased pyrite amount increased the number of attached cells. However,
according to the focus of this project, the recovery of analyzable amounts of EPS in
combination with the missing opportunity for an adequate upscaling of the whole
experimental setup, a decreased pyrite concentration was not applicable for the

extraction of EPS and proteomic analysis in this project.

In general, the strains showed a low tendency to attach to the used pyrite from
Romania. A pyrite from a different source (pyrite BRGM) was further tested for
colonization and leaching activity. Comparison of pyrite dissolution rates did not show
a difference, whereas more cells could be detected attached to the surface of pyrite
BRGM than to the surface of pyrite from Romania even under the defined standard
conditions. With respect to the focus of the project, pyrite BRGM was tested as
energy source to optimize cell cultivation. An increased amount of phosphate
(2 mM Pj), the supply of 1 mM glucuronate and a combination of these conditions
were tested (Table 6). Detailed visualization and iron oxidation are listed in Appendix
Fig. 7 - 12.

Table 6: Summary of cultivation conditions for At. ferrooxidans, At. ferrivorans and At. ferridurans with
pyrite from BRGM with respect to its colonization (visualized by CLMS images Appendix Fig.7 - 9) and

leaching activity (detected by iron formation Appendix Fig. 10 — 12) after 14 days of cultivation.
Standard deviation from n=9.

At. ferrooxidans At. ferrivorans At. ferridurans
Condition Attached Total iron Attached Total iron Attached Total iron
cells [mM] cells [mM] cells [mM]
Standard / 3.8+0.1 / 7.8+0.1 / 5.1+0.1
1 mM Pi (0] 3.4£0.0 + 0.3x0.0 o 3.4+0.0
1 mM Glucuronate + 14.1+0.2 o 14.0+£0.2 + 9.3x0.1
L mM P + 5.4+0.0 + 1.3:0.3 + 5.8+0.1

1 mM Glucuronate

o: no effect; +: enhancing effect.

The increase of phosphate to 1 mM did not influence the number of attached cells of
At. ferrooxidans and At. ferridurans, whereas a slight increase was observed for
At. ferrivorans (Table 6). However, a decreased dissolution of pyrite was observed for
At. ferridurans (-33%) and At. ferrivorans (-96%) under this condition. Addition of
glucuronate increased the number of attached cells as well as the pyrite dissolution

(44% to 73%), with one exception: The amount of attached cells of At. ferrivorans
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was not influenced. The combined method (1 mM Pi and 1 mM glucuronate)
increased the observed number of sessile cells in all three strains. The leaching
activity was increased in At. ferrooxidans (29%), decreased in At. ferrivorans (-83%)
and unchanged in At. ferridurans. With respect to the focus of this project, this
condition, the supply of glucuronate and increased amount of Pi was chosen for

further investigations.

4.3.2 Cultivation of Acidithiobacilli with chalcopyrite as sole energy source

The objective of this part of the current study was the optimization of Acidithiobacillus
species cultivation with chalcopyrite as energy source. The tested conditions
compared to the standard condition are summarized in Table 7. Detailed information
is given in Appendix Fig. 13 - 18.

Table 7: Summary of cultivation conditions for At. ferrooxidans, At. ferrivorans and At. ferridurans with
chalcopyrite with respect to its colonization (visualized by CLMS images Appendix Fig.13 — 15) and

leaching activity (detected by copper formation Appendix Fig. 16 — 18) after 14 days of cultivation.
Standard deviation from n=9.

At. ferrooxidans At. ferrivorans At. ferridurans
. Attached Total Attached Total Attached Total
Condition
cells copper cells copper cells copper
[mM] [mM] [mM]
Standard / 2.2+0.1 / 2.0£0.0 / 3.0+0.1
Pregrown with
] - 1.2+0.0 (0] 1.0+£0.0 - 1.3+0.0
chalcopyrite
1mMPi+
(0] 0.320.0 (0] 0.3+0.0 - 0.4+0.1
1 mM Glucuronate
1 mM Glucuronate +
0.3+0.1 - 0.3+0.0 - 0.3+0.1
1 mM Fe(lll) (FeCls)
1mMPi+
0 0.6+0.1 - 0.2+0.1 - 1.0+0.2

20 mM Citrate

0: no effect; +: enhancing effect; -: inhibitory effect.

Inoculation of chalcopyrite cultures with cultures pregrown on chalcopyrite lead to
decreased number of attached cells in cultures of At. ferrooxidans and
At. ferridurans, as well as a reduction of leaching activity of around 50% in cultures of

all species.

Increase of Pi did not influence biofilm formation to chalcopyrite in case of

At. ferrooxidans and At. ferrivorans, however, the amount of attached of
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At. ferridurans was found decreased. Pi starvation inhibited biooxidation of

chalcopyrite by 86% in general.

In the presence of 1 mM glucuronate + 1 mM Fe(lll) and 1 mM Pi + 20 mM citrate,
decreased mineral dissolution was observed (-86%) in all strains and biofilm
formation was decreased except in At. ferrooxidans, where number of attached cells

was not influenced.

The composition of the EPS components and protein patterns in cells are strongly
depending on the cultivation conditions (Rehm 2010). Consequently, the same
cultivation conditions, supply of 1 mM glucuronate and increased Pi (1 mM), were
chosen for comparison of the different metal sulfides, in order to reduce the impact of

variations due to different cultivation conditions.

4.3.3 Cultivation of Acidithiobacilli with sphalerite as sole energy source

The Acidithiobacillus species were cultivated with sphalerite. As in case of cultivation
with pyrite and chalcopyrite, increased Pi in combination with addition of glucuronate
was tested for effect on growth and biofilm formation on sphalerite. The comparison
is shown in Table 8, the detailed measurements can be found in Appendix.
Fig 19 - 20.

Table 8: Summary of cultivation conditions for At. ferrooxidans, At. ferrivorans, and At. ferridurans with
sphalerite with respect to its colonization (visualized by CLMS images Appendix Fig. 19) and leaching

activity (detected by zinc formation Appendix Fig. 20) after 14 days of cultivation. Standard deviation
from n=9.

At. ferrooxidans At. ferrivorans At. ferridurans
Condition Attached Zinc Attached Zinc Attached Zinc
cells [mM] cells [mM] cells [mM]
Standard / 20.5+1.1 / 21.6+0.2 / 24.1+1.8
LmM P + 21.4+0.2 + 27.0£0.6 + 20.6+0.8

1 mM Glucuronate

0: no effect; +: enhancing effect; -: inhibitory effect.

The increase of Pi and supply of glucuronate enhanced the number of attached cells
on the mineral in cultures of all three species. Leaching activity in cultures of
At. ferrooxidans was not significant affected. Assays with At. ferrivorans cells showed

an enhanced sphalerite decomposition (+23%), whereas in case of assays with
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At. ferridurans a small inhibitory effect was observed (-14%). Based on these results,
an increased Pj, in combination with supply of glucuronate was chosen for further

investigations.
4.3.4 Cultivation of Acidithiobacilli with elemental sulfur as sole energy source

Cultivation of cells with elemental sulfur was considered separately because of its
different chemical characteristics. The results are summarized in Table 9, detailed
information can be found in Appendix Fig. 21 - 26.

Table 9: Summary of cultivation conditions for At. ferrooxidans, At. ferrivorans, and At. ferridurans with
sulfur with respect to its colonization (visualized by CLMS images Appendix Fig. 21 - 23) and oxidation
activity (detected by sulfate formation Appendix Fig. 24 — 26) after 14 days of cultivation. Standard
deviation from n=6.

At. ferrooxidans At. ferrivorans At. ferridurans
Condition Attached Sulfate Attached Sulfate Attached Sulfate
cells [mM] cells [mM] cells [mM]
Standard / 28.2+0.2 / 12.6+0.0 / 34.0+£0.0
1 mM Pi + 30.9+0.1 - 19.61£0.4 (0] 44.2+0.2
Medium change + n.d. (0] n.d. (0] n.d.
Medium change
+ n.d. 0 n.d. 0] n.d.
every 4hday
1 mM Pi + medium
+ n.d. + n.d. + n.d.

change 3to 4 days

0: no effect; +: enhancing effect; -: inhibitory effect; n.d.: not detected (below detection limit).

Increase of phosphate to 1 mM enhanced the number of attached cells and did not
influence the sulfur oxidation rate of At. ferrooxidans cultures significantly (+9.6%). In
contrast, the leaching activity of At. ferrivorans (+58.3%) and At. ferridurans (+33.3%)
was increased but the number of attached cells was either decreased

(At. ferrivorans) or not affected (At. ferridurans).

Daily cultivation media exchange as well as cultivation media exchange every 3 to 4
days increased the amount of attached At. ferrooxidans cells but did not influence
At. ferrivorans or At. ferridurans. Sulfate concertation in the cultivation media was
measured, but due to the media exchange, sulfate concentration was below

detection limit and could not be detected.
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However, increased levels of Pi and the exchange of the medium every 3 to 4 days
positively influenced the amount of sessile cells of all three species of iron-oxidizing
Acidithiobacilli and was consequently chosen for further investigations.

4.4 Lectin screening

A lectin screening with available FITC conjugated lectins (chapter 3) was performed
after optimization of the cultivation conditions for pyrite-, chalcopyrite-, sphalerite-,
and sulfur-grown cultures (Table 10). CLSM images of the lectin screening with

merged channels can be found in Appendix Fig. 27 - 31.

Lectin binding patterns varied mainly according to energy source, although
comparison of Acidithiobacillus species revealed only small differences. Eleven
different FITC conjugated lectins were used for the detection of carbohydrates in the

EPS of Acidithiobacillus species.

Whereas, signals of the lectins GS-I, GS-1l and BPA suggested a potential availability
of galactose, N-acetylglucosamine and N-acetylgalactosamine in all three species
grown on pyrite, in At. ferrivorans an additional signal for WGA ((GIcNAc-B-(1,4)-
GIcNACc)1-4 , -GIBNAc or Neu5Ac) was detected.

Generally, chalcopyrite-grown cells showed the strongest lectin signals. Specific
lectin signals were found for the lectins ConA, MPA, GS-I, GS-II, BPA indicating an
presence of the carbohydrates glucose, mannose, N-acetylgalactosamine and N-
acetylglucosamine in all investigated strains. In the cultures of At. ferridurans and
At. ferrivorans, additional LPA suggesting the availability of sialic acid. Even more in
these two strains a signal for the lectin WGA was detected. Only At. ferridurans and
At. ferrooxidans showed an UEA-I signal for fucose, when grown with chalcopyrite as
energy source. Furthermore, DBA (methyl-2-acetamido-2-deoxy-D-galactose) was

only detected in the EPS of At. ferrooxidans grown on chalcopyrite surface.

Attached to sphalerite, N-acetylgalactosamine or galactose were found to be
potential present in the EPS of all the Acidithiobacillus strains, as detected by a MPA
signal. The availability of these carbohydrates was also suggested by the binding
signals of GS-1 and BPA in the EPS of At. ferridurans as well as SBA and PNA in the

EPS of At. ferrooxidans and At. ferrivorans. Additional UEA-I was detected in the
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EPS of At. ferrooxidans and At. ferrivorans, when grown with sphalerite and indicate

the occurrence of fucose in these EPS.

In all three strains a signal for WGA and LPA were detected when grown on sulfur.
The EPS of At. ferrivorans and At. ferridurans showed an additional signal for BPA
interactions indicating N-acetylgalactosamine in their EPS. Furthermore,
At. ferrivorans cells harbored potentially mannose or glucose in its EPS, detected by
ConA.
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4. Results

4.5 Extraction of EPS

EPS composition is influenced by several environmental factors (e.g. cultivation
conditions) (Rehm 2010). Therefore, external influences have to be minimized and
must be as uniform as possible throughout cultivation conditions. The cultivation
period (before extraction) is one factor influencing the EPS composition. Although
results in chapter 4.2 are shown only until day 14 of continuous cultivation,
investigation were carried on for up to day 30 (data not shown). These observations
revealed a loss of sessile cells after approximately 11 days of cultivation, when
Acidithiobacilli species were cultivated on pyrite and chalcopyrite. The number of
attached cells increased until day 20, when strains were cultivated on sphalerite and
up to day 30 with sulfur as energy source. All EPS extractions were performed after 7

days of cultivation.

However, this part has to be differentiated between the extraction used for the
detection of EPS components and the extraction for the obtaining of proteins for

proteomic analysis.

4.5.1 Extraction of EPS for detection of EPS composition

As described previously DOWEX was used as a CER for the extraction of TB EPS
from pyrite-, sphalerite-, chalcopyrite-, and sulfur-grown cells. This type of resin
destabilizes the TB EPS by cation exchange, resulting in a loss of calcium ions, thus
enabling the extraction process. The LB EPS were gained from the medium by
centrifugation. A first EPS extraction was performed with At. ferrooxidans and
At. ferrivorans grown with pyrite and sulfur in order to test the amount of obtainable
EPS (Teubner et al. 2015). The condition of cell cultivation used in that study was
characterized by an increased Pi amount (1 mM) but without any glucuronate
supplementation. However, the results showed that CER was suitable for the
recovery of EPS for these organisms, even though the optimization of cultivation was
not finished at that time. Consequently, after final optimization of the cultivation
conditions (chapter 4.2), CER was used as an extraction agent here as well. The
amounts of EPS recovered by CER under optimized cultivation conditions are

summarized in Figure 7.
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Figure 7: Amount of EPS of At. ferrooxidans, At. ferrivorans, and At. ferridurans grown on pyrite,
chalcopyrite, sphalerite, or sulfur.

TB EPS of PP and BP were extracted with CER, LB were harvested by centrifugation. DW = dry
weight. Standard deviation from n=2.

It can be noted that the cells synthesize up to 27 times more LB EPS (max.
108.8 + 19.7 mg At. ferrooxidans sphalerite) than TB EPS (max. 3.3+0.1 mg
At. ferrooxidans pyrite), when the same cultivation conditions, species, and energy

sources are compared (Figure 7).

Furthermore, the strains produced more EPS, when grown with pyrite or sphalerite
compared to growth in the presence of chalcopyrite or sulfur, with some exceptions:
The TB EPS of the BP of all strains attached to sulfur and the LB EPS of
At. ferrivorans when grown with pyrite. Cells produced only 5- 10 mg of LB EPS,

when grown with chalcopyrite or sulfur.

The BP showed 2 to 3 times greater synthesis capability of TB EPS than the PP.
Highest amounts of TB EPS of the BP were found, when cells were grown with pyrite
(=3 mg). At. ferrooxidans produced the same amount of TB EPS (3.3 £+ 0.1 mg) as

At. ferridurans (3.3 £ 0.4 mg), when grown with pyrite. When the strains were grown
42



4. Results

on chalcopyrite, synthesis rates of TB EPS dropped to their lowest levels (max.
1.4 + 0.0 mg).

4.5.2 Extraction of EPS for detection of EPS proteomics

A main goal of this study was the identification of EPS proteins. This was performed
by SDS-PAGE and subsequent analysis by ESI-MS/MS. First test were performed
with pooled TB EPS of the BP and PP. However, no visible protein bands were
detectable by SDS-PAGE. In order to a further concentration of samples, a preceding
membrane concentration was included into the extraction process. Subsequent,
samples were again separated by SDS-PAGE, but only the EPS of pyrite-grown cells
contained sufficient amounts of protein, as indicated by visible bands (Figure 8).

SS3- SS3-lI Marker 53993-| 53993-1l  Marker

o Fr g
o = )

A) B)

Figure 8: SDS-PAGE gel of the pooled BP and PP EPS proteins of A) At. ferrivorans SS3 and B)
At. ferrooxidans ATCC 53993 of two biological replicates (I/ll), grown on pyrite and extracted with
CER, stained with BrilliantBlueR.

The two samples of At. ferrivorans showed weak bands, whereas for At. ferrooxidans
clear bands were visible (Figure 8). As a preliminary test, samples were analyzed by
ESI-MS/MS. For At. ferrooxidans 849 proteins and for At. ferrivorans 277 proteins
were found in both samples and classified in COG’s. This classification revealed that
66 of the proteins detected in At. ferrivorans and 137 of the proteins detected in
At. ferrooxidans were associated with transcription and translation functions and
following a contamination with cytoplasmic cells was presumed (details not shown).
Based on those results further extractions were performed with separated PP and
BP, in order to reduce cytoplasmic proteins (which may be absorbed to the biofilm

matrix).
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Even protein bands for the EPS of sulfur-grown cells were not detected by the
standard procedure optimization of SDS-PAGE for sulfur-grown cells was necessary.
To concentrate the proteins, freeze-drying and resuspension in water was followed
by a TCA precipitation. Precipitates were dissolved in 10 mM Tris (pH 7) and
incubated with Laemmli buffer. However, protein bands were still not detectable by
SDS-PAGE with the used staining solution. An improvement was occasionally
possible by dissolving the precipitates directly in SDS-loading buffer and weak

protein bands could be detected. However, this result was not reproducible.

To avoid steps which could contribute to loss of proteins e.g. crosslinking to other
EPS components or degradation by proteases, the freeze-drying followed by
resuspension in ddH20 was omitted,and f urt her work was done w
extracts” filtpepmepot é&r oupgé faripldteothicanghia.r st edt )

These extracts were treated in three different ways: (I) membrane concentration, (I1)
TCA precipitation, and (lll) phenol-acetone precipitation (chapter 3). However, after
none of these treatments bands at the SDS-PAGE were visible. Consequently,
another EPS extraction method (crown ether) was tested. This lead in to a higher
recovery of proteins in Desulfovibrio alaskensis a microorganism related to
biocorrosion ( WI K| E L. ARed dxBartion, the crude EPS extracts were filtered
througha 0.2-pym pore size f il t entrated Byanemsbraeediltrgtionand c o
No protein signals were detectable by Bradford measurements. Furthermore, the
detection of proteins was done by the measurement of absorption maximum at
280 nm. Following, proteins were concentrated by acetone precipitation and protein

concentration was determined again (Table 11).
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Table 11: Protein concentration of CE extracted TB EPS samples of At. ferrivorans and
At. ferrooxidans, grown with sulfur.

Measured via absorption maximum at 280 nm, after membrane concentration and acetone
precipitation, with two biological replicates (I/11).

Sample Concentration after membrane Concentration after membrane
filtration filtration and acetone
[ng/uL] precipitation

[ng/uL]
At. ferrivorans BP | 64.9 3419 9
At. ferrivorans BP I 25.0 519 2
At. ferrivorans PP | 225.9 656.5
At. ferrivorans PP I 178.5 1303.1
At. ferrooxidans BP | 151.1 2066.9
At. ferrooxidans BP I 101.1 496.8
At. ferrooxidans PP | 117.4 391.9
At. ferrooxidans PP Il 302.1 4043.9

A clear increase of protein concentration after precipitation was achieved. The
remaining samples were mixed with SDS loading buffer and completely loaded on an
SDS-PAGE-gel. Protein bands could be successfully detected in the gel (results not

shown) and ESI-MS/MS measurement was performed.

In order to investigate if the improvement of protein extraction was due to the acetone
precipitation or the extraction by CE, the process was repeated. This time EPS
samples were extracted with CER instead of CE followed by acetone precipitation

which resulted in protein bands on the gel.

Protein concentration after membrane filtration and acetone precipitation are

summarized in Table 12.
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Table 12: Protein concentration of CER extracted TB EPS samples of At. ferrivorans and
At. ferrooxidans,

Measured via absorption maximum at 280 nm, after membrane concentration and acetone
precipitation, with two biological replicates (I/1l). n.d.: not detected.

Pyrite. Chalcopyrite Sphalerite ~ Sulfur

SIS moml] oML Tl [ugiuL]
At. ferrooxidans PP | 9.0 275 11.2 2.8
At. ferrooxidans PP I 34.4 10.9 6.0 1.3
At. ferrooxidans BP | 34 n.d. n.d. 9.1
At. ferrooxidans BP Il 2.4 n.d. n.d. 15.5
At. ferrivorans PP | 1.8 7.2 2.8 25
At. ferrivorans PP I 1.3 6.8 6.8 1.4
At. ferrivorans BP | 3.2 n.d. n.d. 11.8
At. ferrivorans BP Il 3.2 n.d. n.d. 16.3

All protein samples were concentrated to a value between 1.3 and 34.3 g/L. Proteins
bands in SDS-PAGE were visible (not shown) and further analyzed via ESI-MS/MS
(chapter 4.6)
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4.6 Composition of the EPS components

Protein, carbohydrate, eDNA, uronic acid, lipid, and iron contents were detected by
spectrophotometric analysis, whereas sulfate was detected via IC measurements as
described in chapter 3. For verification of elemental nitrogen and carbon content,

selected samples were analyzed by the elemental analyzer (chapter 3.8)

Carbohydrates

Carbohydrate determination was done according to Dubois et al. (1951) by

absorption measurements (chapter 3.8). Results are summarized in Figure 9.
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Figure 9: Content of carbohydrates [mg/gow] of the EPS of At. ferrooxidans, At. ferrivorans, and
At. ferridurans grown on pyrite, chalcopyrite, sphalerite, and sulfur.

TB EPS of PP and BP were extracted by CER, and LB was harvested by centrifugation after 7 d of
cultivation (MAC medium, 500 mL, 2 % (w/v) metal sulfide grains or 5% (w/v) elemental sulfur prills,
initial cell number ~5 x 108cells/mL, orbital shaking 120 rpm, optimized conditions according to
chapter 4.3). Carbohydrates were detected at 485 nm according to Dubois et al. (1951), after reaction
with phenol. DW = dry weight. Standard deviation from n=4 (TB EPS) or n=6 (LB EPS), respectively.

In the PP, the highest carbohydrate amount was detected in chalcopyrite-grown cells

(max. At ferridurans 292.4 +58.8 mg/gow). The amounts of detectable
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carbohydrates were 5 - 15 times lower in the TB EPS fractions of sulfur-grown PP

than in the TB EPS of the PP, when grown on metal sulfides.

In general, the TB EPS of the BP of chalcopyrite-grown cells were found to have the
highest amounts of carbohydrates (max. 91.1 + 64.8 mg/gow At. ferrivorans), when
compared to the other BP grown on sphalerite, pyrite or sulfur, with the exception of
At. ferridurans. In this strain the BP produced the highest amount of carbohydrates,

when grown on pyrite (36.3 + 9.9 mg/gow).

The TB EPS of the BP and PP had the lowest amount of carbohydrates, when grown

with sulfur.

In the LB EPS lowest amounts of carbohydrates were detected. Sulfur- or pyrite-
grown cells secreted the highest amounts of carbohydrates into the medium,

whereas sphalerite-grown produced less than 0.5 mg/gow of carbohydrates.
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Uronic acids

Uronic acid content was measured as described by Blumenkrantz et al. (1973)
(chapter 3.8) results are summarized in Figure 10. A high standard deviation was
measured in the majority of samples (this was mostly likely a result from differences

in the technical replicates).
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Figure 10: Content of uronic acids [mg/gow] of the EPS of At. ferrooxidans, At. ferrivorans, and
At. ferridurans grown on pyrite, chalcopyrite, sphalerite, and sulfur.

TB EPS of PP and BP were extracted by CER, and LB were harvested by centrifugation after 7 d of
cultivation (MAC medium, 500 mL, 2 % (w/v) metal sulfide grains or 5% (w/v) elemental sulfur prills,
initial cell number ~5 x 108cells/mL, orbital shaking 120 rpm, optimized conditions according to
chapter 4.3). Uronic acids were detected at 520 nm according to Blumenkrantz et al. (1973), after
reaction with 3-hydroxydiphenyl. DW = dry weight. Standard deviation from n=4 (TB EPS) or n=6 (LB
EPS), respectively.

In the TB EPS of the PP, no strain or mineral depending uronic acid secretion pattern
was recognizable. At. ferrooxidans secreted the most uronic acids when grown on
pyrite (10.4 + 4.4 mg/gow), whereas in the EPS of At. ferridurans the amount was
20-fold lower and in At. ferrivorans it was not detectable. Only if At. ferrivorans cells

were grown on sphalerite, uronic acids could be detected in the TB EPS of the PP
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(8.7 £ 2.7 mg/gow). Synthesis and secretion of uronic acids in At. ferridurans was
enhanced in the TB EPS of the PP when cells were grown on chalcopyrite,
sphalerite, and sulfur (18 - 28 mg/gow), but measurements showed high standard

deviations.

In the TB EPS of the BP of At. ferrooxidans and At. ferrivorans, the highest content of
uronic acids was detected in in sulfur-grown cultures (5—-7 mg/gow) and for

At. ferridurans cells in chalcopyrite-supplemented conditions (8.4 + 8.2 mg/gow).

Overall, chalcopyrite-grown cells secreted the highest amounts of uronic acids in the
medium (30-46 mg/gow). A comparison of the LB EPS and TB EPS of pyrite-grown
cells revealed a higher content of uronic acids in the LB EPS (12-19 mg/gow) than in
the TB EPS (0-10 mg/gow).
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Proteins

After optimization of cultivation conditions, low protein contents could be detected in
nearly all EPS fractions by the use of the Bio-Rad Protein Assay containing the
Coomassie®Brilliant Blue G-250 dye as previously described in chapter 3.8 (Figure
11).
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Figure 11: Content of proteins [mg/gow] of the EPS of At. ferrooxidans, At. ferrivorans, and
At. ferridurans grown on pyrite, chalcopyrite, sphalerite, and sulfur.

TB EPS of PP and BP were extracted by CER, and LB were harvested by centrifugation after 7 d of
cultivation (MAC medium, 500 mL, 2 % (w/v) metal sulfide grains or 5% (w/v) elemental sulfur prills,
initial cell number ~5 x 108cells/mL, orbital shaking 120 rpm, optimized conditions according to
chapter 4.3). Proteins were detected by Coomassie®Brilliant Blue G-250 staining,
spectrophotometrically at 595 nm. DW = dry weight. Standard deviation from n=4 (TB EPS) or n=6 (LB
EPS), respectively.

In cultures of At. ferrooxidans and At. ferridurans, the protein content in the TB EPS
of the PP reached highest values, when microorganisms where grown with metal
sulfides. When grown with sulfur, the protein content was approximately 10 times
lower as when grown with metal sulfides. Secreted proteins in the TB EPS of the PP
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of At. ferrivorans were up to 50 times lower (pyrite) than in the other investigated
strains.

The content of proteins in the EPS of the BP was lower than in the PP. Generally, the
protein concentration in the LB fractions was low and close to the detection limit of
the used Bradford assay. No proteins at all could be detected in the LB EPS of
At. ferrivorans grown with sphalerite.

Extracellular DNA

eDNA was detected with the Pico green kit (Invitrogen) as described in chapter 3.8.

Results are summarized in Figure 12.
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Figure 12: Content of eDNA [mg/gow] of the EPS of At. ferrooxidans, At. ferrivorans, and
At. ferridurans grown on pyrite, chalcopyrite, sphalerite, and sulfur.

TB EPS of PP and BP were extracted by CER, and LB were harvested by centrifugation after 7 d of
cultivation (MAC medium, 500 mL, 2 % (w/v) metal sulfide grains or 5% (w/v) elemental sulfur prills,
initial cell number ~5 x 108cells/mL, orbital shaking 120 rpm, optimized conditions according to
chapter 4.3). eDNA was detected after reaction with the Quanti T™ Pi c® Gagerg,n
spectrophotometrically (excitation 480 nm; emission 520 nm). DW = dry weight. Standard deviation
from n=4 (TB EPS) or n=6 (LB EPS), respectively.
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The TB EPS of the PP had the highest content of eDNA, when cells were grown with
chalcopyrite (~4.6 mg/gow). At. ferrooxidans and At. ferrivorans PP secreted more
eDNA when grown with sulfur (~2.2 mg/gow) compared to cells grown in the
presence of pyrite or sphalerite (~1 mg/gow). Lowest values were detected when

sphalerite-grown PP cells were analyzed.

The highest values in the TB EPS of the BP and LB EPS where detectable in sulfur-
grown cells, with values of around 1 mg/gow. The second highest value in the TB
EPS of the BP was found in cells grown with sphalerite (0.3 - 0.6 mg/gow). For pyrite-
grown cells, the eDNA content in the TB EPS of all strains was below the detection
limit. The second highest secretion level in the LB EPS was detected when cells were

grown with chalcopyrite.

In the LB EPS of At. ferrooxidans grown with pyrite and sphalerite as well as
At. ferrivorans grown with sphalerite, no eDNA was detectable.
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Lipids
After extraction with chloroform, lipids were hydrolyzed by hot sulfuric acid and
incubated with vanillin-phosphoric acid. Color development was detected at 525 nm

as described in chapter 3.8. Lipids were successfully detected in each of the

investigated EPS samples (Figure 13)
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Figure 13: Content of lipids [mg/gow] of the EPS of At. ferrooxidans, At. ferrivorans, and
At. ferridurans grown on pyrite, chalcopyrite, sphalerite, and sulfur.

TB EPS of PP and BP were extracted by CER, LB were harvested by centrifugation after 7 d of
cultivation (MAC medium, 500 mL, 2 % (w/v) metal sulfide grains or 5% (w/v) elemental sulfur prills,
initial cell number ~5 x 108cells/mL, orbital shaking 120 rpm, optimized conditions according to
chapter 4.3). After chloroform extraction lipids were detected at 525 nm by color development due to
the reaction with vanillin. DW = dry weight. Standard deviation from n=6.

In the TB EPS of the PP of At. ferrooxidans and At. ferridurans, the highest content of
lipids was found in chalcopyrite-grown cells (~218 mg/gow), whereas the lowest

amount was found in EPS of sphalerite-grown cells (~60 mg/gow).
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In the TB EPS of the PP of At. ferrivorans pyrite-grown cells harbored the highest
amount of lipids (220.0 = 77.3 mg/gow). In comparison the lipid amount in sulfur- as

well as sphalerite-grown cells was 2 times lower.

The BP showed an up to 7 times increased level of lipids in their TB EPS when

grown with chalcopyrite compared to other energy sources.

In the LB EPS the highest content of lipids was detected for sulfur-grown cells in the
case of At. ferrooxidans (33.8 + 20.3 mg/gow) and At. ferridurans (41. + 8.5 mg/gow),
whereas detected lipids in chalcopyrite-grown cells were 3-4 times lower.
At. ferrivorans values were comparably high when grown with pyrite, chalcopyrite, or

sulfur (~27 mg/gow).

In the LB EPS of all investigated strains only ~1 mg/gow of secreted lipids were

detected when grown with sphalerite as energy source.
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Iron

Iron content was measured according to the method previously described (chapter
3.5, DIN 38406-1). The following figure shows the total iron content (Figure 14).
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Figure 14: Content of iron [mg/gow] of the EPS of At. ferrooxidans, At. ferrivorans, and At. ferridurans
grown on pyrite, chalcopyrite, sphalerite, and sulfur.

TB EPS of PP and BP were extracted by CER, and LB were harvested by centrifugation after 7 d of
cultivation (MAC medium, 500 mL, 2 % (w/v) metal sulfide grains or 5% (w/v) elemental sulfur prills,
initial cell number ~5 x 108cells/mL, orbital shaking 120 rpm, optimized conditions according to
chapter 4.3). Iron was detected by photometric determination of the color development due to the
reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. DW = dry weight.
Standard deviation from n=6.

In the TB EPS of the PP the iron concentrations of all three strains were comparable
low when were grown with pyrite, sphalerite, or sulfur (between 2.5 and 4.6 mg/gow).
Chalcopyrite-grown PP of At. ferrooxidans (7.5 + 2.6 mg/gpw) and At ferrivorans

(26.6 = 14.7 mg/gow) harbored comparably more adsorbed iron ions in their TB EPS.

In the TB EPS of the BP of the strains, the iron content of sulfur-grown cells was

comparably high compared to the values detected for chalcopyrite-grown cells
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4. Results

(15-20 mg/gow). For cultures grown with sphalerite the TB EPS of the BP contained 2

times lower detectable amounts of iron.

Generally, the highest iron content was detected in the LB EPS (27 — 63 mg/gow
metal sulfide). The absorbed iron ions were 5-10 times lower in the LB of sulfur-
grown cells, with one exception: At. ferridurans. The detected amount was here as

high as for metal sulfide-grown cells.

Sulfate

Sulfate as a product of the activity of Acidithiobacilli was also described previously as
a EPS component. The results of detections by IC measurements (chapter 3.5) are

summarized in Figure 15.
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Figure 15: Content of sulfate [mg/gow] of the EPS of At. ferrooxidans, At. ferrivorans, and
At. ferridurans grown on pyrite, chalcopyrite, sphalerite, and sulfur.

TB EPS of PP and BP were extracted by CER, and LB were harvested by centrifugation after 7 d of
cultivation (MAC medium, 500 mL, 2 % (w/v) metal sulfide grains or 5% (w/v) elemental sulfur prills,
initial cell number ~5 x 108cells/mL, orbital shaking 120 rpm, optimized conditions according to
chapter 4.3). Sulfate was detected by IC measurements. DW = dry weight. Standard deviation from
n=4.
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In the TB EPS of the PP chalcopyrite-grown cells the highest amounts of sulfate
(250 - 745 mg/gobw) was detected. Grown on other energy sources values were
significantly lower. The PP of At. ferrivorans harbored a significant higher value of

sulfate in their EPS than the other investigated strains.

In total, the highest sulfate concentrations were detected in the TB EPS of the BP
(mean 800 mg/gow).

In the LB EPS, comparably low amounts of sulfate were detected, whereas all strains

had the highest amounts of sulfate when grown with sulfur as energy source.

Total EPS composition

An overview about the total EPS composition in percentage is given in figures 16-18.
In most of the samples investigated, the greatest fraction of EPS remained
undefined. Sulfate was identified as the main inorganic component. Carbohydrates or

lipids represented the main organic components depending on the growth condition.

In pyrite-grown cells, 48 % up to 88 % of the EPS could not been identified (Figure
16). In the most EPS of these cells sulfate was the main component of the EPS with
contents of 6% (At. ferridurans LB) to 23% (At. ferrivorans TB of PP). The LB
fractions harbored an increased amount of iron (5-6 %). However, the main fraction
remained undefined. Lipids were more prominent than carbohydrates in the EPS of
pyrite-grown cells (TB EPS PP carbohydrate<lipid (3-5 times), TB EPS BP
carbohydrate<lipid (1.4-2.8 times), LB EPS carbohydrate<lipid (1.2-3.6 times)) with
two exceptions: In the TB EPS of the PP of At. ferridurans the carbohydrates were
1.8 times increased and in the LB EPS of At. ferrooxidans the carbohydrates were

1.1 times increased compared to lipids.

As shown in Figure. 17, the content of EPS detected in chalcopyrite-grown cells was
in four cases higher than the total amount of measured EPS: The TB EPS of the BP
of At. ferrooxidans (+29 %), At. ferrivorans (+9 %) as well as the TB EPS of the PP of
At. ferrooxidans (+4 %), and At. ferridurans (+6 %). The highest content of the
defined EPS was sulfate with 6-80 %. In the TB EPS of the BP lipids were the main
organic component and in the PP lipids and carbohydrates reached nearly the same
amount. The protein content was also increased in the TB EPS of the PP compared

to other EPS samples.
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4. Results

When cells were grown with sphalerite, the highest amounts of undefined EPS were
found (Figure 18), compared to cells grown with the other energy sources. More than
90 % of the LB EPS remained as undefined. The main part was identified as sulfate
(3-30 %). The TB EPS of the PP contained mainly carbohydrates (8-12 %) as organic
component, whereas in the (2-5 %) TB EPS of the BP mainly lipids were detected.
Compared to this, in the LB fractions sulfate and iron were the main parts and
displayed more than 90% of the identified EPS.

In cells grown with sulfur, sulfate was the main inorganic component, whereas lipid
the greatest part of organic compounds (3-15 %), in all tested samples (Figure 19).
The lipid content was 3 to 10 times higher than the detected carbohydrate amount.
Unexpected iron was also found in all investigated samples with percentage of

around 1 %.

The measurements of the LB fraction with the elemental analyzer (chapter 3)
confirmed the detected low amount of carbon and nitrogen containing substances

(results not shown).
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Figure 16: EPS compositions of At. ferrooxidans, At. ferrivorans, and At. ferridurans grown with pyrite.

Content of carbohydrates, uronic acids, proteins, eDNA, lipids, sulfate, iron and undefined EPS is given in percentage of total EPS content. TB EPS of PP and BP
were extracted by CER, and LB were harvested by centrifugation after 7 d of cultivation (MAC medium, 500 mL, 2 % (w/v) pyrite, initial cell humber
~5 x 108 cells/mL, orbital shaking 120 rpm, optimized conditions according to chapter 4.3). Carbohydrates, uronic acids, proteins, eDNA, and lipids were detected
according to the methods described in chapter 3.8. 100% displayed the total amount of EPS dry weight according to chapter 4.5.1. Order of graph legend display
order of detected EPS components.
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Figure 17: EPS compositions of At. ferrooxidans, At. ferrivorans, and At. ferridurans grown with chalcopyrite.

Content of carbohydrates, uronic acids, proteins, eDNA, lipids, sulfate, iron and undefined EPS is given in percentage of total EPS content. TB EPS of PP and BP were
extracted by CER, and LB were harvested by centrifugation after 7 d of cultivation (MAC medium, 500 mL, 2 % (w/v) chalcopyrite, initial cell number ~5 x 102 cells/mL,
orbital shaking 120 rpm, optimized conditions according to chapter 4.3). Carbohydrates, uronic acids, proteins, eDNA, and lipids were detected according to the methods
described in chapter 3.8. 100% displayed the total amount of EPS dry weight according to chapter 4.5.1. The red line displays the 100% mark. Order of graph legend
display order of detected EPS components.
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Figure 18: EPS compositions of At. ferrooxidans, At. ferrivorans, and At. ferridurans grown with sphalerite.

Content of carbohydrates, uronic acids, proteins, eDNA, lipids, sulfate, iron and undefined EPS is given in percentage of total EPS content. TB EPS of PP and BP
were extracted by CER, and LB were harvested by centrifugation after 7 d of cultivation (MAC medium, 500 mL, 2 % (w/v) sphalerite, initial cell number ~5 x 108 cells/mL,
orbital shaking 120 rpm, optimized conditions according to chapter 4.3). Carbohydrates, uronic acids, proteins, eDNA, and lipids were detected according to the methods
described in chapter 3.8. 100% displayed the total amount of EPS dry weight according to chapter 4.5.1. Order of graph legend display order of detected EPS
components.
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Figure 19: EPS compositions of At. ferrooxidans, At. ferrivorans, and At. ferridurans grown with sulfur.

Content of carbohydrates, uronic acids, proteins, eDNA, lipids, sulfate, iron and undefined EPS is given in percentage of total EPS content. TB EPS of PP and BP
were extracted by CER, and LB were harvested by centrifugation after 7 d of cultivation (MAC medium, 500 mL, 5 % (w/v) sulfur, initial cell number ~5 x 108 cells/mL,
orbital shaking 120 rpm, optimized conditions according to chapter 4.3). Carbohydrates, uronic acids, proteins, eDNA, and lipids were detected according to the methods
described in chapter 3.8. 100% displayed the total amount of EPS dry weight according to chapter 4.5.1. Order of graph legend display order of detected EPS
components.

STEC




4. Results

4.7 Proteomic analysis

EPS proteins were detected and identified by ESI-MS/MS analysis. For a positive
detection two similar peptides had to be found in one biological replicate and have to

be further available in both investigated biological replicates.

4.7.1 Detection of proteins and COGs
After identification, cells were categorized in COGs. The detected proteins are

summarized in Table 13 and Table 14.

In the case of At. ferrooxidans, the highest amount of different proteins was detected
in the PP grown with sphalerite (814 proteins) and the lowest amount was observed
in the BP when grown with pyrite (174 proteins). For At. ferrivorans also in the PP of
sphalerite-grown cells the highest amount of proteins was identified (248 proteins),
whereas the lowest amount was found in the PP of sulfur-grown cells (11 proteins).
Generally, more different proteins were found in the EPS of At. ferrooxidans cells

compared to the EPS of At. ferrivorans cells.
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Table 13: Summary of identified proteins in the EPS of pyrite-, chalcopyrite-, sphalerite-, and sulfur-grown cells of At. ferrooxidans ATCC 53993, extracted by

CER. Amount of detected proteins of BP and PP fractions (n=2) are summarized in brackets. Proteins are classified in clusters of orthologous groups (COGS).

Pyrite Chalcopyrite Sphalerite Sulfur
COGs PP BP PP PP PP BP
(679) (174) (654) (814) (331) (778)
A RNA processing and maodification 1 1
B Chromatin Structure and dynamics
C Energy production and conversion 58 19 62 72 36 67
D Cell cycle control and mitosis 3 1 3 11 2 9
E Amino Acid metabolism and transport 74 16 72 89 36 76
F Nucleotide metabolism and transport 28 4 28 35 10 30
G Carbohydrate metabolism/transport 37 13 37 44 26 43
H Coenzyme metabolism 25 6 26 35 9 33
I Lipid metabolism 16 2 13 18 9 19
J Translation 91 40 83 95 38 86
K Transcription 18 8 17 21 11 22
L Replication and repair 14 6 14 22 7 27
M Cell walllmembrane/envelop biogenesis 41 3 35 46 18 53
N Cell motility 5 3 3 1 6
O  Post-translational modification, protein turnover, chaperone functions 38 14 41 44 25 45
P Inorganic ion transport and metabolism 24 5 23 25 16 22
Q Secondary metabolites biosynthesis, transport and catabolism 13 4 13 14 5 13
R General Functional Prediction only 46 7 42 58 17 51
S Function Unknown 32 3 31 38 9 35
T Signal Transduction 10 1 11 14 6 15
U Intracellular trafficking/secretion 8 2 9 6 5 13
V Defense mechanisms 1 2 1 9
Y Nuclear structure
Z Cytoskeleton
NCOG Not in COGs 97 18 90 121 44 104
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Table 14: Summary of identified proteins in the EPS of pyrite-, chalcopyrite-, sphalerite-, and sulfur-grown cells of At. ferrivorans SS3, extracted by CER. Amount
of detected proteins of BP and PP fractions (n=2) are summarized in brackets. Proteins are classified in clusters of orthologous groups (COGS).

Pyrite Chalcopyrite Sphalerite Sulfur
COGs PP BP PP PP PP BP
(89) (238) (222) (248) (11) (403)

A RNA processing and modification
B Chromatin Structure and dynamics
C Energy production and conversion 7 27 13 20 29
D Cell cycle control and mitosis 4 4 6
E Amino Acid metabolism and transport 6 39 12 32 1 48
F Nucleotide metabolism and transport 3 14 4 9 21
G Carbohydrate metabolism/transport 9 25 12 19 2 28
H Coenzyme metabolism 1 10 5 11 18
I Lipid metabolism 5 4 12
J Translation 29 52 31 47 1 68
K Transcription 4 12 8 11 11
L Replication and repair 2 9 3 5 14
M Cell walllmembrane/envelop biogenesis 4 9 4 12 18
N Cell motility 3 1 1
O Post-translational modification, protein turnover, chaperone functions 5 19 10 18 1 27
P Inorganic ion transport and metabolism 6 5 4 6 1 11
Q Secondary metabolites biosynthesis, transport and catabolism 2 4 2 5 2 3
R General Functional Prediction only 3 14 5 13 23
S Function Unknown 1 10 2 7 17
T Signal Transduction 1 6 3 5 6
U Intracellular trafficking and secretion 1 1 1 6
V Defense mechanisms
Y Nuclear structure
Z Cytoskeleton

NCOG Not in COGs 6 13 4 18 2 35
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4. Results

Most identified proteins of At. ferrooxidans and At. ferrivorans were clustered in the
group J (Translation) (Table 13 and Table 14). As shown in Table 13, in the EPS of
At. ferrooxidans no proteins from the groups B (Chromatin Structure and dynamics),
Y (Nuclear structure), and Z (Cytoskeleton) were detected. At least 1 protein
(Exonuclease RNase T and DNA polymerase Ill) which remains to group A (RNA
processing and modification) was found in the EPS of the PP grown with pyrite and
sphalerite. When EPS proteomes for PP and BP were compared 170 and 326

proteins were identical for pyrite-grown and for sulfur-grown ones, respectively.

4.7.2 Predicted secretion sequences

These mechanisms for e.g secretion of extracellular proteins (EPS proteins) can be
encoded in their amino acid sequence (Hirst et al. 1988). For this reason, algorithms
were used to predict signal sequences for classically secretion (SignalP), non-
classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine
(Tat) signal peptides, which could be exported into the periplasmic compartment or
extracellular environment independently of the classical sequence-dependent

translocation pathway.

Of special interest are these proteins which were available in all samples grown on
metal sulfides and the comparison of these with the available ones of sulfur-grown

cells.

In the EPS of At. ferrooxidans 172 proteins were always detected when grown with
metal sulfides. In comparison, 146 proteins were identified in the EPS samples of
sulfur-grown cells. 39 of these 172 proteins contained one or more secretion signal
(Table 15). Five more proteins with a predicted secretion sequence were only found
in the EPS of all metal sulfides-grown cells (Table 16). 69 proteins with at least one
secretion sequence were found to be solely available in the EPS of sulfur-grown cells
(Table 17).
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Table 15: Secretion signals found in EPS proteins of At. ferrooxidans ATCC 53993 (PP and BP) detected in metal sulfide- and sulfur-grown cells. Algorithms
were used to predict signal sequences for classically secretion (SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-
arginine (Tat) signal peptides. EPS proteins without predicted export signals were not considered within this summary. (n=2).

Locus ID Description COGs SecP LipoP SignalP TaT
Lferr 2178 | CoB--CoM heterodisulfide reductase C X

Lferr 2750 |cytochrome c class | C X X X X
Lferr 2183 | FAD-dependent pyridine nucleotide-disulfideoxidoreductase C X

Lferr 2184 | hypothetical protein C X
Lferr_2215 |hypothetical protein C X
Lferr 2808 |FOF1 ATP synthase subunit gamma C

Lferr 2175 |glycine cleavage H-protein E X

Lferr 0811 |]dihydroxy-acid dehydratase E X
Lferr 2854 |fructose 1,6-bisphosphatase Il G X X

Lferr_1017 |phosphoserine aminotransferase H X
Lferr 0486 |50S ribosomal protein L11 J X

Lferr_0487 |50S ribosomal protein L1 J X

Lferr_ 0498 |50S ribosomal protein L4 J X

Lferr 0500 |50S ribosomal protein L2 J X

Lferr 0512 |50S ribosomal protein L6 J X

Lferr 0514 |30S ribosomal protein S5 J X

Lferr_2681 |50S ribosomal protein L13 J X

Lferr 0504 |50S ribosomal protein L16 J X
Lferr 0507 |50S ribosomal protein L14 J X
Lferr_0513 |50S ribosomal protein L18 J X
Lferr 1769 |glutamyl-tRNA(GIn) amidotransferase subunit B J X
Lferr 2681 | 50S ribosomal protein L13 J X

Lferr_ 0742 |cold-shock DNA-binding domain-containing protein K X

Lferr 1682 | phage shock protein A, PspA K X

Lferr_2466 |ssDNA-binding protein L X
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Locus ID Description COGs SecP LipoP SignalP TaT
Lferr 0482 |ompA/MotB domain-containing protein M X X

Lferr 2470 |protease Do O] X X

Lferr_0044 |sulfate-binding protein P X X X

Lferr 0068 | Tol-Pal system beta propeller repeat-containing protein TolB P X X X

Lferr_1216 [family 1 extracellular solute-binding protein P X X

Lferr 1611 |phosphate ABC transporter substrate-binding protein P X X

Lferr_1357 |hypothetical protein NCOG

Lferr 1387 |carboxysome structural protein CsoS2 NCOG X X
Lferr 1710 |hypothetical protein NCOG X X

Lferr_ 2362 | phosphate-selective porin O and P NCOG X X X

Lferr 2436 | Lipoprotein NCOG X X

Lferr_2733 | hypothetical protein NCOG X X

Lferr 2743 | Rusticyanin NCOG X X

Lferr 2751 |cytochrome ¢ NCOG X X X

NCOG = not in COGs

Table 16: Secretion signals found in EPS proteins of At. ferrooxidans ATCC 53993 (PP and BP) detected only in metal sulfides. Algorithms were used to predict
signal sequences for classically secretion (SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine (Tat) signal
peptides. EPS proteins without predicted export signals were not considered within this summary. (n=2).

Locus ID Description COGs SecP LipoP SignalP TaT
Lferr_2707 |ubiquinol-cytochrome c reductase, iron-sulfur subunit C X X
Lferr_0461 |50S ribosomal protein L27 J X
Lferr 0516 |50S ribosomal protein L15 J X
Lferr_0522 |30S ribosomal protein S11 J X
Lferr 2680 | 30S ribosomal protein S9 J X

NCOG = not in COGs
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Table 17: Secretion signals found in EPS proteins of At. ferrooxidans ATCC 53993 (PP and BP) detected only in sulfur-grown cells. Algorithms were used to
predict signal sequences for classically secretion (SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine (Tat) signal

peptides. EPS proteins without predicted export signals were not considered within this summary. (n=2).

Locus ID Description COGs SecP LipoP TaT
Lferr_1350 |oxidoreductase molybdopterin subunit C X
Lferr_1488 | hypothetical protein C X

Lferr_1074 | FAD-dependent pyridine nucleotide-disulfideoxidoreductase C X
Lferr_0781 |COX aromatic rich domain-containing protein C X

Lferr_2287 |chromosome partitioning ATPase D X
Lferr_1370 |dihydroxy-acid dehydratase E X
Lferr_0790 |carbamoyl-phosphate synthase small subunit E X
Lferr_1731 |aspartate-semialdehyde dehydrogenase E X
Lferr 0973 | CTP synthetase F x) X
Lferr_ 2850 |pyruvate kinase G X
Lferr_2459 |glucose-1-phosphate adenylyltransferase G X
Lferr_2458 |1,4-alpha-glucan branching protein G X
Lferr_0548 |aromatic hydrocarbon degradation membrane protein [

Lferr 2170 [aromatic hydrocarbon degradation membrane protein I X X
Lferr_0375 |acetyl-CoA carboxylase, biotin carboxyl carrier protein [ X

Lferr_1451 |poly(A) polymerase J X
Lferr_1772 |VacJ family lipoprotein M X X

Lferr_0729 |TolC family type | secretion outer membrane protein M (x)

Lferr_2000 | RND family efflux transporter MFP subunit M X X

Lferr_1914 |phospholipase C M X
Lferr_1168 |outer membrane protein assembly complex, YaeT protein M X X X
Lferr_1706 |outer membrane efflux protein M x)

Lferr_2001 |outer membrane efflux protein M X

Lferr_ 2643 |organic solvent tolerance protein M X
Lferr_1555 |NodT family RND efflux system, outer membrane lipoprotein M X X
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Locus ID |Description COGs SecP LipoP SignalP TaT
Lferr_0682 |carboxyl-terminal protease M X X

Lferr_0680 |PpiC-type peptidyl-prolyl cis-trans isomerase NCOGs X X X

Lferr 2317 |Lipoprotein NCOGs X X X
Lferr_1036 |hypothetical protein NCOGs X X X
Lferr_1547 |hypothetical protein NCOGs X X

Lferr_1768 | hypothetical protein NCOGs X X X X
Lferr_1919 |hypothetical protein NCOGs X X

Lferr_1991 |hypothetical protein NCOGs X X

Lferr_2439 |hypothetical protein NCOGs X ) X
Lferr_2560 | hypothetical protein NCOGs X X
Lferr_2588 | hypothetical protein NCOGs X X

Lferr_2749 |hypothetical protein NCOGs X X

Lferr_ 2871 |hypothetical protein NCOGs X X X X
Lferr_0435 |hypothetical protein NCOGs x) X
Lferr_1897 | hypothetical protein NCOGs x) X

Lferr_0052 | hypothetical protein NCOGs X X X
Lferr_0758 |hypothetical protein NCOGs X X

Lferr_ 0762 |hypothetical protein NCOGs X X

Lferr_1698 |hypothetical protein NCOGs X X

Lferr_2565 | hypothetical protein NCOGs X X

Lferr_2308 | hemagluttinin domain-containing protein NCOGs X X X X
Lferr_2644 | SurA domain @] X X

Lferr 2710 |ResB family protein @] X

Lferr_1117 |protease Do 0] X X X

Lferr_1561 |HfIK protein @] X

Lferr_1702 | TonB-dependent receptor P X X X

Lferr_1941 |TonB-dependent receptor P X X X X

sunsay b



_ZL_

Locus ID Description COGs SecP LipoP SignalP TaT
Lferr_2552 | TonB-dependent receptor P X X X

Lferr_2832 | TonB-dependent receptor P X X X

Lferr_0050 |sulfate-binding protein P X X X X
Lferr 0046 |rhodanese domain-containing protein P X X X

Lferr_1153 |phosphate ABC transporter substrate-binding protein P X X X

Lferr_1535 |short-chain dehydrogenase/reductase SDR Q

Lferr_2878 |phospholipid-binding protein-like protein R X

Lferr_0592 |outer membrane assembly lipoprotein YfiO R X X

Lferr_0316 |lipoprotein-like protein R X X X X
Lferr_1604 | XRE family transcriptional regulator S X

Lferr_ 0071 [tol-pal system protein YbgF S X X

Lferr_0030 |pyrrolo-quinoline quinine S X X

Lferr_1608 |outer membrane assembly lipoprotein YfgL S X X X
Lferr_0115 |hypothetical protein S x)

Lferr_1181 |TraR/DksA family transcriptional regulator T X
Lferr_ 0033 |60 kDa inner membrane insertion protein U X
Lferr_0434 |secretion protein HlyD family protein \%

NCOG = not in COGs
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4. Results

In At. ferrivorans 70 proteins were found in the EPS of metal sulfide-grown cells,
whereas 17 of them contained at least one secretion signal sequence (Table 18). 7
proteins were present in all EPS samples from metal sulfide- and sulfur-grown cells.
None of these proteins harbored a signal sequence for secretion. Eleven proteins
were detected in the EPS of the BP and PP of sulfur-grown At. ferrivorans, whereas

only three of these proteins harbored a signal sequence for secretion (Table 19).
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Table 18: Secretion signals found in EPS proteins of At. ferrivorans SS3 (PP and BP) detected only in metal sulfide-grown cells. Algorithms were used to predict
signal sequences for classically secretion (SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine (Tat) signal
peptides. EPS proteins without predicted export signals were not considered within this summary. (n=2).

Locus ID Description COGs SecP LipoP SignalP TaT
Acife_0189 |fructose-1,6-bisphosphatase, class |l G X

Acife_2695 |50S ribosomal protein L6 J X

Acife_2706 | 30S ribosomal protein S19 J X

Acife_2707 |50S ribosomal protein L2 J X

Acife_2709 |50S ribosomal protein L4/L1e J X

Acife 2746 |50S ribosomal protein L27 J X X
Acife_0327 | 30S ribosomal protein S18 J X
Acife_2682 |50S ribosomal protein L17 J X
Acife_2703 | 50S ribosomal protein L16 J X
Acife_3086 |30S ribosomal protein S9 J X
Acife_0976 |cold-shock DNA-binding domain-containing protein K X

Acife_0300 | single-strand binding protein L X

Acife_0296 |protease Do @) X X X X
Acife_1523 | phosphate ABC transporter substrate-binding protein P X X

Acife_0452 | Ycel family protein S X X

Acife_1864 |Rusticyanin NCOG X X X
Acife 3143 | carboxysome structural protein CsoS2 NCOG X

NCOG = not in COGs
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Table 19: Secretion signals found in EPS proteins of At. ferrivorans SS3 (PP and BP) detected only in sulfur-grown cells. Algorithms were used to predict signal
sequences for classically secretion (SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine (Tat) signal peptides. EPS
proteins without predicted export signals were not considered within this summary. (n=2)

Locus ID Description COGs SecP LipoP SignalP TaT
Acife_0105 | TonB-dependent receptor P X X X X
Acife_1379 | hypothetical protein NCOG X X X X
Acife 0336 | Lipoprotein NCOG X X X

NCOG = not in CoGs
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4. Results

4.6.2.1 Comparison of detected proteins in At. ferrooxidans and At. ferrivorans

In the next analysis, proteins (containing a secretion sequence, chapter 3.12) which
were found in the EPS of At. ferrooxidans and At. ferrivorans were analyzed
regarding species and cultivation condition-related similarities and differences (Table
20). Protein sequences were compared against each other by using BLASTP to
ensure identical proteins (similarity more than 90%) were compared. 14 similar
proteins were found to be available in both species.

Table 20: Proteins available in the EPS of At. ferrooxidans and At. ferrivorans, grown on metal
sulfides (MS) or sulfur. Algorithms were used to predict signal sequences for classically secretion
(SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine
(Tat) signal peptides. Sequence similarity was confirmed with BLASTP. (n=2)

At. At. At. At.
Description COGs |ferrooxidans ferrooxidans ferrivorans ferrivorans
MS Sulfur MS Sulfur

fructose-1,6-bisphosphatase, G X X X
class Il
50S ribosomal protein L6 J X X X
50S ribosomal protein L2 J X X X
50S ribosomal protein L4/L1e |J X X X
50S ribosomal protein L27 J X X
50S ribosomal protein L16 J X X X
30S ribosomal protein S9 J X X
cold-s_hock DI\_IA-blndmg_ K X . .
domain-containing protein
protease Do @] X X X
phosphate ABC transporter

e ; P X X X
substrate-binding protein
Rusticyanin NCOG X X X
carboxysome structural
protein CsoS2 NCOG X X X
TonB-dependent receptor P X X
Lipoprotein NCOG X X X

NCOG = not in CoGs

The identified proteins are described in more details ss follow: Fructose-1,6-
bisphosphatase is involved in several metabolic pathways such as the Calvin cycle,
gluconeogenesis and the glycolysis, and it is found in most organisms (Berg et al.

2002). In the BioCyc database fructose-1,6-bisphosphatase is described as the gap

closure for the Calvin-Benson-Bassham cycle in the summary
Pathway Holes of Acidithiobacillus ferrooxidans AT CC 2 JQa3pDet al. 2007).
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Cold-shock response and proteins have been intensively studied in the two model
organisms E. coli and Bacilus subilis (B. subtilis) (Jones et al. 1994, Phadtare 2004).
This response is observed when temperature shift down from normal cultivation
temperatures (e.g. E. coli 37°C) to cold temperature (10°C) (Jones et al. 1994).
Synthesis of cold-shock related proteins is increased after such a downshift and

helps the cells to adapt and survive at low temperatures.

In E. coli protease Do is essential for the survival at high temperatures and is
described as a heat shock protein (Seol et al. 1991). These protease or similar ones
are most likely found in the periplasm, as already described for At. ferrooxidans
ATCC 23270 (Chi et al. 2007).

Phosphate ABC transporter are involved in the phosphate import and are ATP
depended. In Gram-negative bacteria these proteins are dissolved in the periplasm
and related to the import of phosphate into the cytoplasm (Saurin et al. 1994). Under
phosphate starvation, these proteins accumulate, whereas lower levels are present
under normal phosphate concentration conditions. A study of At. ferrooxidans ATCC
19859 suggested the existence of a Pho regulon containing different putative genes
among the gene for pstS (Vera et al. 2003).

In Gram-negative bacteria TonB-dependent receptors mediate the transport of
siderophores into the periplasm (Ferguson et al. 2002, Schalk et al. 2004). The
TonB-dependent outer membrane receptors are typical for iron scavenging
microorganisms. In the genome of At. ferrooxidans at least 11 distinct candidate
TonB-dependent Fe(lll) siderophore uptake systems were identified with different
isoelectric points, whereas no genes have been detected that might be involved in
the standard siderophore production (Quatrini et al. 2005, Osorio et al. 2008).

4.7.3 Proteins of unknown function und not classified in COGs

Two COGs were of special interest; Group S (Function unknown) and the proteins
which were not classified in COGs (NCOG). EPS proteins, which were clustered in
these two groups of the PP, were compared with the ones from EPS proteomes of
cells grown with metal sulfides or sulfur. The BP was not considered in this part since

for chalcopyrite- and sphalerite-grown cells no data of the BP were available.

At. ferrooxidans grown on metal-sulfides or sulfur: Four proteins of group S and 30

proteins of NCOGs were found to be available in the EPS of the metal sulfide- and
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sulfur-grown PP cells of At. ferrooxidans (Table 21). In 21 of these proteins, secretion

sequences were detected.

Table 21: Summary of EPS proteins of the PP of the COGs function unknown (S) and not in COGs
(NCOG) of At. ferrooxidans ATCC 53993 grown on metal sulfides and sulfur PP, and predicted export
signals. Algorithms were used to predict signal sequences for classically secretion (SignalP), non-
classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine (Tat) signal
peptides. (n=2)

Locus ID | COGs Description SecP | LipoP | SiglIP| TaT
Lferr_0115 S hypothetical protein x) X
Lferr_1358 S hypothetical protein

Lferr_1491 S AhpD family alkylhydroperoxidase-like protein

Lferr_2186 S hypothetical protein

Lferr 0052 | NCOG hypothetical protein X X X
Lferr_0429 | NCOG hypothetical protein

Lferr_ 0435| NCOG hypothetical protein x) X X
Lferr 0680 | NCOG | PpiC-type peptidyl-prolyl cis-trans isomerase X X X

Lferr 0758 | NCOG hypothetical protein X

Lferr 0762 | NCOG hypothetical protein X
Lferr_1081 | NCOG hypothetical protein

Lferr 1357 | NCOG hypothetical protein X
Lferr 1387 | NCOGs carboxysome structural protein CsoS2

Lferr_ 1710| NCOG hypothetical protein X X X
Lferr_1720| NCOG | signal-transduction protein with CBS domains

Lferr 1768 | NCOG hypothetical protein X X X X
Lferr 1897 | NCOG hypothetical protein X
Lferr_1919| NCOG hypothetical protein X

Lferr 1974 | NCOG 30S ribosomal protein S21

Lferr_1978 | NCOG cyclic nucleotide-binding protein

Lferr 1991 | NCOG hypothetical protein X X

Lferr 2187 | NCOG SirA family protein

Lferr 2205| NCOG response regulator receiver protein

Lferr 2230| NCOG hypothetical protein

Lferr_2301 | NCOG hypothetical protein

Lferr 2305| NCOG hypothetical protein

Lferr_2436 | NCOG Lipoprotein X X X

Lferr 2560 | NCOG hypothetical protein X
Lferr 2565| NCOG hypothetical protein X

Lferr_ 2733 | NCOG hypothetical protein X

Lferr 2743 | NCOG Rusticyanin X

Lferr_ 2749 | NCOG hypothetical protein X

Lferr 2751 | NCOG cytochrome ¢ X X
Lferr 2871 | NCOG hypothetical protein X X X
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For the identification of the protein functions, amino acid sequences were compared
by using BLASTP (https://blast.ncbi.nlm.nih.gov). Information about the function of
proteins and similar domains were adopted from the results of the sequence
alignments of the NCBI home page (Marchler-Bauer et al. 2016). In 13 of the
potentially secreted proteins similar protein domains were identified and are

summarized with their possible localization in Figure 20.
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Figure 20: Proteins of the PP of At. ferrooxidans ATCC 53993 grown on metal-sulfides and sulfur of
the groups S and NCOGs.
a) Proteins with the locus tag Lferr_2751 (Cytochrome C) and Lferr_2743 (Rusticyanin). b) Proteins
with the locus tag Lferr_1991 (BamC), Lferr_2560 (DsbA/C/G), and Lferr_2565 (OmpA). c) Proteins
with the locus tag Lferr_Lferr_0435 (PagL) and Lferr_0115 (protein with multiple conserved domains).
d) Proteins with the locus tag Lferr_2463 (Alanin zipper) and Lferr_2871 (CpxP). e) Proteins with the
locus tag Lferr_0680 (prsA), Lferr_1387 (Cso0S2), Lferr_1768 (SCP2), Lferr_1919 (DUF3568), and
Lferr_2749 (Auracyanin). Possible location and function according to similarity to protein domains
within the amino acid sequence detected by using BLASTP (NCBI 2017). Protein domains which
indicate an intracellular localization are shown in red letters. Proteins with dashed outlines were not
detected in the EPS but are known interaction partners of detected proteins. OM: outer membrane; IM:

inner membrane.
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The identified proteins are described in more detail as follows:

Lferr_0115 Hypothetical protein: This protein contains multiple superfamily
conserved domains: META, YscW, YbaY, NIpE, and HslJ superfamily domains.
META domain (Bit Score 103.95): Small domain family found in proteins of
unknown function. Some of these proteins are secreted and involved in the motility of
bacteria. A pair of cysteine residues show correlated conservation, suggesting that
they form a disulfide bond (Uliana et al. 1999, Yeats et al. 2003). YbaY (Bit Score
92.56): A lipoprotein which is not characterized (NCBI 2017). YscW domain (Bit
Score 88.87): A type lll secretion system lipoprotein chaperone. YscW had been
characterized as a chaperone for the outer membrane pore component YscC. It is a
lipoprotein localized to the outer membrane (Burghout et al. 2004). Three domain
models for NIpE were identified (PRK10523 (Bit Score 80.88); NIpE_C (Bit Score
85.40); NIpE (BitScore 47.58): This protein is involved in the copper homeostasis in
E. coli (Gupta et al. 1995). In E. coli this family represents a bacterial outer
membrane lipoprotein that is necessary for signaling by the Cpx pathway and is
involved in surface sensing and part of the process of biofilm formation (Otto et al.
2002). HslJ domain (Bit Score 68.61): HslJ is a membrane associated heat shock

protein (Poranen et al. 2006).

Lferr_0435 Hypothetical protein: An outer membrane channel superfamily domain
was detected in this protein, the lipid A 3-O-deacylase (PagL Bit Score 43.75). PagL
IS an outer membrane protein with lipid A 3-O-deacylase activity (Rutten et al. 2006).
It forms an 8 stranded beta barrel structure (NCBI 2017).

Lferr_0680 PpiC-type peptidyl-prolyl cis-trans isomerase (Rotamase 3 Bit
Score 99.33; prsA Bit Score 99.40): This rotamase enzyme catalyze the
interconversion of cis-proline and trans-proline which leads to an increase in protein
folding (Fischer et al. 1984). Generally two types of folding catalysts are found in the
periplasm, namely protein-disulfide isomerases and peptidyl-prolyl cis-trans
isomerases (PPlases) (Mogensen et al. 2005) A proteomic study of the periplasmic
proteins of At. ferrooxidans reveled also the availability of these peptidyl-prolyl cis-
trans isomerase in the periplasm (Chi et al. 2007). In Bacillus subtilis an essential
function in protein secretion was identified for prsA as a rate-limiting component of

the secretion machinery (Kontinen et al. 1993, Vitikainen et al. 2004). Under high
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phosphate concentrations (0.1 M) prsA was upregulated in At. ferrooxidans AF3 cells
(Ouyang et al. 2013).

Lferr_1387 Carboxysome structural protein CsoS2 (Bit Score 534.35): This
family is frequently annotated as a carboxysome shell peptide (NCBI 2017).
Carboxysomes are cell compartments which acts as modules for CO:2 fixation in
some chemolithoathutrophic bacteria (Cannon et al. 1983). The semipermeable
protein shell surrounds ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)

and carbonic anhydrase (Kinney et al. 2011).

Lferr_1768 Hypothetical protein: The protein contains the conserved domain of the
SCP2 superfamily (Bit Score 53.19). The SCP2 is a putative sterol carrier protein.
This domain is involved in binding sterols and lipids (honspecific) and is also involved
in the trafficking of cholesterol to the cell wall (Li et al. 2016, NCBI 2017). However,

this group of proteins is commonly localized in the cytosol.

Lferr_1919 Hypothetical protein: A DUF3568 containing domain was found in this
protein (Bit Score 51.16). The function of DUF3568 is unknown. This protein is found
in bacteria. Proteins in this family are about 130 amino acids in length. A modeling

study suggested nucleic acid binding properties of DUFs (Rigden 2011).

Lferr_1991 Hypothetical protein: A similar sequence to the outer membrane protein
assembly factor BamC was found in this amino acid sequence (Bit Score 633.00).
BamC is also known to assemble and insert beta-barrel proteins into the outer

membrane (Hagan et al. 2010, Hagan et al. 2011).

Lferr_2436 Lipoprotein: A conserved domain of alanine-zipper, a family of a major
outer membrane lipoprotein, OprL was identified (Bit Score 63.60). Zipper motifs are
a seven-repeat motif, where the first and fourth positions are occupied by an aliphatic
residue, usually a leucine. These residues are positioned on the outside of the coil to
bind firmly to one or more monomers of the protein to create a triple or five-helical

coiled-coil that probably forms a seam in a membrane (NCBI 2017).

Lferr_2560 Hypothetical protein: In this protein the motive of a thiol:disulfide
interchange protein was found (NCBI 2017) (dsbG Bit Score 93.88;
DsbA DsBC_DsbG Bit Score 68.50). Proteins with these conserved domain are
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described as periplasmic proteins and are required for the formation of disulfide
bonds in other periplasmic proteins (Akiyama et al. 1992). Studies in E.coli suggested
five different proteins which are related to disulfide bond formation (DsbA, DsbB,
DsbC, DsbD, and DsbG) (Raina et al. 1997). DsbA forms randomly disulfide bonds in
proteins by oxidation of cysteins, whereas DsbB reoxidize the reduced form of DsbA.
DsbC, DsbD, and DsbG are involved in both the formation of disulfide bonds and the
recovery by isomerization (Grauschopf et al. 2003, Messens et al. 2006). A study in
At. ferrooxidans ATCC 23270 revealed a different characteristic, the oxidative
refolding of RNaseA in vitro, in contrast to the DsbG in E.coli (Zhang et al. 2010).
Even more in a proteomic shot gun analysis of At. ferrooxidans ATCC 23270 biofilm
cells the protein AFE_2246 contains a DsbG domain and was increased in biofilm
cells compared to planktonic cells (Vera et al. 2013). Even more, in At. ferrooxidans
ATCC 23270 a DsbG domain restore native disulfide bridges from abnormal ones
which occur during copper stress in bacteria (Hiniker et al. 2005, Almarcegui et al.
2013).

Lferr_2565 Hypothetical protein: Outer membrane protein OmpA (Bit Score 37.14)
and related peptidoglycan-associated (lipo) proteins. Porin-related functions are also
described for this protein group (see also Lferr_0689). A protein with high similarity
(FopA) was found to be a component of an iron-oxidizing/oxygen-reducing
supercomplex (Manchur et al. 2011).

Lferr_2743 Rusticyanin (Bit Score 222.45): Rusticyanin is a blue copper protein,
described in At. ferrooxidans, as an electron transfer protein. It can constitute up to 5
percent of the total proteins in cells grown on Fe(ll) and is a part of an electron
transport chain for Fe(ll) oxidation (Quatrini et al. 2006, Amouric et al. 2011, NCBI
2017).

Lferr_2749 Hypothetical protein: The conserved domain indicates that this protein
IS a member of the cupredoxin superfamily Auracyanin (Bit Score 38.38);
Auracyanins are blue copper proteins mainly described in photosynthetic bacteria
(Tsukatani et al. 2009). Crystallization studies showed a high structural homology to
the bacterial blue copper protein, azurin (Bond et al. 2001). Auracyanins are
supposed to transfer electrons between cytochromes and other photosynthetic

reaction centers (Van Driessche et al. 1999). Up to now the localization is not totally
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clear, but a hydrophobic anchor and previously studies suggested a localization in

the periplasmic space anchored to the inner membrane (Majumder et al. 2013).

Lferr_2751 Cytochrome C: Even a putative sequences were not detected, the
cytochrome C had a similarity of 100% to cytochrome C of At. ferrooxidans with the
Accession number WP_071182560.1. Cytochrome C is one mayor component in the
iron oxidation pathway of At. ferrooxidans species (Quatrini et al. 2006, Amouric et al.
2011).

Lferr_2871 Hypothetical protein: A homologous sequence of the CpxP like
superfamily was detected in this protein (Bit Score 50.68). The detected CpxP
component is a part of the bacterial periplasmic Cpx-two-component system. For the
CpxP protein two main functions are described. |) The protein is a proteolytic adapter
for the detection of misfolded periplasmic proteins due to different stress factors (e.g.
over expression of pilus subunits or alkaline pH) and 1) CpxP is a signal protein for
the control of CpxA (a sensory histidine kinase) (Raivio et al. 1999, DiGiuseppe et al.
2003, Thede et al. 2011). In E. coli the CpxP-CpxA system controls partially the
expression of porins such as ompF and ompC (Batchelor et al. 2005).

At. ferrooxidans grown on metal-sulfides: 41 proteins were found to be present in

each EPS sample of the PP when cells were grown on the different metal-sulfides

(Table 22). Of these proteins, 13 harbored at least one signal sequence for secretion.
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Table 22: Summary of EPS proteins of the PP of the COGs function unknown (S) or not in COGs (NCOG)
of At. ferrooxidans ATCC 53993 grown on the different metal sulfides, not found in sulfur-grown PP, and
predicted export signals. Algorithms were used to predict signal sequences for classically secretion
(SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine (Tat)
signal peptides. (n=2)

Locus ID | COGs Description SecP | LipoP | SiglIP | TaT
Lferr_0394 S MraZ protein

Lferr_0416 S hypothetical protein

Lferr_0621 S hypothetical protein X X X
Lferr 0716 S hypothetical protein

Lferr_0812 S hypothetical protein

Lferr_0982 S hypothetical protein

Lferr_1108 S hypothetical protein X
Lferr_1981 S hypothetical protein

Lferr 2227 S hypothetical protein

Lferr_2431 S Cupin

Lferr 2542 S hypothetical protein

Lferr_2562 S iojap family protein

Lferr_2765 S Cupin

Lferr_0043 | NCOG hypothetical protein

Lferr_0051 | NCOG hypothetical protein X X
Lferr 0099 | NCOG hypothetical protein X
Lferr_0132 | NCOG hypothetical protein

Lferr_ 0478 | NCOG hypothetical protein X

Lferr 0689 | NCOG ompA/MotB domain-containing protein X X
Lferr_ 0747 | NCOG hypothetical protein X
Lferr_0759 | NCOG hypothetical protein

Lferr_0763 | NCOG hypothetical protein

Lferr_ 0794 | NCOG hypothetical protein

Lferr_0851 | NCOG hypothetical protein X
Lferr_ 0852 | NCOG hypothetical protein

Lferr 1098 | NCOG 4Fe-4S ferredoxin

Lferr 1136 | NCOG N-acetyltransferase GCN5

Lferr_1215| NCOG outer membrane porin X X
Lferr_1384 | NCOG carboxysome peptide B

Lferr_1386 | NCOG carboxysome shell carbonic anhydrase

Lferr 1473 | NCOGs hypothetical protein

Lferr_1520 | NCOG hypothetical protein

Lferr_1523 | NCOG hypothetical protein

Lferr_1538 | NCOG heavy metal transport/detoxification protein

Lferr_1854 | NCOG hypothetical protein

Lferr_2020 | NCOGs hypothetical protein

Lferr 2116 | NCOG hypothetical protein X X
Lferr 2190 | NCOG hypothetical protein

Lferr 2364 | NCOG hypothetical protein

Lferr 2489 | NCOG Hemerythrin HHE cation-binding domain

Lferr 2671 | NCOG glutamate/cysteine ligase
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The protein BLAST revealed similar protein domains in eight proteins, and possible

function and location are described in Figure 21.
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Figure 21: Proteins of the PP of At. ferrooxidans ATCC 53993 grown on metal-sulfides of the groups
S and NCOGs.

a) Proteins with the locus tag Lferr_0478 (DUF2934), Lferr_0621 (Ycel), Lferr_0716 (DUF1732), and
Lferr_0851 (Bromo_TP_like domain). b) Proteins with the locus tag Lferr_0689 (OmpA/motB),
Lferr_1108 (Histidin kinase), Lferr_1215 (Peptidase), and Lferr_1384 (Carboxysome peptide B).
Possible location and function according to similarity to protein domains within the amino acid
sequence detected by using BLASTP (NCBI 2017). Protein domains which indicate an intracellular
localization are shown in red letters. Proteins with dashed outlines were not detected in the EPS but
are known interaction partners of detected proteins. OM: outer membrane; IM: inner membrane.

The identified proteins are described in more detail as follows:

Lferr_0478 Hypothetical protein: This protein contain a conserved domain of the
DUF2934 superfamily (Bit Score 46.27) (NCBI 2017). This bacterial family of proteins
has no known function. Whereas, a modelling study of Rigden (2011) suggested
nucleic acid binding properties of DUFs.

Lferr_0621 Hypothetical protein: These proteins contained an Ycel-like domain of
the polyisoprenoid-binding protein (Bit Score 188.70). E. coli Ycel is a base-induced
periplasmic protein (Stancik et al. 2002). The recent structure of a member of this
family shows that it binds to poly-isoprenoid. The structure consists of an extended,
eight-stranded, antiparallel beta-barrel that resembles the lipocalin fold (Handa et al.
2005). Even more a PRK03757 sequence of a hypothetical protein was detected (Bit
Score 171.26) (NCBI 2017).

Lferr_0689 ompA/MotB domain-containing protein (Bit Score 46.91): Members

of this family are outer membrane beta-barrel proteins, as inferred by distant
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homologies to other families (e.g. pfam13505) and by the concentration of aromatic
residues. Especially Phe, in the OMP signal region. Members have variable
insertions and deletions, affecting scores, so this model does not cleanly separate all
members from all non-members (NCBI 2017). This structure is found in the C-
terminal region of many Gram-negative bacteria as outer membrane protein, e.g. in
porin-like integral membrane proteins (ompA) and proton channels (MotB) (Freudl et
al. 1990, Hosking et al. 2006). The ompA protein of E. coli plays a role in the
pathogenesis and is able to interact with receptor molecules (Selvaraj et al. 2007).
Porin-related functions were also described for this protein group. The proton-
channel complex MotA/MotB of E. coli is known to form the stator of the bacterial

membrane flagella motor (Hosking et al. 2006).

Lferr_0716 Hypothetical protein: Two conserved domains were detected in this
protein. A conserved domain for the DUF1732 superfamily (Bit Score 342.51) and
one of the YicC family protein group (Bit Score 290.69). The YicC family of bacterial
proteins is although poorly characterized, the members have been demonstrated to
play an important, but not essential role, in stationary phase survival and survival at
high temperatures (Poulsen et al. 1991). A modeling study suggested nucleic acid
binding properties of DUFs (Rigden 2011).

Lferr_0851 Hypothetical protein: Contains a Bromo TP-like domain (Bit Score
33.95). Histone-fold protein. This is a family of microsporidia-specific sequences that
has distant homology to the Bromo_TP family (NCBI 2017).

Lferr_1108 Hypothetical protein: A small ligand-binding sensory domain FIST of
diverse signal transduction pathways was detected in this protein (Bit Score 153.06).
Commonly described as a histidine kinase. (Borziak et al. 2007)”

Lferr_1215 Outer membrane protein: An OprD superfamily binding motive was
found in this protein sequence (Bit Score 45.29). OprD outer membrane porins are
often described as serine type peptidase (Yoshihara et al. 1998, Catel-Ferreira et al.
2012). However the proposed catalytic residues are not conserved suggesting that
many of these proteins are not peptidases (Catel-Ferreira et al. 2012, NCBI 2017).

Lferr_1384 Carboxysome peptide B (Bit Score 146.54): This model distinguishes
one of two closely related paralogs encoded by nearby genes in the carboxysome
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operons of a number of cyanobacteria and chemoautotrophic bacteria. More distantly
related proteins, also belonging to pfam03319, participate in other types of shell such
as the ethanolamine degradation organelle (NCBI 2017).

In the remaining five proteins with secretion sequence, no conserved functional

domains were detected.

At. ferrooxidans grown on sulfur: At least four proteins were detected which were only
found in the EPS of the PP of sulfur-grown At. ferrooxidans cells (Table 23). All of

them harbored signal sequences for secretion, whereas three of them were
hypothetical proteins and the fourth was a hemagluttinin domain-containing protein.

Table 23: Summary of EPS proteins of the PP of the COGs function unknown (S) and not in COGs
(NCOG) of At. ferrooxidans ATCC 53993 grown on sulfur, and predicted export signals. Algorithms
were used to predict signal sequences for classically secretion (SignalP), non-classically secretion
(SecP), lipoproteins (LipoP), and proteins carrying twin-arginine (Tat) signal peptides. (n=2)

Locus ID | COGs Description SecP | LipoP | SiglIP | TaT
Lferr 1036 | NCOG | hypothetical protein X X X
Lferr 1698 | NCOG | hypothetical protein X X

Lferr 2308 | NCOG | hemagluttinin domain-containing protein X X X

Lferr 2317 | NCOG | Lipoprotein X

The protein BLAST revealed that all four proteins contained conserved functional

protein domains which are depicted in Figure 22.
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Figure 22: Proteins of the PP of At. ferrooxidans ATCC 53993 grown on sulfur of the groups S and
NCOGs.

a) Proteins with the locus tag Lferr_2308 (protein with multiple conserved domains) and Lferr_2317
(DUF2968). b) Proteins with the locus tag Lferr_1036 (protein with multiple conserved domains) and
Lferr_1698 (protein with multiple conserved domains). Possible location and function according to
similarity to protein domains within the amino acid sequence detected by using BLASTP (NCBI 2017).
Proteins with dashed outlines were not detected in the EPS but are known interaction partners of
detected proteins. OM: outer membrane; IM: inner membrane.

-88-



4. Results

The identified proteins are described in more detail as follows:

Lferr_1036 Hypothetical protein: A set of conserved domains were detected. SurA
N-terminal domain (Bit Score 178.52): This domain is found at the N-terminus of
the chaperone SurA. It is a helical domain of unknown function. The C-terminus of
the SurA protein folds back and forms part of this domain but is not included in the
current alignment. The periplasmic protein SurA was intensively investigated in
E. coli strains and is commonly described as cis-trans prolyl-isomerase. These
studies revealed the contribution of SurA to the maturation and assembly of the outer
membrane protein OmpA and LamB, to the production of pili, and showed further on
that SurA is essential for the survival in stationary phase of E. coli (Tormo et al. 1990,
Lazar et al. 1996, Rouviéere et al. 1996, Justice et al. 2005). PRK10788 (Bit Score
128.59): Periplasmic folding chaperone with a suggested peptidyl-prolyl cis-trans
isomerase function; Provisional (NCBI 2017). prsA (Bit Score 51.64): The Ribose-
phosphate pyrophosphokinase (prsA) is provisionally also described as a
peptidylprolyl isomerase (NCBI 2017). In Bacillus subtilis an essential function in
protein secretion was identified for this protein as a rate-limiting component of the
secretion machinery (Kontinen et al. 1993, Vitikainen et al. 2004). Under high
phosphate concentrations (0.1 M) prsA was upregulated in At. ferrooxidans AF3 cells
(Ouyang et al. 2013).

Lferr_1698 Hypothetical protein: This hypothetical protein contains multiple
superfamily conserved domains. YncE (Bit Score 56.07): YncE is a beta-propeller
fold protein with a suggested ability of binding of nucleic acids (Kagawa et al. 2011).
PQQ_ABC repeats (Bit Score 50.04): This domain is found commonly in QQ-
dependent catabolism-associated beta-propeller proteins. Members occur invariably
as part of a transport operon which is associated with PQQ-dependent
(pyrroloquinolin quinone) catabolism of alcohols (e.g. phenylethanol) (Zhang et al.
2003, NCBI 2017). NHL_like_6 (Bit Score 37.57): Uncharacterized NHL-repeat
domain in bacterial proteins. It is about 40 residues long and resembles e.g. in beta-

propeller structures.

Lferr_2308 Hemagluttinin domain-containing protein: Multiply superfamily
conserved domains were detected in this protein. YadA-like/YadA_anchor (Bit
Score 72.53/44.47): YadA is a nine-coiled left-handed parallel beta-roll (Nummelin et
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al. 2004). This group contains the collagen-binding domain virulence factor YadA an
adhesion proteins and related cell surface proteins. YadA forms a matrix on the
bacterial outer membrane, which mediates binding to surfaces and bacterial
aggregation. Even more different YadA types are able to bind extracellular matrix
molecules (Heise et al. 2006). Mplasa _alph_rch (Bit Score 68.51): Helix-rich
Mycoplasma protein, whereas members of this family occur strictly within a subset of
Mycoplasma species. The function is unknown (NCBI 2017). Tar (Bit Score 48.06):
Tar is a methyl-accepting chemotaxis protein. In E.coli it mediates chemotaxis
towards attractants, such as aspartate, and away from disturbing substances, as Ni?*
(Mise 2016). PRK07133 (Bit Score 46.53): The PRK07133 covers the Amino acid
sequence of the DNA polymerase Il subunits gamma and tau (NCBI 2017).
Reo_sigmaC (Bit Score 42.98): The reovirus sigma C capsid protein can induce
apoptosis and is also responsible for cell attachment (Martinez-Costas et al. 1997,
Shih et al. 2004).

Lferr_2317 Lipoprotein: This lipoprotein contains a DUF2968 conserved domain
(Bit Score 96.25). The function of DUF proteins is unknown, but a nucleic acid
binding ability is predicted (Rigden 2011).

The comparison was also done for At. ferrivorans cells grown on the different

substrates followed by a protein BLAST.

At. ferrivorans grown on metal-sulfides or sulfur: No proteins were detectable to be

available in on all EPS samples of the PP of At. ferrivorans.

At. ferrivorans grown on metal-sulfides: Three proteins were detected in all EPS of

the PP of At. ferrivorans when grown on the different metal sulfides (Table 24). In all

three proteins secretion sequences were predicted as shown in Figure 23.

Table 24: Summary of EPS proteins of the PP of the COGs function unknown (S) and not in
COGs(NCOG) of At. ferrivorans SS3 grown on metal sulfides, not found in sulfur-grown PP, and
predicted export signals. Algorithms were used to predict signal sequences for classically secretion
(SignalP), non-classically secretion (SecP), lipoproteins (LipoP), and proteins carrying twin-arginine
(Tat) signal peptides. (n=2)

Locus ID | COGs Description SecP | LipoP | SiglIP| TaT
Acife 0452 |S Ycel family protein X X X
Acife_1864 |NCOG |Rusticyanin X X X
Acife_3143 |NCOG | carboxysome structural protein CsoS2 X
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Figure 23: Proteins of the PP of At. ferrivorans SS3 grown on metal sulfides of the groups S and
NCOGs.

a) Protein with the locus tag Acife_1864 (Rusticyanin). b) Proteins with the locus tag Acife_0452 (Ycel)
and Acife_3143 (Cso S2). Possible location and function according to similarity to protein domains
within the amino acid sequence detected by using BLASTP (NCBI 2017). Protein domains which
indicate an intracellular localization are shown in red letters. Proteins with dashed outlines were not
detected in the EPS but are known interaction partners of detected proteins. OM: outer membrane; IM:
inner membrane.

Two proteins were also detected with homologues sequences in the EPS of

At. ferrooxidans when grown on metal sulfides and sulfur.

The protein with the locus tag Acife_1864 (Rusticyanin Bit Score 218.60) is nearly
identical (92% identity) with the protein Rusticyanin with the locus tag Lferr_2743

found in At. ferrooxidans.

The protein Carboxysome structural protein CsoS2 (Acife_3143; Bit Score 488.12)
has a high homology (identity 83%) with the same named protein in At. ferrooxidans

with the Locus tag Lerr_1387 Carboxysome structural protein CsoS2.

And for Ycel a homologous sequence was found when At. ferrooxidans was grown
on metal sulfides. The protein from the Ycel family (Acife_0452; Bit Score 176.66)
was highly similar (60%) to the hypothetical protein with the locus tag Lferr_0621.

At. ferrivorans grown on sulfur: In the sulfur-grown PP of At. ferrivorans only two

proteins were found to be not in COGs: a hypothetical protein (Acife_1379) and a
lipoprotein (Acife_0336) (Table 25).
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Table 25: Summary of EPS proteins of the PP of the COGs function unknown (S) and not in
COGs(NCOG) of At. ferrivorans SS3 grown on sulfur, and predicted export signals. Algorithms were
used to predict signal sequences for classically secretion (SignalP), non-classically secretion (SecP),
lipoproteins (LipoP), and proteins carrying twin-arginine (Tat) signal peptides. (n=2)

Locus ID COGs Description SecP | LipoP | SiglIP| TaT
Acife_1379 |NCOG hypothetical protein X X X X
Acife_0336 | NCOG lipoprotein X X X

In both proteins secretion sequences were detected, while only in the lipoprotein a

alanine zipper conserved domain was identified.

Acife_0336 Lipoprotein: Alanine-zipper, major outer membrane lipoprotein (Bit

Score 61.29); This is a family of the major outer membrane lipoproteins OprL. OprL is

an alanine-zipper. Zipper motifs are a seven-repeat motif where the first and fourth

positions are occupied by an aliphatic residue, usually a leucine. These residues are

positioned on the outside of the coil such as to bind firmly to one or more monomers

of the protein to create a triple or five-helical coiled-coil that probably forms a seam in

a membrane.
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5. Discussion

5.1 Attachment experiments

The attachment of leaching microorganisms significantly influences the entire
bioleaching process (Sand et al. 1995, Rodriguez et al. 2003). From previous
studies, it is well known that the initial attachment of bacteria is greatly depending on
cultivation conditions (e.g. pH, cultivation media, mineral, etc.), grain size, and the
used strain. Thus, even different genus types showed differences in their attachment
behavior (Modak et al. 1995, Harneit et al. 2006, Yu et al. 2011, Florian 2012, Noél
2013). Initial attachment experiments can give an idea about strain and energy
source depending differences. A standardized attachment test was established
previously and used for the investigation of attachment velocity and detection of the

amount of sessile Acidithiobacillus cells.

Possible errors in the total cell count could occur related to the cell division. Doubling
times of Acidithiobacillus species vary between 3.2 h and 13 h depending on the
strain used and on cultivation conditions (Tuovinen et al. 1974, Drobner et al. 1990,
Hallberg et al. 2010, Hedrich et al. 2013). Within the cultivation period of this

experiment an increase, possible related to bacterial growth, was not observed.

The number of attached cells to chalcopyrite was lower than those to the other used
minerals (Figure 6). Only At. ferridurans attached with more than 30% of the total cell
population to chalcopyrite. The preference to attach to metal sulfides including
chalcopyrite might have led to the ability to grow in high metal concentrations
(Tomizuka et al. 1976, Hedrich et al. 2013) and a faster or a not necessary adaption

to different metals in solution.

It has been demonstrated, that the velocity of attachment did not correlate with the
number of attached cells (Figure 6 and Table 4). The comparison of time points until

reaching a stationary phase revealed the longest periods for sphalerite-grown cells.

Comparable attachment studies with Acidithiobacillus species in literature reported
cultivation times from 2 to 10 h (Harneit et al. 2006, Yu et al. 2011, Noél 2013). A
period of 2 h may be sufficient for attachment with the minerals pyrite, chalcopyrite,

and sulfur, but not for to sphalerite, since a continuous attachment was observed
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over a cultivation period of 240 minutes (Table 4). Of note, in the study of Yu et al.
(2011) only pyrite and chalcopyrite were used and results are, with respect to the
experimental setup time (2 h), comparable to this report.

Attachment experiments revealed strain and mineral dependent attachment (Figure
6). These experiments did not completely correspond to those found in the literature.
Harneit et al. (2006) described a 90% attachment of At. ferrooxidans strains
preferentially to pyrite after 5-10 min of cultivation and 60-75% to other minerals
(chalcopyrite, sphalerite and galena) after 30-60 min. This preferential attachment to
pyrite was also described in other publications (Nagaoka et al. 1999, Yu et al. 2011)
but could not be observed in the current study. However, it has to be mentioned that
in all previous investigations higher amounts of minerals were provided (Harneit et al.
20% WI/v; Yu et al. 7.5%). The larger mineral surface may have resulted in the
observed higher numbers of attached cells. Even more, the mentioned studies used
partially different cultivation media. As observed in the attachment experiments, the
mineral composition significantly influenced the attachment behavior of
Acidithiobacillus species. In other studies used minerals differ in their source of
supply and following in their composition (Yu et al. (2011); pyrite: Changsha, China
40.11% Fe, 49.02% S; chalcopyrite: Jiangxi province, China, 33.15% Cu, 29.98% Fe,
33.22% S). To draw conclusions, comparison of initial attachment studies must be
reviewed critically as far as even small changes in the culture medium composition,
mineral composition and general cultivation conditions can result in main changes in

the initial attachment of identical microorganisms.

5.2 Optimization of cultivation and biofilm formation

For the extraction of EPS and further analysis, it is essential to obtain an analyzable
amount of EPS. Cultivation conditions can significantly influence the EPS
composition, and even more so, the specific proteomic pattern. The current study
aimed to develop conditions resulting in sufficient numbers of attached cells to obtain
an analyzable amount of EPS, to detect possible strain and mineral dependent
differences and to exclude other cultivation condition dependent influences.

5.2.1 Cultivation of Acidithiobacilli on pyrite
The increase of cell attachment with a decreased amount of pyrite in the media

(Table 5) may be a result of a reduction of the possibly toxic effects of pyrite, for
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example by Reactive Oxygen Species (ROS) production (Bellenberg et al. 2015).
However, if this is one reason for the enhanced attachment a comparable effect
should be also visible when the cultivation media was daily exchanged and such

products were removed.

Supply of air and stirring increase the available oxygen in the cultivation media which
IS necessary for metabolic activity. However, the expectation that leaching and biofilm
formation could be enhanced by this was not confirmed. In contrast, a decrease of
both investigated parameters was observed, as summarized in Table 5. The stirring
lead to a crushing of the pyrite grains and the occurrence of many small particles
(Appendix Fig. 1-3). The bigger volume/surface ratio of the small particles may have
resulted in an enhanced formation of ROS and the subsequent decrease of the cell

population (Bellenberg et al. 2015).

The Pi starvation resulted in an increased attachment (Table 5). Under phosphate
starvation a 1.7-fold increase in the cell size of an At. ferrooxidans species has
already been described (Seeger et al. 1993, Ribeiro et al. 2011). Importantly, it was
demonstrated that Pi starvation induced changes at transcriptional and proteome
levels (Vera et al. 2003, Vera et al. 2008). Consequently, a change in the EPS
composition might be the result of this. This observation, together with the fact that
the activity in pyrite dissolution was decreased in cultures of At. ferrooxidans and

At. ferrivorans, this condition was recognized as not suitable for further experiments.

The comparison of the pyrite types from the different sources of supply revealed a
general lower tendency to attach to pyrite from Romania than to pyrite BRGM
(Appendix Fig. 1-6). The reason for this attachment behavior is still unclear. Two
possibilities could have an impact: I) the mineral compositions vary significantly,
which could influence the initial attachment and the biofilm formation, and II) the
pretreatment of the mineral might also have an impact on the attachment rates. The
BRGM mineral was freshly crushed from mineral stone before grinding with the disc
swing mill. Pyrite from Romania was already milled and was a waste product

originating from the separation of gold from the whole ore body by flotation process.

The positive influence on EPS production and biofilm formation of Acidithiobacillus
species by glucuronate supplementation was already described for At. ferrivorans

and At. ferrooxidans grown on pyrite coupons (Bellenberg et al. 2015). However, in
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the current study the number of attached cells of At. ferrivorans was not influenced by
the addition of glucuronate (Table 6). A reason for this difference could be that the
coupons, which were used in Bellenberg’ s st
grains regarding their surface properties. Generally, it is already known that
glucuronic acid residues are naturally occurring in the EPS of At. ferriphilus R1
(Gehrke et al. 1998, Harneit et al. 2006). Glucuronic acid forms a complex with
cations. This might result in a positive charge, depending on the cation. An
interaction of two mole glucuronic acid with one mole of iron(lll) ions would result in a
net positive charge. It is assumed that leaching microorganisms attach to local
cathodes on mineral surfaces. Pyrite has an isoelectric point of around 3 and is
negatively charged under acidic conditions (Solari et al. 1992). Externally supplied
monosaccharides (e.g. galactose and glucose) can be incorporated into the EPS of
Acidithiobacillus species (Barreto et al. 2005, Bellenberg et al. 2012). The positive
charge of the EPS may facilitate the attachment to the mineral surface and improve
biofilm formation, whereas the complexed iron(lll) ions result in a chemical oxidation

of iron moieties on mineral surfaces (Bellenberg et al. 2015).

An increased phosphate concentration (1 mM) led to an increased attachment of
At. ferrivorans but to a decreased leaching in At. ferrivorans (reduced by
approximately 30 times) and in At. ferridurans (approximately 1.5- fold reduction) to
pyrite, as summarized in Table 6. A proposed mechanism for metal tolerance is the
sequestration of cations by long inorganic polyphosphates (Kornberg et al. 1999).
Polyphosphates are numerous orthophosphate residues linked by phosphoanhydride
bonds, and several functions are predicted to these polymers, such as chelator of
metals, phosphate reservoir, substitute for ATP and more (Kornberg et al. 1999).
At. ferrooxidans and At. ferridurans strains are described as notably more tolerant to
high metal cation concentrations such as Cu and Zn compared to At. ferrivorans
(Hedrich et al. 2013). Finally, the combination of 1 mM glucuronate and 1 mM
phosphate led to an increased number of attached cells of all investigated strains
when grown in the presence of pyrite (Table 6). Since the aim of this part of the
current study was the optimization of EPS production, this condition was defined as
suitable. However, it should be recognized that the leaching activity of At. ferrivorans

was reduced. Experimental setups with iron oxidation tests in the presence of
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glucuronate could give a conclusion if At. ferrivorans reacts sensitive to the supply of

glucuronate.

5.2.2 Cultivation of Acidithiobacilli on chalcopyrite

The adaption to environmental conditions is a natural phenomenon and is used in
hydrometallurgy to improve the leaching activity (Li et al. 2001, Xia et al. 2008). The
investigations in this study showed a decreasing effect through the precultivation with
chalcopyrite. This is contrary to publications in which the adaption showed an all over
positive effect (Li et al. 2001, Olson et al. 2003, Xia et al. 2008, Zhu et al. 2015). In
order to ensure that adapted cells in this study were still active and alive, colonized
grains were transferred in iron(lll) sulfate containing cultivation medium, and iron
oxidation was observed. The process of adaption takes usually more than one year.
Due to the limited time of the current project, adaption was only performed for 5

months, which might have been not long enough to be successful.

The experimental setup with supply of glucuronate and increase of phosphate did not
lead to a positive effect for chalcopyrite-grown cultures (Table 7) as described
previously for pyrite-grown cultures (Table 6). According to the expected mechanism
of incorporation of glucuronate in the EPS matrix, a positive effect had been

anticipated.

Li (2014) tested three different possible iron chelators (malonic acid, citric acid, and
gluconic acid) to investigate the growth at different pH values and ferric inhibition
properties. 70 mM citric acid increased the growth yield of At. ferrooxidans. The
expectation that 70 mM citric acid could also positively influence the attachment and
leaching of Acidithiobacillus species at chalcopyrite-grown cultures was not
confirmed in this study (Table 7).

As the focus on the current study was to investigate the influence of mineral- and
strain depending mechanisms, further experiments were carried out with

supplements of phosphate (1 mM) and glucuronate (1 mM).

5.2.3 Cultivation of Acidithiobacilli on sphalerite

In general, all three Acidithiobacillus strains showed a higher tendency to attach to

sphalerite than to pyrite or chalcopyrite (Appendix Fig. 1 - 26). The addition of
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glucuronate and an increase of phosphate led to a significant increase in the number

of attached cells (Table 8). Thus, this condition was chosen for further investigations.

As observed for pyrite and chalcopyrite, cells attached previously to some grains,
whereas others stayed nearly uncolonized. It should be noted that the metal sulfide
minerals used in this study were obtained from natural sources. Even the total
amount of metals in the mineral were detected, their allocation was not investigated.
The foreign metals (Appendix Tab. 1-4) and the visually noticeable inhomogeneities
showed that the used minerals were not pure. Due to the heterogeneous mixtures
some grains may have had a favorable composition and others an unfavorable
composition for attachment and dissolution. In addition, the material processing by
crushing metal sulfides might have resulted in significant differences of the surface
texture of the individual grains. A possible approach to investigate the difference in
attachment pattern related to a heterogeneously composition of the minerals is the
use of synthetically produced metal sulfides. An investigation of the grains by e.g.
atomic force microscopy (AFM) or scanning electron microscopy could be useful to
study if and how the surface properties influenced the attachment behavior of cells.

5.2.4 Cultivation of Acidithiobacilli on sulfur

Sulfur is reasonably stable under both environmental and experimental conditions.
Microorganisms obtain their energy by direct dissolution of the sulfur compounds
(Schippers et al. 1999). While in the dissolution of metal sulfides both mechanisms,
the oxidation of iron and the oxidation of sulfur moieties, play a major role, in the
dissolution of elemental sulfur mainly the oxidation of sulfur moieties is responsible
for the energy production (Ramirez et al. 2004). The differences in the EPS pattern of
an At. ferriphilus strain grown on sulfur or pyrite were already demonstrated (Gehrke
et al. 1998). A separated treatment of metal sulfide and sulfur cultures was
supported. Following, optimization of cultivation condition with sulfur as energy

source was planned nearly independent to the one for metal sulfides.

The pH was identified as the most growth inhibiting factor in the cultivation with
sulfur. Under standard conditions, pH decreased rapidly, reaching values below 2
within 2 weeks and decreasing further down to values of 1 within 3 weeks (results not
shown). As summarized in Table 9, the number of attached cells of At. ferrivorans

was negatively influenced by the increase of phosphate concentration to 1 mM; an
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explanation of this behavior could not be found. The regular exchange of cultivation
media effectively prevented the critical decrease of the pH value. When only the
cultivation media was exchanged, the biofilm formation of At. ferrivorans and
At. ferridurans was not influenced, independently of the frequency of cultivation
media exchange (daily or every four days) (Appendix Fig. 25 and 26). More cells
were found to be attached to sulfur when phosphate was increased to 1 mM in
combination with regular cultivation media exchange every 4 days (Appendix Fig. 25-
27). The daily exchange of cultivation media was dismissed as it was aimed to further
analyze the planktonic cells and numbers of planktonic cells were too low following

growth for one day.

5.3 Extraction of EPS

As described previously, EPS and especially protein composition differs significantly
depending on the environmental factors (Rehm 2010). For this reason all extractions
were performed on day 7 of continuous cultivation and with cultivation conditions
(especially for metal sulfides) kept as comparable as possible. The extraction by
cation exchange resin DOWEX was described previously as suitable for biomining
organisms, particularly for Acidithiobacillus species (Michalowski 2012, Bellenberg et
al. 2015).

Even after the optimization of cultivation conditions, the amount of attached cells was
low. However, it was successfully achieved to establish analyzable amounts of TB
EPS from the BP and the PP. The importance of the EPS of the PP was already
demonstrated in the study of Gehrke (1998). When cells were pre-cultivated with
sulfur, only attachment to hydrophobic surfaces was observed due to their
hydrophobic EPS composition. In contrast, cells pre-cultivated with iron(ll) sulfate
only attached to negatively charged substrates, whereas cells cultivated in the
presence of pyrite attached to both substrates. It was assumed that pyrite-grown cells
possess an intermediate EPS composition, which allows the attachment both to
hydrophobic and negatively charged surfaces. This effect was shown to be
dependent on the EPS as the same results were obtained with cell-free EPS (Gehrke
et al. 1998).

One main problem with the analysis of EPS amounts from crushed minerals are the

reference parameters. Planktonic cells are easily counted with a Thoma chamber. By
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visualization of sessile cells via microscopy only one side of a mineral grain could be
observed. Due to their 3D form and inhomogeneous surface of grains the exact
number of attached cells could not be determined for the entire surface. Even more,
cells preferred cracks and holes for their attachment, which are hidden on the grains
and result in inhomogeneous attachment patterns. Furthermore, some grains stayed
completely uncolonized. A mathematical model using "Determinant of the Hessian"
method was evaluated in a first study within the working group for the enumeration of
sessile cells on grains (Yekov 2016), but efficiency of this model has to be further

improved to use it as a standard method.

5.4 Composition of EPS components

The analysis of EPS components revealed differences depending on strain, energy
source and EPS fraction, whereby the major differences were observed when energy

sources were compared.

Carbohydrates were detected quantitatively by photospectrometric analysis and lectin
screening was used as a non-destructive in situ analysis of EPS-polysaccharides
(Zippel et al. 2011). In the lectin binding pattern most differences were seen when
energy sources were compared, whereas comparison of strains revealed only minor
differences (Table 10). Thus, it was confirmed that production of different EPS

components is mainly depending on the available substrate.

Overall, the highest amounts and diversity of carbohydrates were detected in the
EPS of chalcopyrite-grown cells (Figure 9, Table 10), whereas the lowest numbers of
attached cells were observed during this growing condition (Appendix Fig. 13 — 15).
Carbohydrates are a main component of EPS, and they are mandatory for many
functions as e.g. structural and mechanical stability, adhesive and cohesive
properties, sorption and complexation of organic or inorganic compounds, energy
source and enzyme binding (Frglund et al. 1996, Gehrke et al. 1998, Danese et al.
2000, Wingender et al. 2001, Tielen et al. 2005, Flemming et al. 2010). It might be
possible that the production of a diverse set of carbohydrates allows the cells to
adapt to the unfavorable condition (ROS, copper ions) when grown in the presence

of chalcopyrite.

The TB EPS showed a relatively low content of carbohydrates when grown with

sulfur as energy source. In previous studies, glucose was detected as a main
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component of the EPS of different Acidithiobacillus species (Gehrke et al. 1998,
Yekov 2016). Even more, Bellenberg (2012) observed a ConA signal when
At. ferrooxidans ATCC 23270 was grown under different conditions e.g. on floating
filters in the presence of pyrite (Bellenberg et al. 2012). Even a signal for N-
acetylglucosamine a glucose derivate was only detected by WGA when
At. ferrivorans was grown on pyrite. All mentioned studies worked with different
Acidithiobacillus strains or genotypes than the ones used in the current study. Gehrke
(1998) worked with At. ferriphilus Rl and Yekov (2016) as well as Bellenberg (2012)
with the At. ferrooxidans ATCC 23270 type strain. However, the same strains of
At. ferrivorans and At. ferridurans were used in Yekov's study and glucose was
detected as main component, contrary to this work. It might be possible that the

carbohydrates were “deeper i ncoroplpablatoed i nt
bind to carbohydrates on the surface of the EPS due to a sterically inhibition. Another
reason could be the inhibition of lectin binding due to supply of glucuronate. This was
already described in a previous study of Neu (2001) in which the effect of
carbohydrate inhibition on lectin-binding affinities was demonstrated (Neu et al.

2001).

Gehrke described a carbohydrate component of 40.4 % (wt/vol) in the EPS of sulfur-
grown At. ferriphilus cells, whereas Yekov (2016) observed a content of 58% up to
90% glucose in At. ferrooxidans ATCC 2370, At. ferriphilus RI, At. ferridurans ATCC
33020 and At. ferrivorans SS3.

Up to now, the EPS of sphalerite-grown Acidithiobacillus species has not been
studied in detail. Mainly galactose and galactose derivates were successfully
detected in the current study. Grown on sphalerite, the different species showed the
most differences in their lectin binding patterns (Table 10). The pattern was similar for
At. ferrooxidans and At. ferrivorans, whereas At. ferridurans showed an additional
signal for N-acetylgalactosamine detected by BPA. At. ferridurans was the only strain

grown with sphalerite, in which fucose could not be detected.

The finding that lipids were present in higher percentages than carbohydrates in most
of the EPS of pyrite-grown cells was contrary to previous investigations. Sulfur-grown
cells secreted comparably low amounts of lipids, and more precisely in the most
fractions the lowest amount, compared to other EPS-fractions of metal sulfide-grown

cells. Possible reasons are the adsorption of lipids to the different reaction vessels
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(e.g. falcon tubes) or an incomplete accommodation of the lipids in the organic phase

during the extraction from the water phase.

Protein amounts were in general very low and in the case of the LB EPS of
At. ferrivorans grown with sphalerite, no proteins could be detected. The method for
detection of the proteins has to be considered critically. In most samples, protein
concentrations were close to the detection limit (1-25p g/ mL) . The Br
sensitive for many disturbing substances such as detergents or lipids, and proteins
especially at low concentrations have to be larger than 3000 Da (Pande et al. 1994).
Even more, the interaction of complex mixtures of proteins with different substances
is not predictable. A detection method more suitable for this complex sample should
be applied. The used detection by the absorption maximum at 280 nm for proteomic
analysis is also suitable for lower protein concentrations but has also to be
considered critically. This measurement is based on the absorption of aromatic amino
acids (tryptophan and tyrosine). The content of this amino acids influence the result
of the measurements. Due to the complex mixture, the amount of these amino acids
is not predictable. The method is widely described as being suitable for the
comparison of solutions of the same protein but not necessarily for quantifications.
Another method is the BCA protein assay in which the reaction of bicinchoninic acid
with proteins resulting in color development is used for protein determination (Smith
et al. 1985). Nevertheless, substances such as lipids have been described as

interfering (Kessler et al. 1986, Brown et al. 1989).

The high variance in the technical replicates in the detection of uronic acids in most
investigated samples, did not allow a clear statement regarding its function (Figure
10). Detailed analysis revealed a high standard deviation in the technical replicates
and following the variability in the biological replicates could not be rated. The
method of Blumenkrantz (1973) was modified for its application in microtiter plates. A
disadvantage of this method is the use of hot sulfuric acid which converts neutral
sugars in the sample to brown products, resulting in precipitates. This could lead to a
high background and variations within the samples (Blumenkrantz et al. 1973).
Especially in complex samples as used in this study further optimization would be
necessary (van den Hoogen et al. 1998). Taken together, the high variations in the
presence of uronic acid and a following lack of significant results did not allowed clear

conclusion.
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Contrary to a previous study (Teubner et al. 2015) the detected amount of eDNA was
comparably high in the TB EPS of sulfur-grown cells and even higher as in pyrite-
grown cells (Figure 12). It was assumed that eDNA can be used for the complexation
of ions, which would be especially needed for cells grown on metal sulfides (Mulcahy
et al. 2008). eDNA can occur as major or minor component of the EPS even if highly
related species are compared (Vaningelgem et al. 2004). As in the past eDNA was
only seen as a remaining component of cell lysis, newer results showed the
functionality of this DNA in the EPS and active secretion (possible by small vesicles
from the outer membrane) is assumed (Whitchurch et al. 2002). eDNA can serve as
intercellular connector or as adhesion improving factor (Watanabe et al. 1998, Yang
et al. 2007, Vilain et al. 2009). Even more an antimicrobial effect of eDNA was also
described and a structural function is suggested (Molin et al. 2003, Mulcahy et al.
2008). The chalcopyrite-grown cells harbored extraordinary high amounts of eDNA in
their TB EPS of the PP. These cells may use eDNA for the complexation of ions. It
could not be ruled out that the detected DNA might have occurred from cell lysis,
resulting from ROS originating from metal sulfides or toxic copper ions. Further test

would be necessary to provide a more predictive statement.

In the gammaproteobacterial strain F8 i sol ated from “river

Saskatchewan River, distinct differences between eDNA and genomic DNA were
observed (Bockelmann et al. 2006). Even though this was not observed in some
other bacteria (Pseudomonas aeruginosa and Pseudomonas putida (Steinberger et
al. 2005)), it would be interesting to investigate eDNA and genomic DNA of

Acidithiobacillus species for possible differences.

A possible accumulation of iron ions and sulfur compounds in the EPS of sessile
biomining organisms was already published (Sand et al. 1995). The higher content of
iron in the LB EPS compared to the TB EPS, when cell were grown with metal
sulfides, was expected due to an aggregation of iron ions in the media. The high
concentrations of iron in the LB EPS of sulfur-grown cells was unexpected. These
results indicate contaminations of iron from previous cultivations in the used
cultivation vessels or the cultivation media. However, although each glass vessel was
carefully cleaned with freshly prepared HCI before sterilization, a contamination could

apparently not be prevented.
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Planktonic cells as well as biofilm cells hold iron ions in their EPS. The TB EPS of
planktonic cells are thinner than the one of sessile cells and possess following a
lower capacity to bind iron ions. Even more biofilm cells accumulate iron ions for the
indirect oxidation via the contact mode of metal sulfides (Sand et al. 1995, Sand et al.
2001, Rawlings 2002). These mechanisms were substantiated by the detected
general higher concentrations of iron ions in the TB EPS of the BP of cells grown on
metal sulfides compared to the lower concentrations of the TB EPS in the PP.

Due to the known function of uronic acids (e.g. glucuronic acid) in the EPS of
At. ferriphilus RI (Gehrke et al. 1998, Harneit et al. 2006), the complexation of iron
ions, a correlation of the content of uronic acids and iron ions was expected. This
correlation was not observed in this study. The reason for this is most likely the high

variation in the uronic acid detection.

Sulfate is one of the main products in the dissolution of metal sulfides and sulfur. The
higher concentrations of sulfates in the TB EPS of BP compared to those in the TB
EPS of the PP reflect the described mechanisms on a molecular scale (Sand et al.
1995, Schippers et al. 1996). Planktonic cells secrete their reaction products direct in
the surrounding media, whereas sessile cells accumulate reaction products and
intermediary products in their EPS. From the two measured inorganic components,
sulfate was identified as the main component in all investigated samples. Especially
in chalcopyrite-grown cells, the sulfate concentration was extremely high in some of
the investigated fractions (At. ferrivorans TB BP, At. ferrooxidans TB PP, At.
ferrooxidans TB BP, At. ferridurans TB PP Figure 17). In the determinations of the
other EPS samples sulfate reached a maximum portion of ~30%, whereas in the
samples of chalcopyrite-grown cells, reached portions were up to ~80% of the total
EPS dry weight (At. ferrivorans TB EPS BP). A possible explanation might be either
an erroneous sulfate detection measurement or an underestimated amount of total
EPS. Most samples of the TB EPS of chalcopyrite-grown cells had amounts of
around 0.5 mg of dry weight. This value is close to the detection limit of the used

balance.

Up to 93% of the dried EPS remained as undefined fraction. The size of this value
was unexpectedly high, and explanations are only speculative. Maybe some
components of the EPS attached to the surface of the falcon tube and were not

resolved by the used water or organic phase and could further not be analyzed.
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Lyophilization of samples is described as an advantageous technique for drying
biological samples. However, this technique has also some disadvantages. Thus,
lyophilization can alter biological components and lead to water insoluble precipitates
(Shukla 2011). In line with this, the observed precipitates were not solved in the water
or organic phase (chapter 3.8). The elemental analysis supported the determination
of the organic compounds of the EPS. Possible explanations are following: The
undefined EPS are a result of adsorbed organic components, metal ions which were
not detected (e.g. zinc, copper) or errors occurring form the used balance for

detection of the EPS amount.

At least it has to be considered that the analysis of EPS components based on two
biological replicates. A repeat of the measurements to obtain more than two

biological replicates is recommended.

5.5 Proteomic analysis

In previous experiments (results not shown), pooled subpopulations showed a high
content of intracellular proteins as well as small amounts of glucose-6-phosphate
dehydrogenase, which is an indicator for cell lysis. One reason for this could be the
contamination with cell lysis products due to the treatment with the CER. Although
the use of CER is described as a gentle extraction method, some cell lysis may have
occurred (Abzac et al. 2010). According to this, CLSM images were taken before and
after extraction to observe indications of cell lysis (Appendix Fig. 32). The amount of
attached cells was comparable before and after extraction with CER. Obviously, it is
not possible to investigate identical mineral grains before and after EPS extraction.
Another reason for cell lysis could be the presence of ROS, which are generated at
metal sulfide surfaces and which have already been described for their possibly toxic
effects on bioleaching bacteria (Jones et al. 2011, Bellenberg et al. 2015). At least,
the shift from the acidic cultivation medium (pH 1.5 - 3.0) to the neutral PBS buffer
(pH 7.0) could lead to a pH shock. However, periodical cell lysis in the biofilms and its
function in multicellular biofilm development has been reported in Pseudomonas
aeruginosa and a natural occurrence of cytoplasmic proteins have to be mentioned
as another reason for their detection (Webb et al. 2003, Turnbull et al. 2016).

In further samples, the EPS of BP and PP were extracted separately and analyzed

for their available proteins. The importance of the TB EPS of the PP was already
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discussed in this study and previous ones (Gehrke et al. 1998). Due to time
limitations and limited analysis capacity, only the TB EPS of the PP was chosen for a
detailed proteomic analysis. To study also the differences in PP and BP, TB EPS of

the BP of pyrite- and sulfur-grown cells were also analyzed.

5.5.1 Clusters of orthologous groups

The clustering of the proteins in clusters of orthologous groups revealed a high
variability in the detected proteins and their functions. In the BP and PP, high
amounts of proteins were detected, which are related to translation and transcription
processes. Due to the huge amount of different proteins from these groups, in the
EPS of BP as well as PP, it could be not excluded that these samples harbored parts
of lyophilized cells. Although methods for the detection of lyophilized cells could not
confirm this, this possibility needs to be considered. Another reason for the
availability of these proteins might be the occurrence of pores in the cell wall due to a
pH shock. The used PBS buffer had a pH of 7, which is around 3.5 pH units higher
than in the cultivation media. However, due to the lack of a positive result of the used
methods for the detection of cell lysis, this is only speculative. It is also possible that
the cells secreted cytoplasmic proteins or those proteins from further lysed cells
attach to the sticky EPS and were reused from the cells as macromolecule deliverer.

Even more cytosolic proteins could be also a result from membrane vesicles.

5.5.2 Secretion sequences

To investigate the secretion possibilities, algorithms were used to predict classical
and non-classical secretion sequences within the amino acid sequence. Due to the
huge amount of proteins, the further analyses focused on proteins which contain a

predicted secretion sequence.

The used algorithm predicts signal sequences for the classical secretion (SignalP),
non-classical secretion (SecP), lipoproteins (LipoP), which are located at or in the
membrane, and proteins carrying twin-arginine (Tat) signal peptides, which could be
exported into the periplasmic compartment or extracellular environment,
independently of the classical translocation pathway. In Gram-negative bacteria
proteins containing a Tat signal sequence can either transported in the periplasm and
remain there or can be secreted out of the cell in cooperation with other secretion
system (Green et al. 2016). In the Sec pathway proteins are secreted unfolded,

whereas by the Tat pathway primarily folded proteins are secreted (Robinson et al.
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2004). A critical point at the secretion of unfolded proteins is that certain proteins
contain and need post-translation modification. These proteins are commonly
synthesized in the cytoplasm (Berks et al. 2005). A common known sample of a Tat-
secreted protein in different bacteria are phospholipase C enzymes, while their
secretion is often observed as a part of a stress response (Ochsner et al. 2002,
Rossier et al. 2005, McDonough et al. 2008). This enzyme was also observed with a

Tat sequence in the EPS of At. ferrooxidans grown with sulfur.

In this study, several proteins contained one or more secretion sequences, which are
known to be located in the cytoplasm. For example in several ribosomal proteins a
secretion sequence was detected (Table 16 and Table 17). In a classical synthesis
pathway of secreted proteins, they are partially synthesized by ribosomes. Due to the
transport of the peptide to the membrane, the ribosomes attach to it and the final
synthesis by them is performed at the corresponding porin directly into the
periplasmic space or membrane. The final synthesis and secretion (membrane
insertion) takes place simultaneously (Green et al. 2016). During this step, some
ribosomal proteins could also pass through these porins and be furthermore
transported out of the cell. This would be a possible explanation for the occurrence of
these proteins in the EPS fractions.

5.5.2.1 Comparison of detected proteins in At. ferrooxidans and At. ferrivorans

To consider species specific differences, proteins with a predicted secretion
sequence found in At. ferrooxidans and At. ferrivorans were compared and similarity
was investigated by a protein BLAST. 14 proteins (Table 20) were found to be
identical in both species, when grown under different cultivation conditions, whereas
more than 200 proteins were only identified in one of the strains. Six of these
identical proteins were ribosomal proteins and all of them were found in metal sulfide-
grown cells and partially also in the EPS of the PP of At. ferrooxidans when grown

with sulfur.

A clear tendency of proteins related to the energy source was only found for three
proteins. Two ribosomal proteins were detected when cells were grown with metal
sulfides, and the TonB-dependent receptor was only detected when cells were grown
in the presence of sulfur. In the culture of metal sulfide-grown cells, iron ions are

present in higher concentrations in the cultivation medium compared to cultures in
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the presence of sulfur. The synthesis of the TonB-dependent receptor, might be a
mechanism of the cells to detect and take up even small available amount of iron

ions.

However, it should be kept in mind that the harvesting and investigation of proteins
from EPS of sulfur-grown cells was rather difficult (chapter 4.4.2). A possible reason
is the predicted hydrophobic character of these proteins and the difficult handling of
them (Seddon et al. 2004). As samples were mainly kept in aqueous solutions, many
of the sulfur related proteins might not be solubilized during the extraction steps. This
could also explain the decreased protein concentrations and diversity in these
proteome samples.

Reasons for the presence of cold-shock DNA-binding domain-containing proteins
under the used cultivation conditions remained unclear. Temperatures were chosen
according to the optimal growth temperatures of the Acidithiobacillus strains (Temple
et al. 1951, Hedrich et al. 2013). The used incubation room was connected to an
internal safety regulation; an undesired temperature downshift would have been
recognized by an alarm. Consequently, it is highly unlikely that the presence of this
protein is a result of a temperature downshift while the cultivation. However,
extraction was performed at 4°C. May due to the extraction time of 4 h, the cells
produce this cold-shock related protein. Even the production time of a protein cannot
be described in general, with doubling times of Acidithiobacillus species between
3.2h and 13 h, as discussed before, a production of proteins within 4 h can be
assumed (Tuovinen et al. 1974, Drobner et al. 1990, Hallberg et al. 2010, Hedrich et
al. 2013). Low temperatures influence the supercoiling of DNA and DNA related
functions and can inhibit functions such as replication, transcription and
recombination (Higgins et al. 1988). Proteins containing a cold-shock DNA-binding
domain are described as supporter in bacteria allowing the described DNA related
mechanisms even at low temperatures. It could be speculated that the function of

these proteins is related to eDNA in the EPS.

Whereas, in E.coli the increased synthesis of protease Do was found to be related to
high temperatures, this result was not observed in At. ferrooxidans (Seol et al. 1991,
Chi et al. 2007). These protease is commonly found in the periplasmic space in
At. ferrooxidans (Chi et al. 2007) but it could not be excluded that they also pass the

outer membrane and conduct their proteolytic activity in the EPS.
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The function of rusticyanin is already well described in At. ferrooxidans and
At. ferridurans species, whereas the detailed mechanisms of the detected rusticyanin
B in At. ferrivorans and At. ferriphilus is not clear up to now (Amouric et al. 2011).
From the results in this study it could be presumed, that rusticyanin B plays an
important role in the metal sulfide oxidation in At. ferrivorans. In comparison, the

protein Iro was not detected in the EPS of At. ferrivorans.

After this analysis it could not be excluded that at least the outer membrane of the
cells was leaking. Most proteins, which were found in the EPS of the strains, are
described in literature as periplasmic proteins, as described in the study of Chi et al.
(2007) of At. ferrooxidans ATCC 23270. However, it is also possible that these
proteins are actively secreted into the EPS. Even more, following extraction of
periplasmic proteins it cannot be excluded that also EPS proteins were analyzed, and
previous studies should be considered critically. It remained unclear if the proteins

were actively secreted or resulted from holes (porins) over the outer membrane.

5.5.3 Proteins of unknown function and functional conserved domains in the
amino acid sequence

In cells of At. ferrooxidans grown with the different substrates 82 proteins were
detected which belong to the COG unknown function (S) or could not be clustered in
one of the defined groups (NCOGSs). Overall 38 of these proteins possess at least
one secretion sequence and in 25 of these proteins also a functional protein domain
was detected (chapter 4.7.3). In comparison to this, in At. ferrivorans only five
proteins were detected of these two clusters, and none of these proteins was found
to be present in the EPS, either when cells were grown in the presence of sulfur or
metal sulfides. In all five proteins, at least one secretion sequence was predicted and
all contained functional domains detected by protein BLAST.

Due to the detected functional domains for six of the proteins in the EPS of
At. ferrooxidans a localization in the periplasm and for five motives for membrane
(outer or inner membrane) insertion could be assumed. Two proteins were identified
which harbored functional protein domains with a predicted localization in the
cytoplasm. In contrast, in the EPS of At. ferrivorans cells only periplasmic proteins
were detected and none were described as membrane inserted or cytosolic. As

discussed before this points to a contamination of EPS samples with lysed cells.
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The functional domains of the detected periplasmic proteins predict functions related
to protein folding and membrane insertion (e.g. SurA), lipid transport and conversion
(e.g. prolin rotamase), or redox pathways (e.g. rusticyanin or auracyanin). The
membrane proteins were most likely related to membrane transport (e.g. ompA) or

the redox partner cytochrome.

Due to the different proteins, which contain a conserved DUF sequence or other
sequences related to DNA binding, it could be assumed that DNA plays an important
role in the EPS of Acidithiobacillus species. A treatment with a DNase of the cells and
further investigation of attachment and biofilm formation, as described for
P. aeruginosa or Bacillus cereus (Whitchurch et al. 2002, Vilain et al. 2009), could

give a clue about the importance and function of eDNA in these species.

Due to its many functional components and the localization at the outside of the outer
membrane, the protein with the locus tag Lferr_0115 is particularly interesting. This
protein was found in sulfur- and metal sulfide-grown At. ferrooxidans cells and
bioinformatic analyses suggest at least three functions (copper tolerance/efflux,
chaperone function, adhesion to abiotic surfaces). A possible heterologous
expression and functional analysis in a model organism would be very interesting
(Ubbink et al. 1992). This would be also applicable for the protein with the locus tag
Lferr_2308, which was found in At. ferrooxidans EPS grown in the presence of sulfur.
The possible chemotaxis function as well as its function in the cell surface adhesion

makes this protein an attractive target for further investigations.

Due to the low amount of different proteins in the EPS of At. ferrivorans, only the
detected alanine zipper motive containing protein seems to be interesting for further
investigations. A homologue protein was also found in the EPS of At. ferrooxidans.
However, although this motive was detected, the function remains still unclear.
Leucin zipper are commonly involved in the DNA regulation and a comparable

function for Alanin zipper is assumed (Lajmi et al. 2000).
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5.6 Conclusion

In this study cultivation of At. ferrooxidans, At. ferrivorans and At. ferridurans was
successfully improved by addition of 1 mM glucuronate and increased phosphate
(1 mM) on pyrite and sphalerite with resulting analyzable amounts of EPS. In contrast
the described optimization did not lead to an all over positive effect on cell
attachment to chalcopyrite and its dissolution rate. However, even here analyzable
amounts of EPS were available. For sulfur-grown cells the exchange of cultivation
media every fourth day and increase of phosphate lead to an enhanced amount of

attached cells and EPS could be analyzed.

The findings of previous studies that cultivation conditions especially available energy
source, influence significantly the EPS composition, was also confirmed in this study,
whereas the different Acidithiobacillus species showed only minor difference in their

EPS composition.

Extracellular DNA detection and proteome analysis indicated an important role of
eDNA in the biofilms of the Acidithiobacillus species, and treatment of these biofilms
with a DNase could give further information about eDNA functions. However,
combined with the finding of cytosolic proteins it could not be excluded that the

samples were contaminated with lysed cells.

EPS proteomic analysis revealed functions related to chaperon folding, oxidation
pathways, chemotaxis, metal tolerance among others. Additional proteomic analyses
with more biological replicates should give more detailed insights into the differences

of protein patterns and up- or down-regulation of proteins.

Particularly, the proteins with the locus tag Lferr_ 0115 and Lferr 2308 of
At. ferrooxidans are interesting targets for further analyses, which should be

investigated, e.g. by heterologous expression in a model organism.
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Appendix Table 1: Composition of pyrite grains from BRGM, France, X-ray analysis.

Symbol

Concentration

Na,O
MgO
Al,O3
SiO;
P-Os
K20
CaO
TiO;
Fe,O3
S
\Y
Cr
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Rb
Sr
Y
Zr
Nb
Mo
Ag
Cd
In
Sn
Sh
Te
Cs
Ba
La
Ce
Hf
Ta
Hg
TI
Pb
Bi
Th
U

<0.38+0.21%
0.97 £ 0.09 %

<0.036 +0.0%
1.13+£0.02%
<0.02+£0.0%
<0.01+£0.01
0.06 £ 0.00 %
<0.01+0.00%
37.24 £ 0.04 %
24.38 £ 0.03 %
<15+ 6.2 ug/g
59.8 £ 0.8 pg/g
<13+ 0.0 ng/g
4.0 £ 3.3 ug/g
7.5+ 0.8 ug/g
19.4 £ 1.4 ug/g
<1.1+0.0 yg/g
<2.9+0.0pg/g
0.8 £ 0.6 pg/g
2.5+ 0.3 ug/g
<1.1+0.0 yg/g
4.2 + 0.5 ug/g
3.2+ 0.6 pg/g
<0.8+ 0.0 ug/g
1.9+ 0.6 ug/g
< 0.9 £ 0.0 yg/g
7.9+ 1.3 ug/g
3.5+ 0.8 yg/g
<0.2+0.0 ug/g
3.0+ 0.4 pg/g
< 0.5+ 0.0 nug/g
< 1.5+ 0.0 yg/g
3.2+ 1.8 ug/g
<2.1+£0.0ug/g
<29+0.0ug/g
7.4 pglg
< 0.1+ 0.0 ng/g
<7.2+0.0 yg/g
<4.9+ 0.0 yg/g
3.9+ 0.8 ug/g
< 3.3+ 0.0 ug/g
4.7 + 1.3 yg/g
<3.8 £ 0.0 ug/g
<2.4+£0.0ug/g
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Appendix Table 2: Composition of chalcopyrite grains from Chile. X-ray analysis.

Symbol

Concentration

Nazo
MgO
Al,O3
SiO;
P20Os
K20
Fe.0O3
S
\Y
Cr
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Rb
Sr
Y
Zr
Nb
Mo
Ag
Cd
In
Sn
Sb
Te
Cs
Ba
La
Ce
Hf
Ta
Hg
TI
Pb
Bi
Th
U

44310.0 = 70 pg/g

<0.27+0.0%
0.67 £ 0.07 %

<0.03+£0.0%
20.46 = 0.05 %
<0.02+0.0%
<0.01+£0.0%
28.41 + 0.03 %
18.48 + 0.02 %
<15+ 7.5 ug/g
192.9 + 1.5 ug/g
<46 % 0.0 ug/g
<7.2+£0.0 ug/g

211.1 + 4.7 pglg
<1.9+ 0.0 nug/g
< 3.1+ 0.0 ug/g
1172.0 £ 6 pg/g
7.0 £ 0.4 pg/g
1.8+ 0.7 pyg/g
4.2 + 0.5 yg/g
4.5+ 0.6 ng/g
< 0.9+ 0.0 yug/g
2.8+ 0.6 ug/g
4.8 + 1.0 ug/g
52.7 + 1.8 ug/g
13.0+ 1.0 ug/g
< 0.2+ 0.0 yug/g
6.5+ 0.5 ug/g
191.4 + 1.5 ug/g
13.9+ 2.2 ug/g
<1.6 + 0.0 yg/g
<2.3+0.0yg/g
< 3.0+ 0.0 ng/g
11.3 + 0.0 ug/g
66.0 £ 50 pg/g
<1.5+£ 0.0 ug/g
<5.4+ 0.0 ug/g
7.6+1.7 ug/g
259+ 2.7wg
10.1 + 2.7 ug/g
4.4 + 0.9 ug/g
<2.3+£0.0ug/g
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Appendix Table 3: Composition of sphalerite grains from Harz, Germany, X-ray analysis.

Symbol

Concentration

Nazo
MgO
Al,O3
SiO;
P20Os
K20
CaO
TiO2
MnO
Fe,O3
S
\Y
Cr
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Rb
Sr
Y
Zr
Nb
Mo
Ag
Cd
In
Sn
Sb
Te
Cs
Ba
La
Ce
Hf
Ta
Hg
Tl
Pb
Bi
Th
U

355700.0 + 400 pg/g

1.56+0.24 %
0.34 £ 0.07 %
0.23+0.01 %
16.77 £ 0.05 %
<0.02+0.0%
0.15+ 0.00 %
0.13 £ 0.00 %
0.03 £ 0.00 %
0.08 £ 0.00 %
3.1+0.01%
14.19 £ 0.02 %
4.8 + 1.3 ug/g
30.6 £ 0.9 pg/g
<2.0+ 0.0 ng/g
<20+ 0.0 ug/g
424.0 + 16 pg/g

<19+0.0 ug/g
<21+0.0pg/g
129.0 + 19 ug/g
<1.1+0.0ng/g
8.1+ 1.7 ug/g
6.2+ 1.7 ug/g
<4.9+0.0ug/g
<2.8+0.0ng/g
<2.2+0.0yg/g
8.3+ 2.0ug/g
129.4 + 4.0 ug/g
2518.0 £ 11 pg/g
18.7 £ 0.6 pg/g
160.0 + 1.8 pg/g
87.0 £ 3.4 ug/g
<2.7+0.0 ug/g
<2.2+0.0 ug/g
< 3.2+ 0.0 ug/g
<3.8+£ 0.0 ug/g
<5.2 ug/g
< 0.1+ 0.0 pg/g
1029.0 £ 48 pg/g
369.0 £ 16 pg/g
14.0 £ 5.4 pug/g
3345.0 + 29 pg/g
<12 + 0.0 po/g
94.6 £ 7.8 ug/g
33.3+4.9 ug/g
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Appendix Table 4: Elemental analysis of pyrite grains from BRGM, france, chalcopyrite grains from
Chile and sphalerite grains from Harz, Germany by ICP-OES measurement.

Pyrite Chalcopyrite
Symbol Concentration % Symbol Concentration %
Al 0.9 Al 0.8
As 0.0 As 1.6
B 0.0 B 0.0
Ba 0.0 Ba 0.0
Be 0.0 Be 0.0
Bi 0.0 Bi 0.0
Ca 0.0 Ca 0.0
Cd 0.0 Cd 0.0
Co 0.0 Co 0.0
Cr 0.0 Cr 0.0
Cu 0.0 Cu 6.1
Fe 55.2 Fe 48.4
Mg 0.0 Mg 0.0
Mg 0.0 Mg 0.1
Mn 0.0 Mn 0.0
Ni 0.0 Ni 0.0
Pb 0.0 Pb 0.1
Sb 0.0 Sb 0.2
Sr 0.0 Sr 0.0
TI 0.0 TI 0.0
Vv 0.0 \Y 0.0
Zn 0.0 Zn 0.3
Sphalerite
Symbol Concentration %
Al 0.1
As 0.0
B 0.0
Ba 0.0
Be 0.0
Bi 0.0
Ca 0.0
Cd 0.3
Co 0.0
Cr 0.0
Cu 0.1
Fe 4.4
Mg 0.1
Mg 0.2
Mn 0.1
Ni 0.0
Pb 0.7
Sb 0.0
Sr 0.0
TI 0.0
Vv 0.0
Zn 9.5

-115-



-9TT-

Stirring/air supply

Filtration

Appendix Figure 1: CLSM images of At. ferrooxidans ATCC 53993 cells attached to pyrite grains (Pyrite Rom).
Used counterstaining was SYTO®9. Cells were cultivated in MAC medium initial pH1.8,0n orbital shakers (120 rpm)at 28°Cwith 2% pyrite (w/v) under standard

conditions (column 1), daily exchange of cultivation media (column 2), daily filtration (column 3), stirring and air supply (column 4) and under phosphate starvation
(-Pi column 5). Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing iron(ll)ions as energy-source.
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Appendix Figure 2: CLSM images of At. ferrivoran SS3 cells attached to pyrite grains (Pyrite Rom).
Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 2.5, on orbital shakers (120 rpm)at 28°C with 2% pyrite (w/v) under standard

conditions (column 1), daily exchange of cultivation media (column 2), daily filtration (column 3), stirring and air supply (column 4), under phosphate starvation
(-Pi column 5), and reduced amount of pyrite (0.2% column 6; 0.1% column 7). Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated

in MAC medium containing iron(ll) ions as energy-source.
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Appendix Figure 3: CLSM images of At. ferridurans ATCC 33020 cells attached to pyrite grains (Pyrite Rom).

Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 1.8, on orbital shakers (120 rpm)at 28°C with 2% pyrite (w/v) under standard
conditions (column 1), daily exchange of cultivation media (column 2), daily filtration (column 3), stirring and air supply (column 4), phosphate starvation
(-Pi column 5), and reduced amount of pyrite (0.2% column 6; 0.1% column 7). Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated
in MAC medium containing iron(ll) ions as energy-source.
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Appendix Figure 4: Iron oxidation of At. ferrooxidans ATCC 53993 grown with pyrite.
Cells were cultivated in MAC medium initial pH 1.8 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite Rom) under standard conditions

(a), daily filtration (b), stirring and air supply (c), and phosphate starvation (d). Iron was detected by photometric determination of the color development due to
the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.
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Appendix Figure 5 a: Iron oxidation of At. ferrivorans SS3 grown with pyrite.
Cells were cultivated in MAC medium initial pH 2.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite Rom) under standard conditions
(a), daily filtration (b), stirring and air supply (c), phosphate starvation (d), and reduced amount of pyrite (0.2% e; 0.1% f). Iron was detected by photometric
determination of the color development due to the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.
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Appendix Figure 5 b: Iron oxidation of At. ferrivorans SS3 grown with pyrite.

Cells were cultivated in MAC medium initial pH 2.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite Rom) under standard conditions
(a), daily filtration (b), stirring and air supply (c), phosphate starvation (d), and reduced amount of pyrite (0.2% e; 0.1% f). Iron was detected by photometric
determination of the color development due to the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.
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Appendix Figure 6 a: Iron oxidation of At. ferridurans ATCC 33020 grown with pyrite.

Cells were cultivated in MAC medium initial pH 1.8 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite Rom) under standard conditions
(a), daily filtration (b), stirring and air supply (c), phosphate starvation (d), and reduced amount of pyrite (0.2% e; 0.1% f). Iron was detected by photometric
determination of the color development due to the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.
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Appendix Figure 6 b: Iron oxidation of At. ferridurans ATCC 33020 grown with pyrite.

Cells were cultivated in MAC medium initial pH 1.8 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite Rom) under standard conditions
(a), daily filtration (b), stirring and air supply (c), phosphate starvation (d), and reduced amount of pyrite (0.2% e; 0.1% f). Iron was detected by photometric
determination of the color development due to the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.

X1aN3ddvY



4%

Standard 1 mM Glucuronate 1mMPi+1mM
Glucuronate

Appendix Figure 7: CLSM images of At. ferrooxidans ATCC 53993 cells attached to pyrite grains (Pyrite BRGM).

Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 1.8, on orbital shakers (120 rpm)at 28°C with 2% pyrite (w/v) under standard
conditions (column 1), increased phosphate amount (1 mM Pi), supply of 1 mM glucuronate (column 3),and 1 mM Pi+ 1 mM glucuronate (column 4). Images
were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing iron(ll) ions as energy-source.
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Appendix Figure 8: CLSM images of At. ferrivorans SS3 cells attached to pyrite grains (Pyrite BRGM).

Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 2.5, on orbital shakers (120 rpm)at 28°C with 2% pyrite (w/v) under standard
conditions (column 1), increased phosphate amount (1 mM Pi) (column 2), supply of 1 mM glucuronate (column 3),and 1 mM Pi + 1 mM glucuronate (column 4).
Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing iron(ll) ions as energy-source.
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Appendix Figure 9: CLSM images of At. ferridurans ATCC 33020 cells attached to pyrite grains (Pyrite BRGM).

Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 1.8, on orbital shakers (120 rpm)at 28°C with 2% pyrite (w/v) under standard
conditions (column 1), increased phosphate amount (1 mM Pi) (column 2), supply of 1 mM glucuronate (column 3),and 1 mM P; + 1 mM glucuronate (column 4).
Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing iron(ll) ions as energy-source.
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Appendix Figure 10: Iron oxidation of At. ferrooxidans ATCC 53993 grown with pyrite.
Cells were cultivated in MAC medium initial pH 1.8 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite BRGM) under standard
conditions (a), increased phosphate amount (1 mM Pj), supply of 1 mM glucuronate (c), and 1 mM Pi + 1 mM glucuronate (d). Iron was detected by photometric
determination of the color development due to the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.
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Appendix Figure 11: Iron oxidation of At. ferrivorans SS3 grown with pyrite.

Cells were cultivated in MAC medium initial pH 2.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite BRGM) under standard
conditions (a), increased phosphate amount (1 mM Pj), supply of 1 mM glucuronate (c), and 1 mM Pi + 1 mM glucuronate (d). Iron was detected by photometric
determination of the color development due to the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.
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Appendix Figure 12: Iron oxidation of At. ferridurans ATCC 33020 grown with pyrite.
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Cells were cultivated in MAC medium initial pH 1.8 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% pyrite (w/v) (Pyrite BRGM) under standard
conditions (a), increased phosphate amount (1 mM Pj), supply of 1 mM glucuronate (c), and 1 mM Pi + 1 mM glucuronate (d). Iron was detected by photometric
determination of the color development due to the reaction of iron with 1,10-phenanthrolin (492 nm) according to DIN 38406-1. Standard deviation from n=9.
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Appendix Figure 13: CLSM images of At. ferrooxidans ATCC 53993 cells attached to chalcopyrite grains.

Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 1.5, on orbital shakers (120 rpm)at 28°C with 2% chalcopyrite (w/v) under
standard conditions (column 1), pregrown on chalcopyrite (column 2), 1 mM phosphate + 1 mM glucuronate (column 3), 1 mM phosphate + 1 mM Fecls(column
4), and 1 mM P; + 20 mM citrate (column 5). Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing iron(ll)
ions as energy-source.
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Appendix Figure 14: CLSM images of At. ferrivorans SS3 cells attached to chalcopyrite grains.
Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 1.5, on orbital shakers (120 rpm)at 28°C with 2% chalcopyrite (w/v) under

standard conditions (column 1), pregrown on chalcopyrite (column 2), 1 mM phosphate + 1 mM glucuronate (column 3), 1 mM phosphate + 1 mM Fecls(column
4), and 1 mM Pi + 20 mM citrate (column 5). Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing iron(ll)

ions as energy-source.
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Appendix Figure 15: CLSM images of At. ferridur

ans ATCC 33020 cells attached to chalcopyrite grains.
Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 1.5, on orbital shakers (120 rpm)at 28°C with 2% chalcopyrite (w/v) under
standard conditions (column 1), pregrown on chalcopyrite (column 2), 1 mM phosphate + 1 mM glucuronate (column 3), 1 mM phosphate + 1 mM Fecls(column
4), and 1 mM Pi + 20 mM citrate (column 5). Images were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing iron(ll)
ions as energy-source.
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Appendix Figure 16 a: Copper oxidation of At. ferrooxidans ATCC 53993 grown on chalcopyrite.
Cells were cultivated in MAC medium initial pH 1.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% chalcopyrite (w/v) under standard conditions (a),
pregrown on chalcopyrite (b), 1 mM phosphate + 1 mM glucuronate (c), 1 mM glucuronate + 1 mM Fecls(d), and 20 mM citrate (e). Copper was detected by

photometric determination of the color development due to the reaction of copper with bicinchoninic acid (562 nm) according to Anwar et al. (2000). Standard
deviation from n=9.
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Appendix Figure 16 b: Copper oxidation of At. ferrooxidans ATCC 53993 grown on chalcopyrite.
Cells were cultivated in MAC medium initial pH 1.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% chalcopyrite (w/v) under standard conditions (a),
pregrown on chalcopyrite (b), 1 mM phosphate + 1 mM glucuronate (c), 1 mM glucuronate + 1 mM Fecls(d), and 20 mM citrate (e). Copper was detected by

photometric determination of the color development, due to the reaction of copper with bicinchoninic acid (562 nm) according to Anwar et al. (2000). Standard
deviation from n=9.
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Appendix Figure 17 a: Copper oxidation of At. ferrivorans SS3 grown on chalcopyrite.
Cells were cultivated in MAC medium initial pH 1.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% chalcopyrite (w/v) under standard conditions (a),
pregrown on chalcopyrite (b), 1 mM phosphate + 1 mM glucuronate (c), 1 mM glucuronate + 1 mM Fecls(d), and 20 mM citrate (e). Copper was detected by
photometric determination of the color development due to the reaction of copper with bicinchoninic acid (562 nm) according to Anwar et al. (2000). Standard

deviation from n=9.
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Appendix Figure 17 b: Copper oxidation of At. ferrivorans SS3 grown on chalcopyrite.
Cells were cultivated in MAC medium initial pH 1.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% chalcopyrite (w/v) under standard conditions (a),
pregrown on chalcopyrite (b), 1 mM phosphate + 1 mM glucuronate (c), 1 mM glucuronate + 1 mM Feclz(d), and 20 mM citrate (e). Copper was detected by

photometric determination of the color development due to the reaction of copper with bicinchoninic acid (562 nm) according to Anwar et al. (2000). Standard
deviation from n=9.
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Appendix Figure 18 a: Copper oxidation of At. ferridurans ATCC 33020 grown on chalcopyrite.

Cells were cultivated in MAC medium initial pH 1.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% chalcopyrite (w/v) under standard conditions (a),
pregrown on chalcopyrite (b), 1 mM phosphate + 1 mM glucuronate (c), 1 mM glucuronate + 1 mM Fecls(d), and 20 mM citrate (e). Copper was detected by
photometric determination of the color development due to the reaction of copper with bicinchoninic acid (562 nm) according to Anwar et al. (2000). Standard

deviation from n=9.
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Appendix Figure 18 b: Copper oxidation of At. ferridurans ATCC 33020 grown on chalcopyrite.
Cells were cultivated in MAC medium initial pH 1.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% chalcopyrite (w/v) under standard conditions (a),
pregrown on chalcopyrite (b), 1 mM phosphate + 1 mM glucuronate (c), 1 mM glucuronate + 1 mM Fecls(d), and 20 mM citrate (e). Copper was detected by

photometric determination of the color development due to the reaction of copper with bicinchoninic acid (562 nm) according to Anwar et al. (2000). Standard
deviation from n=9.
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Appendix Figure 19: CLSM images of At. ferrooxidans ATCC 53993 (column 1,2), At ferrivorans SS3 (column 3,4) and At. ferridurans ATCC 33020 cells (5, 6)

attached to sphalerite grains.
Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 1.5, on orbital shakers (120 rpm) at 28°C with 2% sphalerite (w/v) under standard

conditions (column 1, 3, 5), and 1 mM phosphate + 1 mM glucuronate (column 2, 4,6). Images were taken after 1, 7 and 14 days of cultivation, strains were
precultivated in MAC medium containing iron(ll) ions as energy-source.
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Appendix Figure 20: Zinc oxidation of At. ferrooxidans ATCC 53993 (a), At. ferrivorans SS3 (b) and At. ferridurans ATCC 33020 (c) grown with sphalerite.

Cells were cultivated in MAC medium initial pH 1.5 for 14 days, on orbital shakers (120 rpm) at 28°C with 2% sphalerite (w/v) under standard conditions and
1 mM phosphate + 1 mM glucuronate. Zinc was detected by by flame atomic absorption spectrometry, with a zinc hollow cathode lamp (213.9 nm). Standard
deviation from n=9.

X1aN3ddvY




“TvT-

Standard 1 mM Pi 1 mM Pi+ mc

Appendix Figure 21: CLSM images of At. ferrooxidans ATCC 53993 cells attached to sulfur coupons.

Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 3.0, on orbital shakers (120 rpm) at 28°C with 5% sulfur (w/v) under standard
conditions (column 1), increased phosphate (1 mM Pi) (column 2), and 1 mM phosphate with exchange of the cultivation media every 4" day (column 3). Images
were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing sulfur as energy-source.
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Appendix Figure 22: CLSM images of At. ferrivorans SS3 cells attached to sulfur cupons.
Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 3.0, on orbital shakers (120 rpm) at 28°C with 5% sulfur (w/v) under standard

conditions (column 1), increased phosphate (1 mM P;) (column 2), and 1 mM phosphate with exchange of the cultivation media every 4™ day (column 3). Images
were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing sulfur as energy-source.
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Appendix Figure 23: CLSM images of At. ferridurans ATCC 33020 cells attached to sulfur coupons.
Used counterstaining SYTO®9. Cells were cultivated in MAC medium initial pH 3.0, on orbital shakers (120 rpm) at 28°C with 5% sulfur (w/v) under standard
conditions (column 1), increased phosphate (1 mM P;) (column 2), and 1 mM phosphate with exchange of the cultivation media every 4™ day (column 3). Images
were taken after 1, 7 and 14 days of cultivation, strains were precultivated in MAC medium containing sulfur as energy-source.
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Appendix Figure 24: Sulfate production of At. ferrooxidans ATCC 53993 grown with elemental sulfur.
Cells were cultivated in MAC medium initial pH 3.0 for 14 days, on orbital shakers (120 rpm) at 28°C with 5% sulfur (w/v)under standard conditions (a) and
1 mM phosphate with exchange of the cultivation media every 4™ day (b). Sulfate was detected by IC measurements. Standard deviation from n=6.
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Appendix Figure 25: Sulfate production of At. ferrivorans SS3 grown with elemental sulfur.
Cells were cultivated in MAC medium initial pH 3.0 for 14 days, on orbital shakers (120 rpm) at 28°C with 5% sulfur (w/v)under standard conditions (a) and
1 mM phosphate with exchange of the cultivation media every 4™ day (b). Sulfate was detected by IC measurements. Standard deviation from n=6.
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Appendix Figure 26: Sulfate production of At. ferridurans ATCC 33020 grown with elemental sulfur.

Cells were cultivated in MAC medium initial pH 3.0 for 14 days, on orbital shakers (120 rpm) at 28°C with 5% sulfur (w/v) under standard conditions (a) and
1 mM phosphate with exchange of the cultivation media every 4™ day (b). Sulfate was detected by IC measurements. Standard deviation from n=6.
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Appendix Figure 27: Visualization of lectin screening on pyrite. Cells, stained with FITC conjugated lectins, of At. ferrooxidans ATCC 53993 (GS-I, GS-II, BPS),
At. ferrivorans SS3 (GS-I, GS-1l, BPA and WGA) and At. ferridurans ATCC 33020 (GS-I, GS-Il, BPA), Sypro®Red used as counterstaining and mineral surface
were recorded by using the CLSM in reflection mode, merged cannels. Cultures were investigated between the 7" and 12" day of cultivation. Size-bar represents
10 um. Lectin screening was performed after optimization of cultivation conditions (chapter 4.3). n=4.
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Appendix Figure 28: Visualization of lectin screening on chalcopyrite. Cells, stained with FITC conjugated lectins, of At. ferrooxidans ATCC 53993 (ConA, MPA,
GS-1 and GS-ll), At. ferrivorans SS3 (ConA, MPA, GS-lI and GS-ll) and At. ferridurans ATCC 33020 (ConA, MPA, GS-I and GS-Il), Sypro®Red used as
counterstaining and mineral surface were recorded by using the CLSM in reflection mode, merged cannels. Cultures were investigated between the 7" and 12t
day of cultivation. Size-bar represents 10 um. Lectin screening was performed after optimization of cultivation conditions (chapter 4.3). n=4.
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Appendix Figure 29: Visualization of lectin screening on chalcopyrite. Cells, stained with FITC conjugated lectins, of At. ferrooxidans ATCC 53993 (BPA, DBA
and UEA-I), At. ferrivorans SS3 (BPA,WGA and LPA) and At. ferridurans ATCC 33020 (BPA, WGA, UEA-I and LPA), Sypro®Red used as counterstaining and
mineral surface were recorded by using the CLSM in reflection mode, merged cannels. Cultures were investigated between the 71" and 12" day of cultivation.
Size-bar represents 10 um. Lectin screening was performed after optimization of cultivation conditions (chapter 4.3). n=4.
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Appendix Figure 30: Visualization of lectin screening on sphalerite. Cells, stained with FITC conjugated lectins, of At. ferrooxidans ATCC 53993 (MPA, UEA-I,
SBA and PNA), At. ferrivorans SS3 (MPA, UEA-I, SBA and PNA) and At. ferridurans ATCC 33020 (MPA, GS-I, BPA), Sypro®Red used as counterstaining and
mineral surface were recorded by using the CLSM in reflection mode, merged cannels. Cultures were investigated between the 71" and 12" day of cultivation.
Size-bar represents 10 um. Lectin screening was performed after optimization of cultivation conditions (chapter 4.3). n=4.
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Appendix Figure 31: Visualization of lectin screening on sulfur. Cells, stained with FITC conjugated lectins, of At. ferrooxidans ATCC 53993 (WGA and LPA),
At. ferrivorans SS3 (WGA, LPA, BPA and ConA) and At. ferridurans ATCC 33020 (WGA, LPA and BPA), Sypro®Red used as counterstaining and mineral surface
were recorded by using the CLSM in reflection mode, merged cannels. Cultures were investigated between the 28" and 30™ day of cultivation. Size-bar
represents 10 um. Lectin screening was performed after optimization of cultivation conditions (chapter 4.3). n=4.
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APPENDIX

Appendix Table 5: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the BP of At ferrooxidans ATCC 53993,
grown on pyrite, extracted with CER. Groups without proteins with predicted export signals were
deleted from this summary. (n=2).

COGs SecP LipoP SignalP Tat

Energy production and conversion 2 3 1 5

Amino Acid metabolism and transport 1 1

Carbohydrate metabolism and transport 1 1

Translation

Transcription

Replication and repair

Cell wall/membrane/envelop biogenesis

Post-translational modification, protein
turnover, chaperone functions

Inorganic ion transport and metabolism

Function Unknown

Clw|T] O |[IZ|IrIR|«|Om]|O

Intracellular trafficking and secretion
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NG P P LN

Not in COGs

Appendix Table 6: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At ferrooxidans ATCC 53993,
grown on pyrite, extracted with CER. Groups without proteins with predicted export signals were
deleted from this summary. (n=2).

COGs SecP LipoP SignalP Tat
C Energy production and conversion 9 6 3 12
D Cell cycle control and mitosis 1
E Amino Acid metabolism and transport 1 4
F Nucleotide metabolism and transport 1
G Carbohydrate metabolism and transport 1 1 5
H Coenzyme metabolism 3
I Lipid metabolism 3 2 2
J Translation 15 2 1 16
K Transcription 2
L Replication and repair 2 1
M Cell wall/membrane/envelop biogenesis 11 16 11 6
N Cell motility 2 1 1
o Post-translational modification., protein 5 3 1 5
turnover, chaperone functions
P Inorganic ion transport and metabolism 13 12 10 7
Q Secondary metabolites bios_;ynthesis, 1 > 5 >
transport and catabolism

R General Functional Prediction only 3 3 3 1
S Function Unknown 5 5 5 5
T Signal Transduction 1
U Intracellular trafficking and secretion 1 2 1

Not in COGs 31 36 28 18
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Appendix Table 7: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At ferrooxidans ATCC 53993,
grown on chalcopyrite, extracted with CER. Groups without proteins with predicted export signals were
deleted from this summary. (n=2).

COGs SecP LipoP SignalP Tat
C Energy production and conversion 9 6 1 12
D Cell cycle control and mitosis 1
E Amino Acid metabolism and transport 1 5
F Nucleotide metabolism and transport 1 2
G Carbohydrate metabolism and transport 1 4
H Coenzyme metabolism 2
| Lipid metabolism 3 2 1
J Translation 15 1 13
K Transcription 2
L Replication and repair 2 1
M  Cell wall/membrane/envelop biogenesis 9 14 8 4
N Cell motility 1 1
o Post-translational modification., protein 6 5 2 5
turnover, chaperone functions
P Inorganic ion transport and metabolism 11 11 10 6
Q Secondary metabolites biosynthesis, 1 5 5 >
transport and catabolism

R General Functional Prediction only 3 3 3 1
S Function Unknown 8 7 5 6
T Signal Transduction 1
U Intracellular trafficking and secretion 2 22 1 1
\Y Defense mechanisms 1 1

Not in COGs 27 31 22 15
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Appendix Table 8: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At ferrooxidans ATCC 53993,
grown on sphalerite, extracted with CER. Groups without proteins with predicted export signals were
deleted from this summary. (n=2).

COGs SecP LipoP SignalP Tat
C Energy production and conversion 10 8 2 15
D Cell cycle control and mitosis 1 1 2
E  Amino Acid metabolism and transport 3 6
F Nucleotide metabolism and transport 1 2
G Carbohydrate metabolism and transport 2 4
H Coenzyme metabolism 3
I Lipid metabolism 3 2 2 2
J Translation 15 1 16
K Transcription 2 1
L Replication and repair 2 1
M Cell walllmembrane/envelop biogenesis 10 15 9 5
N Cell motility 2 1
o Post-translational modification_, protein 5 3 5 4
turnover, chaperone functions
P Inorganic ion transport and metabolism 12 11 11 7
Q Secondary metabolites bios_ynthesis, 1 4 3 4
transport and catabolism

R General Functional Prediction only 3 3 3 2
S Function Unknown 8 8 6 6
T Signal Transduction 3
U Intracellular trafficking and secretion 1 1 1

Not in COGs 37 42 29 19
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Appendix Table 9: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At ferrooxidans ATCC 53993,
grown on sulfur, extracted with CER. Groups without proteins with predicted export signals were
deleted from this summary. (n=2).

COGs SecP LipoP SignalP Tat

C Energy production and conversion 4 2 1 6
D Cell cycle control and mitosis 1
E  Amino Acid metabolism and transport 1 4
F Nucleotide metabolism and transport 1 1
G Carbohydrate metabolism and transport 1 3
H Coenzyme metabolism 1
I Lipid metabolism 3 2 1 1
J Translation 7 5
K Transcription 2

L Replication and repair 1

M Cell walllmembrane/envelop biogenesis 6 10 5 4
N Cell motility 1 1

o Post-translational modification., protein 4 3 5 5

turnover, chaperone functions
P Inorganic ion transport and metabolism 12 12 11 4
Q Secondary metabolites bios_ynthesis, 1
transport and catabolism
R General Functional Prediction only 2 2 2 1
S Function Unknown 4 4 2 1
T Signal Transduction 1
U Intracellular trafficking and secretion 2 2 1 1
\Y Defense mechanisms 1 1
Not in COGs 21 26 17 12
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Appendix Table 10: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the BP of At ferrooxidans ATCC 53993,
grown on sulfur, extracted with CER. Groups without proteins with predicted export signals were
deleted from this summary. (n=2).

COGs SecP LipoP SignalP Tat
C Energy production and conversion 6 5 1 9
D Cell cycle control and mitosis 2 1 2
E  Amino Acid metabolism and transport 4 4
F Nucleotide metabolism and transport 1 2
G Carbohydrate metabolism and transport 2 3
H Coenzyme metabolism 1 3
I Lipid metabolism 3 2 2 2
J Translation 12 1 12
K Transcription 2 1
L Replication and repair 2
M Cell walllmembrane/envelop biogenesis 14 19 12 9
N Cell motility 2 1
o Post-translational modification_, protein 6 5 5 3
turnover, chaperone functions
P Inorganic ion transport and metabolism 11 11 11 8
Q Secondary metabolites bios_ynthesis, 5 5 > 5
transport and catabolism

R General Functional Prediction only 4 5 5 3
S Function Unknown 9 5 3 6
T Signal Transduction 2
U Intracellular trafficking and secretion 3 3 2 2
\Y Defense mechanisms 1 4 1

Not in COGs 31 25 21 24
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Appendix Table 11: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the BP of At. ferrivorans SS3, grown on
pyrite, extracted with CER. Groups without proteins with predicted export signals were deleted from
this summary. (n=2).

COGs SecP LipoP SignalP Tat

Energy production and conversion 1

Cell cycle control and mitosis

Amino Acid metabolism and transport

Nucleotide metabolism and transport 1

Carbohydrate metabolism and transport 1

Coenzyme metabolism 1

Translation 10

Replication and repair

Cell walll/membrane/envelop biogenesis

Post-translational modification, protein
turnover, chaperone functions

Inorganic ion transport and metabolism

Secondary metabolites biosynthesis,
transport and catabolism
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Appendix Table 12: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At. ferrivorans SS3, grown on
pyrite ,extracted with CER. Groups without proteins with predicted export signals were deleted from
this summary. (n=2).

SecP LipoP SignalP Tat
C Energy production and conversion 1 1 1 1
G Carbohydrate metabolism and transport 1
J Translation 7 5
K Transcription 1
L Replication and repair 1
M  Cell wall/membrane/envelop biogenesis 4 3 3 1
o Post-translational modification_, protein 1 1 1 1
turnover, chaperone functions

P Inorganic ion transport and metabolism 4 4 3 1
S Function Unknown 1 1 1
T Signal Transduction

Not in COGs 5 5 5 5
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Appendix Table 13: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At. ferrivorans SS3, grown on
chalcopyrite, extracted with CER. Groups without proteins with predicted export signals were deleted
from this summary. (n=2).

COGs SecP LipoP SignalP Tat
C Energy production and conversion 1 2
E  Amino Acid metabolism and transport 1
G Carbohydrate metabolism and transport 1
J Translation 8 6
K Transcription 1
L Replication and repair 1 1
M  Cell wall/membrane/envelop biogenesis 1 3
o Post-translational modification_, protein 1 1 1 1
turnover, chaperone functions

P Inorganic ion transport and metabolism 1 1
S Function Unknown 1 1

Not in COGs 2 1 1 2

Appendix Table 14: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At. ferrivorans SS3, grown on
sphalerite, extracted with CER. Groups without proteins with predicted export signals were deleted
from this summary. (n=2).

COGs SecP LipoP SignhalP Tat

Energy production and conversion 1

Cell cycle control and mitosis

Amino Acid metabolism and transport

Carbohydrate metabolism and transport 1

Coenzyme metabolism

IR R G R ES

[iny
N

Translation

Transcription

Replication and repair

Cell wall/membrane/envelop biogenesis

Post-translational modification, protein
turnover, chaperone functions

Inorganic ion transport and metabolism

Secondary metabolites biosynthesis,
transport and catabolism
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Appendix Table 15: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the BP of At. ferrivorans SS3, grown on
sulfur, extracted with CER. Groups without proteins with predicted export signals were deleted from
this summary. (n=2).

COGs SecP LipoP SignalP Tat
C Energy production and conversion 2 4
D Cell cycle control and mitosis 1
E  Amino Acid metabolism and transport 1 3
F Nucleotide metabolism and transport 2 1 2
G Carbohydrate metabolism and transport 1 1
H Coenzyme metabolism 2
I Lipid metabolism 1 1 1
J Translation 12 8
K Transcription 1
L Replication and repair 2 1
M Cell walllmembrane/envelop biogenesis 2 2 2 1
o Post-translational modification', protein 4 4 > 3
turnover, chaperone functions
P Inorganic ion transport and metabolism 6 7 6 3
Q Secondary metabolites biosynthesis, 1 1 1
transport and catabolism

R General Functional Prediction only 1
S Function Unknown 5 4 3
U Intracellular trafficking and secretion 1 1 1 1

Not in COGs 18 17 13 8

Appendix Table 16: Summary of predicted putative export signals by the use of the algorithms
SecretomeP, LipoP, SignalP, and Tat, of the EPS proteins of the PP of At. ferrivorans SS3, grown on
sulfur, extracted with CER. Groups without proteins with predicted export signals were deleted from
this summary. (n=2).

COGs SecP LipoP SighalP Tat
P Inorganic ion transport and metabolism 1 1 1 1
Not in COGs 2 2 2 1
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Before extraction After extraction

/ tﬂlérrivorans

At. ferrooxidans

/'/

Appendix Figure 32: CLSM image of At. ferrivorans and At. ferrooxidans attached to pyrite grains
before and after extraction, stained with SYTO®9.

Cultivated with MAC medium (initial pH 1.8 respectively 2.5), 28°C and 2% pyrite (w/v), 1 mM Pi, 1 mM
glucuronate after 7 days of cultivation.
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