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Summary 
 

Free-living and (ecto)-mycorrhizal fungi enhance rock weathering. In their roles as mineral 

weathering agents and mutualistic partners of phototrophs, fungi supply primary producers like 

plants and phototrophic microorganisms with mineral-derived nutrients. The exact 

mechanisms behind fungus-induced mineral weathering processes are however not well 

understood. Progress can be achieved here by reproducible experimental simulations of the 

natural processes, using well-characterised model organisms and minerals.  

 

In this study, the weathering-affecting, rock-inhabiting fungus, Knufia petricola A95 and the Fe-

bearing olivine (Fe0.2Mg1.8SiO4) were selected to investigate fungi-induced effects on mineral 

dissolution. The availability of a melanin-deficient mutant (ΔKppks) of K. petricola A95, that 

produced more extracellular polymeric substances (EPS) than the wild type (WT), enabled 

comparative studies of the role of melanin and EPS in weathering processes.  

 

Three experimental systems, which generate long-term microbiological stability, were 

developed to study the impact of the WT and ΔKppks on olivine weathering: (1) batch and (2) 

mixed flow dissolution experiments, and (3) biofilm cultivation experiments. In addition, state-

of-the-art analytical techniques were used to monitor changes in the growth medium, as well 

as of the mineral surface and biofilm-mineral interface.   

 

Inductively coupled plasma optical emission spectrometry (ICP-OES) analysis of the Mg, Si 

and Fe concentrations in the reacted growth medium was used to quantify olivine dissolution. 

In abiotic controls, Mg and Si dissolved congruently, while Fe precipitated. The measured 

olivine dissolution rates at pH 6 were two orders of magnitude lower than previously reported, 

but similar at acidic pH. X-ray photoelectron spectroscopy (XPS) analyses of the olivine surface 

confirmed the presence of Fe (oxyhydr)oxide precipitates. Transmission electron microscopy 

(TEM) imaging of an abiotically reacted polished olivine section from the long-term cultivation 

experiment showed the presence of an amorphous layer enriched in Fe. All these observations 

indicate that the precipitation of Fe (oxyhydr)oxides on the olivine surface inhibits olivine 

dissolution.  

 

Both tested rock-inhabiting fungal strains affect Fe precipitation as well as olivine dissolution. 

Evaluation of the WT and ΔKppks revealed that the WT formed less biomass but could take 

up higher amounts of metals (e.g. Fe) and was more efficient in its attachment to olivine. The 

WT and ΔKppks enhanced olivine dissolution as demonstrated by higher Mg and Si 

concentration in the reacted growth medium. They furthermore prevented Fe precipitation by 

binding Fe and retaining it in solution, thereby allowing olivine dissolution to proceed. The WT 
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cells that were attached to the olivine surface were particularly efficient at inhibiting Fe 

precipitation. By binding Fe directly at the olivine surface, the WT cells removed the inhibition 

of olivine dissolution almost completely. TEM analysis of polished olivine sections, colonised 

by a fungal biofilm for seven months, supported this hypothesis. After long-term fungus-olivine 

interaction, the Fe-enriched, amorphous layer did not develop, and the olivine surface was 

stronger etched compared to the abiotic control.  

 

To study the effect of mutualism on mineral weathering, K. petricola was grown with the 

cyanobacterium, Nostoc punctiforme ATCC 29133. Both partners showed an enhanced growth 

and formed a stratified biofilm which attached more strongly to olivine. Nevertheless, the olivine 

dissolution rate of the fungus-cyanobacterium consortium was moderate.  

 

Rock weathering simulation systems developed here are promising research instruments. The 

experimental conditions allow for the alteration of the studied mineral surface, while the clear 

definition of these conditions delivers a stable growth of microorganisms. The latter makes 

these systems universally applicable, especially in combination with integrative 

multidisciplinary analytics. Processes underlying environmental and biological effects on rock 

weathering, metal corrosion, plastic degradation, or the deterioration of any other substrate 

can be studied reproducibly and over a long period of time. The chemical and biological 

complexity of these simulation systems mimics natural rock weathering processes. The 

mineral dissolution rates generated in this study are therefore relevant to natural ecosystems. 
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Zusammenfassung 
 

Sowohl freilebende als auch Ektomykorrhiza-Pilze können die Verwitterung von Mineralien 

maßgeblich verstärken. In ihrer Rolle als heterotrophe Partner mutualistischer Symbiosen 

können die gesteinsverwitternden Organismen Nährstoffe aus der Verwitterung von Mineralien 

gewinnen und sie den phototrophen Mikroorganismen oder Pflanzen zur Verfügung zu stellen. 

Die exakten Mechanismen der durch Pilze induzierten Verwitterungsprozesse sind jedoch 

bisher nicht vollständig geklärt. Reproduzierbare, experimentelle Simulationen der natürlichen 

Prozesse, unter der Verwendung gut charakterisierter Modellmikroorganismen und Mineralien, 

können ein genaueres Verständnis der zugrundeliegenden Mechanismen ermöglichen.  

 

Um pilz-induzierte Verwitterungsprozesse zu untersuchen, wurden in dieser Arbeit der 

verwitterungsbeeinflussende, gesteinsbewachsende Pilz Knufia petricola A95 und das Fe-

enthaltende Mineral Olivin (Fe0.2Mg1.8SiO4) ausgewählt. Eine Melanin-defiziente K. petricola 

Mutante (ΔKppks) mit einer, verglichen mit dem Wildtyp (WT), höheren Produktion 

extrazellulärer polymerer Substanzen (EPS) wurde genutzt, um die Auswirkung von Melanin 

und den EPS auf die Verwitterungsprozesse zu untersuchen.  

 

Drei experimentelle Systeme, welche langfristige mikrobiologische Stabilität ermöglichen, 

wurden entwickelt, um die Auswirkung des WT und der ΔKppks Mutante auf die Verwitterung 

von Olivin zu untersuchen: (1) Batch- und (2) Mixed-flow-Auflösungsexperimente sowie (3) 

Biofilm-Kultivierungsexperimente. Außerdem wurden Veränderungen im Wachstumsmedium, 

auf der Mineral-Oberfläche und an der Schnittstelle zwischen Biofilm und Mineral mit 

aktuellsten Analysetechniken untersucht. 

 

Die Analyse der Mg-, Si- und Fe-Konzentrationen aus den Kulturüberständen mittels optischer 

Emissionsspektrometrie mit induktiv gekoppeltem Plasma (ICP-OES) wurde genutzt, um die 

Auflösungskinetik von Olivin zu quantifizieren. In den abiotischen Kontrollen lösten sich Mg 

und Si gleichermaßen auf, wohingegen Fe präzipitierte. Die gemessenen Olivin-

Auflösungsraten lagen bei einem pH-Wert von 6, zwei Größenordnungen unter den bisher 

veröffentlichten Raten. Bei einem sauren pH-Wert waren sie vergleichbar. Untersuchungen 

der Olivin-Oberfläche mit Röntgenelektronenspektroskopie (XPS) bestätigten die Anwesenheit 

von Fe-(Hydroxid)oxid-Präzipitaten. Die Bildgebung eines unter abiotischen Bedingungen 

inkubierten, polierten Olivin-Schnitts aus den Langzeit-Kultivierungsexperimenten mittels 

Transmissionselektronenmikroskopie (TEM) zeigte darüber hinaus eine amorphe, mit Fe 

angereicherte Schicht. Diese Ergebnisse deuten darauf hin, dass die Ausfällung von Fe-

(Hydroxid)oxide auf der Olivin-Oberfläche die Auflösung des Olivins verhindert.  
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Die untersuchten, gesteinsbewachsenden Pilz-Stämme beeinflussen sowohl die Fe-Fällung 

als auch die Olivin-Auflösung. Die vergleichende Untersuchung des WT und der ΔKppks 

Mutante ergab, dass der Wildtyp weniger Biomasse produzierte, dabei jedoch eine größere 

Menge Metalle (z. B. Fe) binden konnte und eine bessere Anhaftung an Olivin zeigte. Sowohl 

der WT als auch die ΔKppks Mutante erhöhten die Olivin-Auflösung, was durch eine höhere 

Konzentration von Mg und Si im Wachstumsmedium deutlich wurde. In den biotischen 

Auflösungsexperimenten konnten sowohl der Wildtyp als auch die ΔKppks Mutante 

signifikante Mengen Fe binden und so die Bildung von Fe-(Hydroxid)oxid-Präzipitaten 

verhindern. Durch die direkte Fe-Bindung an der Olivin-Oberfläche konnten die Zellen des WT 

die Inhibierung der Olivin-Auflösung fast vollständig aufheben. Die Analyse der polierten 

Olivin-Schnitte, welche über sieben Monate durch einen Pilzbiofilm bewachsen waren, 

unterstützen diese Hypothese. Nach dem über einen langen Zeitraum bestehenden Pilz-

Olivin-Kontakt entstand auf der Oberfläche des kristallinen Olivins keine Fe-angereicherte, 

amorphe Schicht. Jedoch war die Oberfläche unter biotischen Kulturbedingungen stärker 

angegriffen im Vergleich zu der abiotischen Kontrolle.  

 

Für die Untersuchung des Effektes von Mutualismus auf die Mineralverwitterung wurde K. 

petricola außerdem zusammen mit dem Cyanobakterium Nostoc punctiforme ATCC 29133 

kultiviert. Beide Organismen zeigten bei gemeinsamer Kultivierung ein verbessertes 

Wachstum und eine verstärkte Anhaftung an Olivin, wobei der ausgebildete Biofilm eine 

Schichtung aufwies. Die Olivin-Auflösungsrate bei gemeinsamer Kultivierung lag jedoch im 

durchschnittlichen Bereich.  

 

Die in dieser Arbeit entwickelten Simulationssysteme für Gesteinsverwitterung sind 

vielversprechende Forschungsinstrumente. Die experimentellen Bedingungen erlauben die 

Veränderung der untersuchten Mineraloberfläche, während die klare Definition dieser 

Bedingungen ein stabiles Wachstum von Mikroorganismen ermöglicht. Letzteres macht diese 

Systeme universell einsetzbar, insbesondere in Kombination mit multidisziplinärer Analytik. 

Prozesse, welche den biologischen Auswirkungen auf Gesteinswitterung, Metallkorrosion, 

Plastik-Degradation oder dem Abbau anderer Substrate zugrunde liegen, können 

reproduzierbar und über einen langen Zeitraum untersucht werden. Die chemische und 

biologische Komplexität dieser Simulationssysteme ahmt natürliche Verwitterungsprozesse 

des Gesteins nach. Die in dieser Studie erzeugten Mineralauflösungsraten sind daher für 

natürliche Ökosysteme relevant. 
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Introduction 

 

 

 

 

This experimental study addresses bioweathering and more specifically the interactions 

between rock-inhabiting fungi and olivine. In what way does the organism alter the mineral and 

how does this mineral substrate support the organism? In this introductory chapter the 

geochemical aspects of mineral weathering are explained first with a focus on the nesosilicate 

olivine. The second part describes rock-inhabiting fungi and subaerial biofilms in general. The 

model organisms used in this study are presented together with some of their weathering-

affecting compounds. The third part explains the ways in which microorganisms interact with 

their mineral substratum and the biological weathering mechanisms which contribute to them. 

The fourth part focusses on experimental methods: field experiments are compared with 

laboratory experiments and some issues regarding the experimental simulation of natural 

processes are given. The goal of this study is described in the final part.  

 

 

 

1.1. Mineral weathering 

 
1.1.1. Introduction 

 

Minerals are usually defined as inorganic chemical compounds with a defined chemical 

composition and a structure (Ehrlich and Newman, 2009). Although these compounds had to 

be crystalline and of geological origin to be considered a mineral (Nickel, 1995), recently also 

amorphous and biogeochemical compounds are defined as minerals (Ehrlich and Newman, 

2009). An inorganic aggregate of various minerals is defined as a rock (Ehrlich and Newman, 

2009). 

 
Minerals can be liable to weathering, a term for which there are multiple, varying definitions 

(Hall et al., 2012). The most common one comes from Chorley et al., (1984):  

 

Weathering represents the response of minerals which were in equilibrium 

at a variety of depths within the lithosphere to conditions at or near the 

earth-atmosphere interface. Here they are in contact with the atmosphere, 

hydrosphere and biosphere giving rise to their largely irreversible change to 

a more clastic or plastic state, involving increases in bulk, decreases in 
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density and particle size, and in the production of new minerals which are 

more stable under the interface conditions.*   

 
Therefore, the impact of physical, chemical and biological processes on minerals are included 

in the term weathering. Hall et al., (2012) elaborated by subdividing weathering in a bipartite 

manner: chemical and physical (i.e. mechanical) weathering; with a central role for biological 

weathering (which encompasses both physical/mechanical and chemical weathering, see 

chapter 1.3). Mechanical and chemical weathering are mostly quantified by measuring the flux 

of suspended and dissolved materials, respectively (Gislason et al., 2007). As this study 

focusses on far-from-equilibrium chemical weathering, the flux of atoms from the mineral into 

solution (i.e. the dissolution of the mineral) is quantified.  

 

Rock weathering, and more specifically the rates of mineral dissolution, have an impact on 

various processes. The type of rock and its dissolution rate control the elemental fluxes to the 

soil, surface waters and ocean. The chemistry of surface waters is largely dependent on 

weathering (Stefansson and Gislason, 2001) and weathering has a direct contribution to 

pedogenesis, controlling soil fertility (Sommer et al., 2006; Wang et al., 1999). The atmospheric 

CO2 content and therefore Earth’s climate are controlled to a large extent by weathering of 

carbonates and silicates (Dupre et al., 2003; Liu et al., 2011; Macdonald, 2019). Moreover, the 

weatherability of the bedrock is linked to the porosity and permeability of aquifers and vadose 

zones (Langston et al., 2011; Worthington et al., 2016). The implications of rock weathering 

regarding olivine specifically are given in chapter 1.1.3.1, while its significance for biological 

fields are introduced in chapter 1.3.3.  

 

 

1.1.2. Physicochemical weathering mechanisms 

 

A short summary of different abiotic physical and chemical weathering mechanisms is given 

here. Note that it is focussed on far-from-equilibrium mechanisms as this is more relevant to 

this study.  

 

 

 

                                                
* Some more definitions. The lithosphere is the outermost shell of the Earth, it includes the crust and the uppermost 

mantle and is circa 50-250 km thick (Pasyanos et al., 2010). Clastic rock refers to rock being composed of fragments 

(clasts) of older, weathered minerals/rock. It comprises mostly sedimentary rock (Meng et al., 2006). A rock in a 

plastic state has been deformed by stress beyond its elastic limit into a different shape without being broken apart 

(Seyfert, 1987).  
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1.1.2.1. Physical weathering mechanisms 

 

Mechanical or physical weathering involves the breakdown of rock into particles which do not 

directly dissolve. This covers a wide range of processes (Ehrlich and Newman, 2009). Freeze-

thawing of water causes cracks in rock to widen. Sandblasting by wind works abrasively on 

rock. Increasing and decreasing temperatures by, for instance, day-night cycles, cause 

expansion and contraction of rock. Seismic activity works on a larger scale and causes rock to 

break into pieces. And finally, evaporation of water inside cracks generate the formation of 

crystals which exert a pressure on the crack-walls and widen the opening. 

 

 

1.1.2.2. Chemical weathering mechanisms 

 

Chemical weathering entails the reaction of the mineral with chemical compounds like protons, 

hydroxyls, water, CO2, dissolved cations and anions, and a range of organic ligands and acids, 

causing the mineral to dissolve (Brantley, 2008). With regard to silicate minerals, protons work 

through hydrolysis. The proton binds to bridging oxygens, polarising and thus weakening the 

metal-oxygen bond, enabling the release of the metal and dissolution of the mineral. Hydroxyls 

most likely enhances dissolution of silicate minerals through deprotonation of the surface. CO2 

probably influences dissolution indirectly, through formation of carbonic acid it affects the pH 

(i.e. protonic effect). Dissolved cations and anions influence the dissolution of silicates with 

bridging oxygens. For these silicates, the release of a cation doesn’t automatically mean the 

dissolution of the entire mineral structure and their dissolution rate is thus dependent on the 

concentration of cations in solution. Ligands can enhance dissolution by binding cations, 

weakening the cation-oxygen bond. The effect of acids is threefold: they decrease the pH 

which increases the dissolution rate far from equilibrium (via protons), they can leach metal 

solutes and affect their saturation state in solution (via cations/anions), and they can change 

the speciation of an element which could have an influence on the mineral dissolution rate 

(Drever and Stillings, 1997).  

 

 

1.1.3. The dissolution of olivine  

 

1.1.3.1. Introduction and olivine’s structure 
 

This study will focus mostly on the weathering behaviour of the magnesium iron silicate, olivine. 

Olivine is the first silicate to crystallise from the mantle’s melt and the most abundant mineral 

in the Earths’ upper mantle (Green, 1967; Haggerty, 1995). It is composed of SiO4
4- anions 

(with the Si ion in tetrahedral configuration with respect to the O atoms) and Me2+ (i.e. Mg2+, 
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Fe2+, Mn2+, …) cations (in an octahedral configuration with respect to the O atoms) at a 1:2 

ratio. Each of the four O atoms of the tetrahedra is covalently bonded to the Si atom and forms 

an ionic bond with a Me2+. Olivine is a nesosilicate: the SiO4
4- tetrahedra are isolated from one 

another by the divalent cations, which run in octahedral chains parallel to the c-axis (Figure 1) 

(Birle et al., 1968; Oelkers, 2018). The dominant divalent cation determines the name of the 

olivine: for instance, the Mg-end member of the solid-solution series (Mg2SiO4) is called 

forsterite, while the Fe-end member is called fayalite (Fe2SiO4). Natural olivines are in between 

these end members and their compositions are denoted by their fractions of either one. Most 

olivines at the Earth surface are Mg-rich forsterites with ca. 10% Fe: San Carlos olivine from 

Arizona, for instance, is generally denoted as Fo90 or Fo91 (meaning that 90 or 91% of its 

divalent cations is Mg and 10 or 9% Fe, respectively) (Oelkers et al., 2009; Pokrovsky and 

Schott, 2000a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Olivine is an extensively studied mineral: no other multi-oxide silicate has been studied in such 

varying environmental settings (Oelkers, 2018). The comparison between different studies is 

eased by the availability of pure samples (this especially applies for San Carlos olivine) and its 

relatively simple dissolution mechanism (chapter 1.1.3.2) (Oelkers, 2018). A better comparison 

allows a better study of the effects of different conditions on the dissolution of olivine and 

silicates as a whole. Moreover, even olivines from different sources still show similar corrosion 

patterns (Velbel, 2009). Therefore, the reactivity of olivine is thought to be consistent between 

different studies. Olivine’s potential in more applied fields caused another spike in studies of 

its dissolution behaviour. Its presence on Mars (Olsen et al., 2015) and its potential role in 

carbon capture and storage (CCS) (Schuiling and Krijgsman, 2006; Kohler et al., 2010) are of 

Figure 1: The olivine (M2SiO4) 

structure down the a-axis of the 

orthorhombic unit cell 

(indicated by dashed line). (a) 

shows two levels of the isolated 

SiO4 tetrahedra. Me cations (e.g. 

Fe or Mg) occupy two types of 

octahedral sites (M1 and M2, b). 

(b) shows the geometric position 

and bonds between M1 and M2 

octahedra and the SiO4 tetrahedra. 

Reprinted from Oelkers et al., 

(2018) with permission from 

Elsevier. 
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interest to the field of astrophysics and geo-engineering, respectively. The latter of these is 

further introduced in chapter 1.1.3.4. 

 

 

1.1.3.2. Dissolution mechanism of olivine 
 

Since this study deals with the kinetics of olivine dissolution, it is instrumental to understand 

the mechanism by which olivine dissolves. The isolated Si tetrahedra will be liberated upon the 

breaking of the Mg-O ionic bonds*, which causes dissolution of olivine. The Mg-O bond is 

broken by a metal-proton exchange reaction according to Reaction 1 (Luce et al., 1972; 

Oelkers and Schott, 2001).  

 

Mg2SiO4(s) + 4H+(aq)  = 2Mg2+(aq) +  H4SiO4(aq)  Reaction 1 

 

Various studies have observed an initial (during the first hour of experimental dissolution) 

incongruent dissolution of olivine at pH <9: Mg is preferentially released into the solution 

compared to Si (Luce et al., 1972; Martinez et al., 2014; Oelkers, 2001; Pokrovsky and Schott, 

2000b; Rosso and Rimstidt, 2000; Wogelius and Walther, 1991, 1992). However, at pH higher 

than 10 the opposite happens: preferential release of Si over Mg (Martinez et al., 2014; 

Pokrovsky and Schott, 2000b). Since this study focusses on olivine dissolution at general Earth 

surface conditions (pHsoil ~6 and pHrain ~5.5) only the mechanisms at acidic to neutral pH will 

be discussed. Microscopic analyses of the olivine itself further explained this initial incongruent 

dissolution. X-ray photoelectron spectroscopy (XPS) analyses showed that the surface layer 

of natural forsteritic olivine in contact with an acidic to weakly basic solution (pH < 9) is depleted 

in Mg: an amorphous silica (i.e. SiO2) layer has formed (Kobayashi et al., 2001; Pokrovsky and 

Schott, 2000a; Schott, 1985; Seyama et al., 1996). Transmission electron microscopy (TEM) 

studies also visualised this surface layer, albeit mostly at higher temperatures (60°C, 90°C or 

even higher) (Daval et al., 2011; Johnson et al., 2014; Maher et al., 2016; Sissmann et al., 

2013). At 25°C, the amorphous silica layer was observed as well, but its size was under 5 nm 

(Hellmann et al., 2012).  

 

The origin of these amorphous silica layers can be explained by various mechanisms 

(Hellmann et al., 2012; Maher et al., 2016; Pokrovsky and Schott, 2000b). In general, two 

opposing mechanisms are reported: both trying to explain the formation of the amorphous Si 

                                                
* Since these bonds are relatively weak, olivine is one of the fastest dissolving silicates. Even though ‒unlike for 

other multi-oxide minerals ‒ only one type of bond needs to be broken, its relatively simple dissolution mechanism 

still allows the use of olivine dissolution to study the dissolution of more complex minerals (Oelkers et al., 2018). 
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layer and its role in olivine dissolution. The leached layer mechanism comprises the formation 

of an amorphous silica layer (i.e. the leached layer) through following processes. Protons 

diffuse (solid-state diffusion) into the olivine and hydrolyse the Mg-O bond, releasing Mg2+ 

which diffuses/leaches out the olivine. Since olivine has no Si-O-Si bonds, the remaining Si 

tetrahedra are liberated and dissolved as well. However, condensation of silanol groups by Si-

O-Si dimerization and precipitation of oversaturated amorphous silica from the bulk solution 

could still cause the formation of an amorphous silica layer (Luce et al., 1972; Pokrovsky and 

Schott, 2000b; Schott et al., 2012). Oelkers et al., (2018) claimed that the relatively small size 

of the amorphous layers on olivine (relative to other silicates) is caused by the low depth of 

proton penetration in olivine (<100 nm) (Westrich et al., 1993), since isolated Si tetrahedra 

tend to be liberated before they can condense. Once formed, single Si tetrahedra can only be 

hydrolysed at the surface of the leached layer. However, several assumptions of this leached 

layer mechanism do not agree with common observations according to Hellmann et al., (2012). 

These observations are: the similar chemical gradients for all cations irrespective of their 

valence (contrary to leached layer models), the sharp (chemical) interfaces (contrary to 

chemical gradients inherent to the diffusion), the absence of an explanation of the solid-state 

diffusion of protons and cations through the amorphous layer and the formation of an 

amorphous layer even when the bulk solution is undersaturated (Hellmann et al., 2012). They 

proposed that silicates weather according to the coupled interfacial dissolution-reprecipitation 

(CIDR) mechanism: the formation of the enriched silica layer is explained by the dissolution of 

both Mg2+ ions and SiO4
4- tetrahedra at a single reaction front in a thin fluid film (Hellmann et 

al., 2012). Subsequently amorphous silica precipitates even when the bulk solution is 

undersaturated. Hellmann et al., (2012) observed these thin fluid films for various silicates 

(though not olivine) incubated at 25°C. Maher et al., (2016) unified both mechanisms based 

on the Mg/Si profile and the growth dynamics of the amorphous layer. The layer directly on the 

crystalline olivine, which forms in the first two days, when dissolution is incongruent, was 

named the active layer. This layer is similar to the previously described leached layer: Mg2+ is 

released throughout the whole volume of the active layer, while silica tetrahedra are only 

liberated from the surface of the active layer. Their active layer has a continuous size of 20-25 

nm and is rate limiting. The outer most layer was called the precipitated layer. This layer only 

forms when the bulk solution is saturated with respect to amorphous silica and keeps growing.  

 

 

1.1.3.3. Environmental factors influencing olivine dissolution rate 
 

The simple structure of olivine combined with its thermodynamic instability at ambient 

conditions (e.g. precipitation of olivine itself does not occur) makes that the study of olivine 

dissolution is limited to undersaturated conditions, where the fluid composition influences 
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olivine dissolution to a low extent (Oelkers, 2018). The effect of various environmental factors 

(e.g. the surface area, temperature, pH, solute concentration, etc.) on olivine dissolution was 

modelled by several studies (Crundwell, 2014; Lasaga et al., 1994; Oelkers et al., 1994; 

Pokrovsky and Schott, 2000a, b). To start, dissolution rates are dependent on the 

crystallographic orientation: some surfaces dissolve faster than others and dissolution is 

generally enhanced along dislocations and cleavage planes (Grandstaff, 1978). Generally, the 

reactivity of a mineral is assumed to be proportional to its surface area. Therefore, dissolution 

rates are commonly surface area normalised. This is mostly done by using the initial (i.e. 

derived from the unreacted mineral grains) surface area calculated by the combination of gas 

adsorption and the Brunauer, Emmett and Teller (BET) theory and not by the geometric surface 

area (Oelkers, 2018). However, studies have shown that even though the surface area 

increases during a dissolution experiment, surface reactivity does not increase, indicating that 

a better normalisation is needed*. Indeed, the preferential dissolution of the more reactive 

surfaces, leading to a more unreactive surface, together with surface area normalisation will 

cause a decrease of dissolution rates over time (Oelkers, 2018). The effect of pH was reviewed 

by Crundwell, (2014), the reaction order at acidic pH (na), which represents the dependence 

of the dissolution rate on the activity of H+ (according to 𝑟 =  𝑘 𝑎
𝐻+
𝑛𝑎  ), was reported to be 0.5. 

The olivine dissolution rates are less dependent or totally independent on the solute (i.e. Mg 

and Si) concentration and the temperature (Oelkers, 2001; Rimstidt et al., 2012).  

 

The mentioned amorphous silica can influence the dissolution rate as well (Bearat et al., 2006; 

Daval et al., 2011; Johnson et al., 2014; Wang and Giammar, 2013). Most studies observe the 

dissolution rate to decrease due to the formation of amorphous silica: it passivates olivine, 

slowing down its dissolution. Also, ferric Fe3+ in or on the amorphous silica layer passivates 

olivine. XPS analyses of the surface of olivine showed that it was present as hydrated ferric 

oxide and Fe3+ in hydrated silicate (Schott, 1985; Schott and Berner, 1983). Pure forsterite (i.e. 

without Fe) has higher dissolution rates than natural olivine (with Fe) and forsterite’s dissolution 

rates do not decrease over time (Golubev et al., 2005; Saldi et al., 2013).  

 
The effect of organics on olivine dissolution has been studied extensively as well. Most studies 

found that the rate of olivine dissolution increases in the presence of organic ligands (Hanchen 

et al., 2006; Olsen and Rimstidt, 2008; Prigiobbe and Mazzotti, 2011; Torres et al., 2014; 

Wogelius and Walther, 1991, 1992). This either happens directly by binding to the olivine 

                                                
* This loss of correlation between surface area and reactivity is caused by the dependence of the dissolution rate 

on the crystallographic orientation. More reactive surfaces dissolve fastest exposing unreactive surfaces, while 

increasing the surface area. Therefore, some authors have proposed to consider this spatial variability in dissolution 

rates (Fischer et al., 2012).  
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surface (the binding of organics to Mg2+ draws away electrons from the Mg-O bond) (Olsen 

and Rimstidt, 2008) or indirectly by changing the activity of solutes and protons (Oelkers, 

2018). The model of Crundwell, (2014) incorporated this ligand effect and measured a 

calculated order of reaction of 0.5 for organic ligands. Note however, that other studies found 

no significant effect of organic ligands on olivine dissolution (Declercq et al., 2013). 

 

 

1.1.3.4. Carbon capture and storage (CCS) 
 

As mentioned in chapter 1.1.3.1, olivine weathering is of importance to the field of CCS. This 

term represents a range of techniques which mitigate the effects of fossil fuel emission on 

global warming through CO2 sequestration (Schuiling and Krijgsman, 2006). Indeed, the 

dissolution of olivine could enhance the formation of thermodynamic stable magnesium 

carbonates (thereby solidifying CO2, Reaction 2) (Gerdemann et al., 2007).  

 

Mg2SiO4 + 2 CO2 → 2MgCO3 + SiO2  Reaction 2 

 

Since this reaction is optimal at temperatures ranging from 150°C to 380°C (considering a 

pCO2 of 1 and 200 bars, respectively), a number of more recent studies focussed on 

subsurface olivine dissolution at higher temperatures and pressures (Daval et al., 2011; 

Giammar et al., 2005; Hanchen et al., 2006; Johnson et al., 2014; Prigiobbe et al., 2009; 

Sissmann et al., 2013).  

 

The mitigating effect of olivine has been studied as well at atmospheric conditions: some geo-

engineering studies have looked at the CCS feasibility of weathering olivine in seawater or in 

soil (Griffioen, 2017; Hangx and Spiers, 2009; Kohler et al., 2010; Meysman and Montserrat, 

2017; Renforth et al., 2015; Rigopoulos et al., 2018). The dissolution of olivine would 

theoretically consume four protons per mole of olivine according to Reaction 1. This increases 

the pH of seawater and thus the solubility of CO2 and its precipitation as aragonite (Rigopoulos 

et al., 2018). However there are some practical and theoretical issues regarding this CCS 

method. An option to deposit olivine sand on Earth’s coastlines to accelerate weathering was 

studied and deemed unviable: preparation and transport of olivine would produce more CO2 

than olivine dissolution could sequester ((Hangx and Spiers, 2009). Moreover, the formation 

of secondary precipitates like calcite and Mg clays would again produce protons limiting the 

potential of olivine dissolution as a CCS technique (Oelkers, 2018). The CCS capacity of olivine 

dissolution at subsurface and atmospheric condictions are reviewed to the point by Oelkers et 

al., (2018). 
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1.2. Subaerial biofilms in harsh environments 

 

1.2.1. General introduction 

 

Biofilms are aggregates of microorganisms, often encompassed in a slime layer of extracellular 

polymeric substances (EPS, chapter 1.2.5.3), which are capable to grow on practically any 

solid surface in contact with air or water (Flemming et al., 2016; Gorbushina, 2007). Those 

growing on rocks are further divided into three groups: epilithic (i.e. living on the rock surface), 

endolithic (i.e. living under the surface, in the rock) and hypolithic (i.e. living under pebbles 

lying on the rock) (Hauer et al., 2015). These biofilms are usually composed of a consortium 

of cyanobacteria, algae, fungi, actinobacteria, proteobacteria, deinococci etc., but in more 

stressful conditions (e.g. in deserts) these communities mostly consist of black (melanised), 

rock-inhabiting fungi, cyanobacteria, other bacteria and lichen (Gorbushina, 2007; Selbmann 

et al., 2015; Walker and Pace, 2007). In this study focus is placed on subaerial, epilithic biofilms 

in these harsher environments – as a source of model rock-inhabiting organisms for our 

experiments. 

 

 

1.2.2. Mutualism between fungi and cyanobacteria: lichen 

 
Terrestrial lichen started colonising exposed rock surfaces at least 400 million years ago, 

around the time when the fungal division of the Ascomycota was born (Grube and Hawksworth, 

2007; Taylor and Berbee, 2006; Taylor et al., 1995). A lichen is a composite organism: fungi 

(the mycobiont, mostly an Ascomycete) and algae and/or cyanobacteria (photobiont) form a 

symbiotic relationship. De Bary, (1879) introduced the term symbiosis as a form of close 

association between different species of organisms. He used the term to combine the three 

types of association defined by Van Beneden, (1876) namely: parasitism (i.e. one organism 

gains benefits while the other is harmed), commensalism (i.e. one organism gains benefits 

while the other neither gains benefits nor is harmed) and mutualism (i.e. both organisms gain 

benefits). 

  

It is generally believed that the relationship between fungi and cyanobacteria in lichen is 

mutualistic. Apart from a more protected environment, the photobiont could benefit from a 

constant supply of nutrients, derived by the weathering of rock by the mycobiont (chapter 1.3) 

and water, absorbed by the hydrophilic fungal layers underneath the hydrophobic surface of 

aerial hyphae (chapter 1.2.5.2) (Gadd et al., 2012; Honegger, 1993). The mycobiont might 

receive photosynthetically derived organic carbon compounds from the photobiont and 

ammonia from nitrogen-fixing heterocystous cyanobacteria (Hill, 1994). The transfer of the 

photosynthetically fixed carbon to the mycobiont can happen within 60 seconds and the 
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supplied fraction can make up 70% of the total amount of fixed carbon (Richards.Dh et al., 

1968; Tapper, 1981). This constant supply of carbon and nitrogen is a clear advantage for 

mutualistic lichens over saprothrophic fungi (i.e. fungi that use dead organic matter as carbon 

source); they are able to live longer and can even live autotrophically (Hill, 1994). More relevant 

regarding this study is that the production of organic weathering-affecting compounds, 

essential for bioweathering, comes at a high carbon cost. Through this association with a 

symbiotic photobiont lichens gain another selective advantage (Hoffland et al., 2004). This 

mutualistic lifestyle makes lichen able to colonise a large range of habitats and be the 

dominating vegetation on 8 percent of the terrestrial Earth surface (Hill, 1994) (Figure 2).  

 

 

 

However, whether the photobiont truly benefits from its relationship with the mycobiont has 

been questioned lately. For instance, some algae are restrained by their fungal symbiont (Hill, 

1994; Honegger, 1993; Hyvarinen et al., 2002). Büdel, (1999) reviewed the community 

composition of subaerial biofilm samples from various environments and noticed that the ratio 

of lichenised to free-living rock-inhabiting cyanobacteria was highest for rock substrates in dry 

savannas (5:3), decreasing in humid savannas (1:26) and practically going to zero in 

rainforests. This shows that when access to water is not limited, free-living cyanobacteria have 

no problem to compete with their symbiotic sisters. Moreover, the nutrient flow from the 

mycobiont to the photobiont has not been proven (Hill, 1994), making some claim that a lichen 

is actually a case of parasitism (Honegger, 1993; Richardson, 1999). According to models 

designed by Hyvarinen et al., (2002), fungi in a tripartite system (i.e. algae, cyanobacteria and 

fungi) get the highest benefit when the number of cyanobacteria is kept lower than that of the 

algae. This to maximise the nitrogen fixing ability of the cyanobacteria (by increasing the 

heterocyst frequency) while using the algae as a carbon source (Hyvarinen et al., 2002). The 

mycobiont is presented as a farmer who, in order to maximise her yield, should control her 

Figure 2: A, Lichen on basaltic rock 

on the south side of the Besshø, 

Norway and B, on the north side of 

a carbonate rock in Parc National 

des Calanques, France. Note their 

different growth behaviour according 

to the environment: in the colder 

Norwegian climate they grew 

completely exposed (A) while in the 

warmer salty environment of 

Marseilles they preferred the shade, 

unexposed to the sea wind (B). 
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stock of photobionts. But even though the photobiont thrives (e.g. two to tenfold increase in 

nitrogen fixation) when growing as lichen (Hill, 1994), just as in the case of the relationship of 

domesticated animals and humans, it does not have to be called mutualism per se.  

 

 

1.2.3. Rock-inhabiting fungi represented by Knufia petricola A95 

 

1.2.3.1. Rock-inhabiting fungi in general 

 

In general, free-living rock-inhabiting fungi can be divided into two groups, each of which 

prefers a different environment (Gorbushina, 2007). The first group are the Hyphomycetes of 

predominantly filamentous growth mode which grow on soil-covered rocks and on plant 

surfaces (i.e. epiphytes). This is the dominating group under more agreeable conditions. This 

study however will focus on the second group: black micro-colonial fungi (MCF) from the orders 

of Chaetothyriales, Dothideales and Capnodiales. MCF become dominating under harsher 

conditions and represent free-living Ascomycetes which grow in small colonies on various 

surfaces (Gorbushina, 2007). In Earth’s most extreme environments, these black fungi are 

actually some of the only organisms able to live and thrive (Gorbushina, 2007). They can be 

found in nearly every ecosystem on earth: from rock in the freezing desert of the Antarctic 

(Selbmann et al., 2005) and the hot Negev desert (Krumbein and Jens, 1981) to man-made 

environments like marble monuments (Gorbushina et al., 1993), gasoline tanks, washing 

machine soap dispensers (Isola et al., 2013), photovoltaic panels (Shirakawa et al., 2015) and 

the Stockholm metro system (Reblova et al., 2016). Also organic surfaces aren’t safe from 

them; they are able to colonise plants and animals as pathogens* (Babic et al., 2018; Guerra 

et al., 2013; Schoch et al., 2009; Sharmin, 2002). Their spectacular survival abilities are likely 

caused by some of their specific traits like meristematic growth (which decreases the surface 

to volume ratio and thus its contact with the environment), melanin formation (chapter 1.2.5.1) 

(Gorbushina, 2007), and the production of mycosporines (Volkmann et al., 2003) and 

hydrophobins (chapter 1.2.5.2) (Martin et al., 1999). MCF interact with their substratum 

(chapter 1.3) through the production of weathering-affecting compounds like melanin, EPS and 

siderophores (chapter 1.2.5).  

 

Interestingly, all MCF and most lichenised fungi belong to the phylum of the Ascomycota (Chen 

et al., 2000). Moreover, the most recent common ancestor of the orders of Verruvariales, which 

is comprised of lichen-forming fungi, and Chaetothyriales, which consists mostly of pathogenic 

                                                
* These pathogenic MCFs are mostly from the order of Chaetothyriales and evolved from rock-inhabiting MCF: the 

extremotolerance which they gained by being subjected to various stresses on rock surfaces helped them in 

colonising plants and animal tissues (Gueidan et al., 2008).  
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and micro-colonial fungi, is a non-lichenised, rock-inhabiting fungus (Gueidan et al., 2008). 

Some MCF have actually been found in lichen (Harutyunyan et al., 2008), where they might 

be lichenocolous (i.e. lichen parasites that lost the ability to be free-living) (Muggia et al., 2016) 

or interact with the lichen’s algae (so called “borderline lichen”) (Brunauer et al., 2007). In 

addition, free-living MCF have been found to interact specifically with a phototrophic partner 

as well (Gorbushina and Broughton, 2009). All this indicates that free-living fungi underwent 

and could undergo a lifestyle transition to a lichenised mode (Muggia et al., 2013).  

 

 

1.2.3.2. K. petricola as a model rock-inhabiting fungus  

 

The model fungus used in this study is Knufia petricola A95, an oligotrophic black rock-

inhabiting fungus from the order Chaetothyriales, isolated from a marble stone surface near 

the Philopappos monument in Athens, Greece by Gorbushina et al., (2008). It is referred to as 

the wild type (WT) in this study. Just as A95, most K. petricola strains have been isolated from 

Mediterranean rock or monument surfaces (Isola et al., 2016; Marvasi et al., 2012; Urzi et al., 

2000; Wollenzien et al., 1997). Nevertheless, they have been found in other habitats as well: 

species related to K. petricola have been found in Germany (Hallmann et al., 2011), and 

possibly as desert soil crusts (J. Stajich, personal communications) and in marine sediments 

(A. Gladfelter, personal communications). K. petricola A95 possesses all typical features of 

melanised rock-inhabiting fungi and was described more extensively by Nai et al., (2013). It 

grows in clumps, reproduces asexually – through multilateral budding – without the formation 

of spores or any generative structure, and grows best at pH of 5. Model role can be performed 

by K. petricola A95 as the strain is genetically amenable and a complete genome sequence of 

K. petricola A95 is available. 

 

 

1.2.3.2.1. K. petricola ΔKppks, ΔKpsdh and ΔΔKppks/pdg 

 

Several single and double knock-out mutants have been created of the wild type K. petricola, 

targeting genes related to pigment synthesis (Noack-Schonmann et al., 2014) (Knabe et al., in 

preparation). K. petricola ∆Kppks was created by knocking out Kppks, a gene which encodes 

a polyketide synthase type I as illustrated in Figure 3. This enzyme is responsible for the 

production of 1,3,6,8-tetrahydroxynaphtalene (1,3,6,8 THN), a precursor of 1,8-

dihydroxynaphtalene melanin, using acetyl or malonyl CoA as precursors. Knocking this gene 

out causes a complete termination of melanin production as shown before for other fungi (Feng 

et al., 2001; Jiang et al., 2017; Langfelder et al., 1998). However, unlike these studies which 

report an albino phenotype for their pks-mutants, this pks-mutant has an orange-pinkish colour. 

This colour is generated by the unveiling of the previously masked carotenoid pigments 
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(Gorbushina et al., 2008). To verify whether the observed phenotype is indeed related to 

knocking-out Kppks, this gene was reintegrated in the ∆Kppks mutant (Knabe et al., in 

preparation). This is called a complemented strain (noted by ∆Kppks-comp). The next knock-

out mutant, K. petricola ΔKpsdh, was created by knocking out Kpsdh, which encodes scytalone 

dehydratase, an enzyme involved in the formation of 1,3,8-THN from scytalone (Figure 3). This 

mutant has a brownish colour unlike other sdh-mutants which are albino to reddish-pink 

(Kihara et al., 2004; Tsai et al., 1999). Furthermore, K. petricola ΔKpsdh stains its growth 

medium (solid and liquid) reddish-brown, reflecting the release of the melanin precursors 

1,3,6,8-THN into its environment (Knabe et al., in preparation)(Schumacher, 2016). An albino 

phenotype for K. petricola was created by knocking out two genes: Kppks and Kppdg, creating 

the double mutant, K. petricola ΔKppks/ΔKppdg (Knabe et al., in preparation). Kppdg encodes 

for a phytoene dehydrogenase, an enzyme essential in the transformation of a colourless 

carotenoid into a coloured one (Guo et al., 2015). This causes an albino phenotype: both 

melanin and carotenoid synthesis are terminated. The deletion cassettes used to create the 

pigment mutants ΔKppks and ΔKpsdh contained a gene encoding hygromycin B 

phosphotransferase (hph), causing resistance to the antibiotic hygromycin or, in the case of 

ΔKppks/ΔKppdg, nourseothricin acetyltransferase (nat1), causing nourseothricin resistance 

(Table 1). The plasmid used to restore the WT phenotype in ΔKppks also contained 

nourseothricin acetyltransferase (nat1). 

 

 

 

 

 

 
 

 

 

 

 

 

 

  

Figure 3: Functions of the enzymes of which the encoding genes are knocked out. 

Polyketide synthase (PKS) is responsible for the production of 1,3,6,8-THN, the earliest 

precursor in the production of 1,8 dihydroxynaphtalene (1,8-DHN). Scytalone dehydratase 

(SDH) is active two steps further: producing 1,3,8-THN from scytalone. After Kejzar et al 

(2013) and Plonka and Grabacka, (2006). 
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Table 1: List of K. petricola A95 wild type (WT) and the pigment mutants used in this study. The 

genetic modifications including the knocked-out genes and the inserted antibiotic resistances are listed 

as well. 

Strain Genetic modifications Source 

K. petricola A95  WT (Gorbushina et al., 2008) 

K. petricola A95 ΔKppks Δpks::hphR (Knabe et al., in preparation) 

K. petricola A95 ΔKpsdh Δsdh::hphR (Knabe et al., in preparation) 

K. petricola A95 ΔΔKppks/pdg Δpks::hphR; Δpdg:: nat1R (Knabe et al., in preparation) 

K. petricola A95 ΔKppks-comp Δpks::hphR::KpPKS; nat1R (Knabe et al., in preparation) 

 

 

Apart from their phenotypic differences regarding pigment production, the extracellular 

polymeric substances (EPS) produced by these mutants also has a different composition 

(Breitenbach, 2018). For K. petricola A95 wild type (WT), the polysaccharidic fraction of EPS 

consists of two major components: a pullulan (80%) similar to that found in Aureobasidium 

pullulans and a galactofuromannan (20%) as found in Exophiala sp. (Breitenbach et al., 2018). 

The ΔKppks mutant produces more EPS and the proportion of both polysaccharide types is 

different. ΔKppks produces more galactofuromannan and less pullulan than the wild type 

(Breitenbach, 2018). 

 

 

1.2.4. Symbiotic cyanobacteria represented by Nostoc punctiforme 

 

Cyanobacteria are photosynthetic prokaryotes which were among the first organisms to 

colonise the Earth’s landmass (Djokic et al., 2017; Noffke et al., 2013) and the very first to 

photosynthesise oxygenically, thereby making the Earth’s atmosphere oxic (Adams and 

Duggan, 1999). In addition, they are able to fixate nitrogen by means of the enzyme 

nitrogenase. Since this enzyme is sensitive to oxygen, some filamentous cyanobacteria formed 

a specialised cell: the heterocyst (Adams and Duggan, 1999). A local anaerobic environment 

is created in heterocysts by expression of a range of genes as described in Adams and 

Duggan, (1999). Apart from living in lichen relationships (chapter 1.2.2), rock-inhabiting 

cyanobacteria are also able to live solo in a range of habitats (Budel, 1999). A review by Hauer 

et al., (2015) of 762 rock-inhabiting species showed that they were equally distributed between 

the three major cyanobacterial categories: filamentous, heterocytous and coccoid. In general, 

these organisms interact with the substratum by three mechanisms: boring, EPS production 

and more indirectly providing fungi and bacteria with a carbon source which is converted in 

organic acids or metabolised causing the production of CO2 (Chapter 1.3) (Hoffmann, 1989; 

Ortega-Morales et al., 2000).  
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1.2.4.1. Nostoc punctiforme as a model symbiotic cyanobacterium 
 

The model cyanobacterium used in this study is the filamentous Nostoc punctiforme strain 

ATCC 29133 (PCC 73102). Note that this cyanobacterium is not a rock-inhabiting 

cyanobacterium; it was isolated in 1973 in Australia from a coralloid root of the gymnosperm 

cycad Macrozamia sp. (Rippka, 1992). It can also form symbiotic relationships with fungi 

(Mollenhauer et al., 1996). N. punctiforme is a nitrogen fixing cyanobacterium that is able to 

undergo cell differentiation. It forms heterocysts, cells specialised in nitrogen fixation through 

nitrogenase; akinetes, spores that are able to go dormant for hundreds of years; and 

hormogonia, motile filaments helping in the colonisation of new habitats (Meeks et al., 2001).  

 

 

1.2.5. Weathering-affecting compounds 

Some biogenic compounds have an impact on mineral weathering. Their mechanisms range 

from binding metals, which accelerates dissolution, to enabling cellular attachment to a 

(mineral) surface. The four compounds which are introduced ‒ melanin, hydrophobins, EPS, 

and siderophores ‒ were chosen based on their relevance to this study.  

 

1.2.5.1. Melanin 

Melanin is a macromolecular black-brownish, humic-acid-like pigment that can be found in 

multiple biological kingdoms (Fogarty and Tobin, 1996). Two melanin synthesis pathways have 

been observed in fungi: either it is produced along the 1,8-dihydroxynaphthalene (DHN) 

intermediate or it can be synthesised from L-3,4-dihydroxyphenylalanine (L-DOPA) (Eisenman 

and Casadevall, 2012). However, a detailed structure of melanin is yet unknown (Eisenman 

and Casadevall, 2012). Both types of melanin synthesis have been found in MCF (Teixeira et 

al., 2017), but K. petricola synthesises melanin using solely the DHN pathway (Figure 3) 

(Volkmann, 2004). Melanin makes cells able to cope better with various environmental 

stresses like UV-, γ-, X-, β- radiation* (Dadachova et al., 2008; Pacelli et al., 2017; Robertson 

et al., 2012; Zhdanova et al., 2004), hydrolytic enzymes (Paolo, Dadachova et al. 2006), 

antibiotics† (Fogarty and Tobin 1996; Jacobson and Hong, 1997; Paolo et al. 2006), extreme 

temperatures (Paolo et al., 2006), osmotic stress and desiccation (Fernandez and Koide, 2013; 

                                                
* Moreover, melanised fungal hyphae have been observed to grow in the direction of the beta and gamma radiation 

source (Zhdanova et al., 2004). Irradiation enhanced growth of the wild type Wangiella dermatitidis more than of its 

melanin-deficient mutant; and only for the wild type, the expression of ribosomal biogenesis genes was upregulated 

(Robertson et al., 2012). This implies that the fungus is able to use melanin to derive energy from irradiation for 

protein translation.  

† Fungal melanin is able to operate as an extracellular redox buffer using Fe2+ as a reducing agent, this makes the 

fungal cells able to neutralise antimicrobial oxidants (Jacobson et al., 1997). Moreover, melanin is able to bind 

tributyltin chloride, a biocide used as a wood preservative and in antifouling paints (Fogarty and Tobin, 1996). 
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Fogarty and Tobin, 1996; Paolo et al., 2006). Fungal melanin can either be present in the cell 

wall, surrounding the cell wall or as extracellular polymers (Fogarty and Tobin, 1996).  

 

Melanin’s ability to bind metals and its location in the cell wall both affect the mineral 

weathering capacity of the fungus. As melanin’s various binding groups (e.g. carboxyl, 

phenolic,..) selectively bind metal ions, melanin is able to bind a multitude of metals (Fogarty 

and Tobin, 1996). Apart from preventing metal toxicity, binding metal solutes which were 

released from a mineral, decreases their saturation state and drives mineral dissolution 

(chapter 1.1.3.3). The metal binding ability of humic-acid-like fungal extracts (i.e. melanin) is 

generally highest for Cu, followed by Ca, Mg, Zn (Zunino and Martin, 1977). Pure melanin is 

able to sequester more metals than pigmented fungi cells, who in turn sequester more metals 

than albino (i.e. without pigment) fungal cells (Gadd and Derome, 1988; Siegel et al., 1990). 

Metals may even increase synthesis of melanin: the addition of Cu to an Aureobasidium 

pullulans culture caused blackening of the cells (Gadd and Griffiths, 1980). Melanin is thought 

to be involved as well in the penetrating capacity of fungal appressoria (i.e. a hypha-like 

infection peg). Melanin’s ability to reduce the cell wall permeability (Howard and Ferrari, 1989) 

not only enables the fungal cell to handle high turgor pressures during water stress (Fernandez 

and Koide, 2013), it also aides the cell to reach the pressures required to penetrate a substrate 

(Howard et al., 1991; Money and Howard, 1996). A melanin-deficient mutant fungus generates 

much lower turgor pressure in its appressoria than the wild type fungus (Money and Howard, 

1996). Melanised appressoria can reach an elastic modulus in the range of 10-100 MPa 

(Goriely and Tabor, 2006), enough to break down silicates (Li et al., 2016). 
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1.2.5.2. Hydrophobins 

 

Hydrophobins are small amphiphilic (i.e. both water- and fat-loving parts) proteins which are 

exclusively found in filamentous fungi (Kwan et al., 2006). Their amphiphilicity not only makes 

these proteins important regarding fungal adhesion to hydrophobic surfaces, it also allows the 

fungus to grow aerial moulds (Talbot, 1997; Yu et al., 2008), as presented in Figure 4. By 

breaking the surface tension, hyphae can grow into air and disperse spores. Notably, when 

grown under water without contact to a hydrophobic substrate, hypha release their 

hydrophobins in solution. There are two classes of hydrophobins. Class I hydrophobins are 

organised as typical rodlet structures: monolayers of hydrophobins with a diameter of ca. 10 

nm and a length of 100-200 nm (de Vocht et al., 1998; Yu et al., 2008). These structures have 

been found on fungal spores and hyphae (de Vocht et al., 1998) and cause the characteristic 

film on the cell surface which resembles amyloids* (Kwan et al., 2006; Lipke et al., 2012). Class 

II hydrophobins are rather unorganised (i.e. non-amyloidal) and needle-like (Hakanpaa et al., 

2006). Thus far, K. petricola has not been observed to produce hydrophobins. A blast search 

of the genome revealed however that our model fungus has one gene which aligns well (82% 

identical) with genes encoding the class II hydrophobin, cryparin, in the endolithic fungus 

Rachicladosporium antarcticum. 

 

 

 

 

 

1.2.5.3. Extracellular polymeric substances (EPS) 

 

One of the most crucial components in any fungal or bacterial biofilm are extracellular 

polymeric substances (EPS). These substances constitute a mixture of polysaccharides, 

proteins, lipids and extracellular DNA (Flemming et al., 2016). It forms a slime layer around the 

cells and keeps the whole structure together on the rock surface (Gorbushina, 2007). This EPS 

                                                
* The aggregation of proteins into ordered insoluble fibrous layers which are called amyloids, is commonly known 

for its role in diseases as Parkinson’s, Alzheimer’s and Creutzfeldt-Jakob disease. 

Figure 4: Hydrophobin organisation under 

different environments. A, when submerged 

under water hydrophobins are simply released in 

solution. B, they only form their characteristic film 

when the fungus grows into air, or C, in contact 

with a hydrophobic surface. Reprinted from Talbot, 

(1997) with permission from Elsevier. 
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microenvironment protects organisms against antibiotics, makes them able to survive 

desiccation and can trap nutrients (Flemming et al., 2016) Under dry conditions, cells produce 

more EPS, especially when their substratum is hydrophilic (Tourney and Ngwenya, 2014). This 

water absorption also plays a role in weathering: it causes the slime layer to expand and 

contract and thereby exerts physical pressure on the mineral (Hauer et al., 2015). 

 
In general, EPS can have both an accelerating (bioweathering, chapter 1.3.1.1) and inhibiting 

(bioprotection, chapter 1.3.1.2.) effect on mineral weathering (Tourney and Ngwenya, 2014). 

The formation of a protective layer on the mineral surface is the main inhibitory effect of EPS 

(Chen et al., 2000). The main accelerating effect is probably the binding of metals to EPS 

(Tourney and Ngwenya, 2014). For instance, Gonzales et al., (2010) showed that EPS-poor 

Pseudomonas cells could bind more Cu per gram biomass than the EPS-rich cells while the 

cyanobacterium Gloeocapsa gelatinosa has a 5.7 times higher Pb adsorption capacity than 

cells without EPS (Raungsomboon et al., 2006). Also dissolved organic carbon (DOC), called 

free EPS, released by the cell can complex metals (Tourney and Ngwenya, 2014). Also 

secondary mineral precipitation takes place in EPS, which enhances weathering (Figure 5) 

(Bundeleva et al., 2014). Other accelerating effects are connected with the mentioned 

absorption and desorption of water and the presence of organic acids and enzymes in the EPS 

layers (Hauer et al., 2015; Tourney and Ngwenya, 2014). Except for the polysaccharide 

alginate (which inhibits dissolution), other EPS compounds like sugars, cellulose and starch 

showed no effect (Welch and Vandevivere, 1994).  

 

 
EPS can also influence the attachment of the biofilm on the mineral surface and thus influence 

the dissolution of the mineral. Depending on the cell, the EPS composition and the surface of 

the substrate, the presence of EPS will inhibit or enable biofilm adhesion. Various physical and 

chemical processes might have an impact on attachment (Tourney and Ngwenya, 2014). 

Attachment might be under control of the hydrophobicity/hydrophilicity of the cells, EPS 

Figure 5: the proposed effect of cyanobacterial EPS on 

olivine dissolution. Secondary minerals precipitate inside 

the EPS which could drive dissolution by creating a sink for 

solutes. Reprinted from Bundeleva et al., (2014) with 

permission from Elsevier. 
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components and substrate surface (Rijnaarts et al., 1995). Covalent chemical bindings 

between the mineral surface and functional groups in the EPS might influence adhesion 

(Omoike et al., 2004). Or an electrostatic attraction between cell and substratum, enabled by 

cations in the EPS layer, could have an effect as well (Yu et al., 2011). Note that most of the 

EPS literature is about bacterial EPS, fungal EPS is quite understudied. Although the main 

mechanisms are unknown, the benefit attachment offers is more certain: attached cells are 

able to take up essential nutrients straight from the source; showing higher colonisation of 

minerals containing essential nutrients (Roberts, 2004; Rogers and Bennett, 2004; Rosling et 

al., 2004; Uroz et al., 2009). 

 

 

1.2.5.4. Siderophore production 

 

Fe is an essential element involved in a range of biochemical processes. The existence of 

multiple valence states (most commonly Fe2+ and Fe3+) explains its presence in the active site 

of multiple enzymes, involved in respiration, the reduction of atmospheric nitrogen, and 

molecule synthesis (Philpott, 2006). In general Fe is kept in solution (and thereby bioavailable) 

by either acidification, reduction of ferric Fe, or production of Fe-complexing compounds like 

siderophores (Philpott, 2006). K. petricola, like most fungi, is able to produce siderophores 

(Favero-Longo et al., 2011; Neilands, 1995). Comparison of the genome of K. petricola A95 to 

that of the filamentous fungus Aspergillus fumigatus revealed that our model fungus produces 

the siderophore (hydro)ferricrocin. This siderophore has been observed both intracellularly 

(Eisendle et al., 2006; Wallner et al., 2009) and extracellularly (Haselwandter and Winkelmann, 

2002; van Hees et al., 2006). K. petricola A95 also possesses genes involved in the reductive 

Fe uptake system, which entails the external reduction of Fe by cell surface reductases. 

Interestingly, several of these genes, encoding a putative siderophore transporter, a 

(hydro)ferricrocin synthase, a Fe permease and a ferroxidase, are overexpressed at pH 9 

relative to pH 3 (Felix Heeger, personal communication). At alkaline pH, Fe is more likely to 

precipitate (Singer and Stumm, 1970), resulting in the fungus to produce more siderophores 

to increase the bio-availability of Fe.  

 

In the intracellular environment, Fe is mostly present in its reduced, ferrous state, which is 

more soluble but also more reactive (Philpott, 2006). This is consistent with the tight regulation 

of Fe uptake and the high amounts of Fe-binding siderophores in the cell wall and periplasmic 

space of Saccharomyces cerevisiae* (Lesuisse et al., 1987). However, siderophores are also 

used to store Fe intracellularly in a stable fashion (Schrettl et al., 2004). Siderophores actively 

                                                
* Interestingly, even though S. cerevisiae is not able to produce siderophores, it nevertheless transcriptionally 

upregulates a multitude of genes involved in siderophore uptake (Philpott, 2006).  



20 
 

impact mineral weathering. By complexing Fe in the solution, they increase the dissolution of 

olivine by almost an order of magnitude (Torres et al., 2014).  

 

 

 

1.3. Microorganism - rock interactions  

 

The major role of microorganisms ‒ and more specifically fungi ‒ in mineral weathering has 

been acknowledged: most field and experimental studies showed that microorganisms 

enhance mineral dissolution (Hall et al., 2012; Hoffland et al., 2004; Adeyemi and Gadd, 2005; 

Bonneville et al., 2009; Cai et al., 2013; Abdulla, 2009; Ceci et al., 2015; Li et al., 2009; Ortega-

Morales et al., 2016; Rosling et al., 2007; Wang et al., 2016). Remarkably, these interactions 

are studied mostly with soil microorganisms like the ectomycorrhizal fungus Paxillus involutus. 

These organisms are involved in the weathering of the rock in the lower layers of a developed 

soil, the saprolite. However, on rock exposed to air, subaerial biofilms compose the main biotic 

presence and are likely essential to the first stages of soil development (i.e. pedogenesis) 

(Cooper and Rudolph, 1953). They are called pioneers and are seen as the precursors of 

mosses, and (on an even later stage) plants with their symbiotic soil organisms. Due to the 

similarities of the interactions between lichen partners (i.e. the mycobiont and the photobiont) 

and those between plants and mycorrhizal fungi, the former can be used as a model for the 

later (Banfield et al., 1999). Whether these pioneering organisms have an active role in rock 

weathering has been questioned. Although weathering intensified when symbiotic 

relationships were formed between fungi and phototrophs (i.e. lichen, plant-mycorrhiza) 

(Mitchell et al., 2016), the weathering rinds (altered rock) underneath lichen is generally thin 

(Berner, 1992; Mitchell et al., 2016). Jackson and Keller, (1970) however noted that the 

weathering rinds of rock surfaces underneath lichen was orders of magnitude thicker than of 

lichen-free rock surfaces.  

In this chapter, the mechanisms by which microorganisms interact with minerals are 

introduced, focussing on these rock-inhabiting, subaerial biofilms. This is followed by a review 

of all the experimental studies of the interactions between microorganisms and olivine. And 

finally, the relevance of microorganism-rock interaction research is shown.  

 

 

1.3.1. Interaction mechanisms 

 

Microorganism-mineral interactions are divided in three groups according to Naylor et al., 

(2002): 1) bioweathering, the microbiologically induced removal of parts of their mineral 

substratum, and increase of mineral dissolution; 2) bioprotection, the microbiologically induced 
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increase of the accretion and consolidation of the mineral substrate or reduction of the effects 

of (abiotic) erosion processes; and 3) biomineralisation, microbiological production of minerals 

from organic/inorganic, autogenous/exogenous sources. As will be explained in this chapter, 

each subgroup can entail a range of biological mechanisms. Even though bioweathering and 

bioprotection are in theory opposing each other ‒ the former meaning that abiotic weathering 

is slower than biotic weathering, the latter exactly the opposite ‒, the mechanisms on which 

they are based could be the very same. Note as well that biomineralization entails processes 

which could be either substrate destructive or protective.  

 

 

1.3.1.1. Bioweathering 

 

Ascomycetous rock-inhabiting fungi leach out certain elements from rock (Binghui, 2000) and 

cause a significant rock weight loss whilst doing so (Abdulla, 2009). This deterioration of rock 

seems to prevail with moderate abiotic weathering conditions and more aggressive species 

(de la Rosa et al., 2013b). The reason for these pioneering organisms to live on rock surfaces 

has been given in the previous chapter: these surfaces can serve as a substratum to form a 

biofilm, protecting them against harsh environmental conditions, providing mineral-derived 

elements. Except for C and N, all essential elements are available to organisms via rock 

weathering (Hoffland et al., 2004). Since almost all minerals contain elements that are 

essential to rock-inhabiting fungi as a nutrient or energy source (e.g. energy gain through redox 

processes), they might weather minerals to obtain these elements (Gadd, 2007; Newman, 

2001; Uroz et al., 2015). Various studies have shown this nutrient hypothesis (Rosling et al., 

2004; Hagerberg et al., 2003; Bonneville et al., 2009). Rosling et al., (2004), for example, 

showed the preferential colonization of minerals containing K over those that did not. 

  

Moreover, one would expect that the nutrients of easily weatherable minerals are more 

accessible and that these minerals thus show a higher grade of colonisation by 

microorganisms (Uroz et al., 2015). However, no decisive correlation was observed. Various 

studies actually showed the opposite: a higher colonisation of poorly weatherable minerals 

(Bennett et al., 2001; Mitchell et al., 2013). Some even disregard the nutrient hypothesis; since 

these fungi need relatively low amounts of basic cations, it seems implausible that their 

enhanced release from minerals gives rock-inhabiting fungi a relevant fitness advantage 

(Hoffland et al., 2004). This is supported by the observation that organisms which colonise 

minerals metabolise fewer substrates, indicating oligotrophic behaviour (Lepleux et al., 2012). 

 

In general, the biological weathering mechanisms can be divided in two main categories: 

biomechanical and biochemical mechanisms (Gadd, 2007; Hall et al., 2012). Duane, (2006) 
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considered various biomechanical mechanisms: the penetration of hyphae into minerals 

(possibly melanin aided, chapter 1.2.5.1), the splitting of mineral through water ad- and 

desorption by EPS (chapter 1.2.5.3.), the production of hydrophilic minerals and the 

encapsulation of grains which provide closer contact between the mineral and the cells. The 

latter was shown experimentally for several soil organisms: inhibition of direct contact the 

organism and mineral resulted in a significant decrease in mineral dissolution (Ahmed and 

Holmstrom, 2015; Li et al., 2009).  

 

Microorganisms can also chemically degrade their rock substratum through production of 

metal-complexing agents like siderophores, reduction of the pH through acid production or 

production of weathering-affecting enzymes. Several studies showed experimentally that rock-

inhabiting fungal species are capable of organic acid and siderophore production (Abdulla, 

2009; Li et al., 2016; Ortega-Morales et al., 2016). The fungal acids mostly compromise low 

molecular weight organic carboxylic acids, such as oxalic, citric, gluconic and lactic acids and 

slightly water soluble polyphenolic compounds called “lichen acids” (Adamo and Violante, 

2000). These low molecular weight acids are more effective than high molecular weight acids 

(like humic acids) and are therefore thought to be more important weathering compounds, 

even though the latter constitutes the majority of organic acids in soil (Landeweert et al., 2001). 

 

Metal-complexing metabolites like phenols, acids, siderophores, etc. have chelating properties 

and leach metals out of the rock (Gadd, 2007). By functioning as a sink for free metals, they 

decrease their saturation state, which increases the dissolution rate of the mineral (Drever and 

Stillings, 1997). As said before in chapter 1.1.2, complexing free metals can also change their 

speciation, removing their inhibiting effects on mineral dissolution. For instance, siderophores 

are known to bind Fe which has a inhibiting effect on olivine dissolution (Torres et al., 2014).  

 

Acids not only are able to chelate metals, they can also reduce the pH: this is the second main 

biochemical mechanism. This was shown experimentally by Abdulla, (2009) for rock-inhabiting 

fungi: a pH decrease correlated with an increase in weathering products (i.e. metals released 

from the mineral). Of course, not only organic acids are involved: the respiration of CO2 causes 

the formation of carbonic acid which also lowers the pH. Furthermore, also phototrophic rock-

inhabiting cyanobacteria can cause respiration induced acidification: under dark conditions 

they will produce CO2 as well (Barnum and Gendel, 1987; Weber et al., 2011). However, since 
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lichen don’t accumulate respirational CO2 (due to the absence of a thick “soil” layer*), the 

release of organic acids is thought to be more important (Ahmadjian and Hale, 1973).  

 

The third, smaller, biochemical mechanism is the production of weathering-affecting enzymes. 

Penicillium sp. isolated from a karst soil releases carbonic anhydrase which has a bio-

destructive effect on limestone (Li et al., 2009). This enzyme catalyses the reversible hydration 

of CO2 and therefore forms a sink for the bicarbonate ion formed by the limestone dissolution. 

A second class of enzymes which could affect mineral dissolution are extracellular ferric 

reductases (Vartivarian and Cowart, 1999). By reducing Fe, these enzymes prevent Fe 

precipitation and thus could have an influence on mineral dissolution (chapter 1.1.3.3).  

 

Finally, note the link between biochemical and biomechanical mechanisms. For instance, 

processes that seem biomechanical at first sight could actually be biochemical. Tunnel 

formation by rock-inhabiting fungi and rock-inhabiting cyanobacteria has been claimed to be 

caused by respiratory biochemical processes and passive/active diffusion of metals in/out the 

cell, respectively (Garcia-Pichel et al., 2010; Koele et al., 2014). Furthermore, attachment of 

cells to the mineral (a biomechanical process) increases their siderophore excretion (a 

biochemical process) (Ahmed and Holmstrom, 2015). In addition, EPS not only increases the 

surface by its drying-wetting cycles but also contains chemical weathering compounds. To 

summarise, chemical deterioration is claimed to be involved in all biomechanical mechanisms 

and thus believed to be more important (Gadd, 2010).  

 

 

1.3.1.2. Bioprotection 

 

Bioprotection, defined as: “the retardation of the actions of other Earth surface processes on 

rock by biofilms”, is not as studied as biodegradation (Carter and Viles, 2005). Nevertheless 

multiple observations were made of these features (Arino et al., 1995; de la Rosa et al., 2013a; 

de la Rosa et al., 2014; Fiol et al., 1996; Mottershead and Lucas, 2000). Especially when 

abiotic, physicochemical weathering processes are more severe than biological processes, 

colonised rock surfaces are more protected against weathering than uncolonised ones (Chen 

et al., 2000; Mottershead et al., 2003). This relatively inhibitory effect on dissolution indicates 

the selective advantage for mineral-protecting microorganisms. In case of aggressive abiotic 

weathering processes, the rock surface as nutrient source and protective environment is 

disappearing fast and it is therefore advantageous to protect it.   

                                                
* In thick, developed soils, PCO2 can be as 100 times the atmospheric CO2 level due to the respiration of heterotrophic 

microorganisms. On the other hand, CO2 levels in subaerial biofilms (like lichens) will be in equilibrium with the 

atmosphere and will not accumulate (Berner, 1992).  
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Multiple mechanisms have been suggested to explain these protective features. Biofilms could 

adsorb moisture and fill up the pores with cells and organics, inhibiting the deteriorating 

capacities of water (chapter 1.1.2) and thus preventing rock deterioration (Garcia-Valles et al., 

2003; Carter and Viles, 2003; Concha-Lozano et al., 2012; Fiol et al., 1996). The inhibition of 

mineral weathering could also be caused by the protection against the impact of temperature 

fluctuations, wind or rain, directly or indirectly* (Arino et al., 1995; de la Rosa et al., 2014). Also 

the production of a mineral patina layer (i.e. biomineralisation) might protect relative soluble 

rock from physicochemical weathering processes; especially if these are faster than 

bioweathering processes (Arino et al., 1995; Di Bonaventura et al., 1999; Liu et al., 2006). 

Fungal hyphae can keep the mineral grains together, binding the mineral surface layer to 

deeper mineral layers (Concha-Lozano et al., 2012; de la Rosa et al., 2014). This might serve 

as protection against physical erosion processes. In laboratory experiments†, bio-protective 

effects have been linked to the selective colonisation of cells on the reactive sites of the mineral 

surface (Hutchens et al., 2006; Oelkers et al., 2015) and the coating of the surface by organics 

(Garcia et al., 2013).  

 

 

1.3.1.3. Biomineralisation 

 

Microorganism also can produce minerals; this process is called biomineralisation or 

bioconstruction (Naylor et al., 2002) and can be both bio-protective and bio-destructive (Arino 

et al., 1995; Bonneville et al., 2016; Bungartz et al., 2004; Carter and Viles, 2005; Favero-

Longo et al., 2009). The possible advantages for lichen and rock-inhabiting fungi to create 

these minerals are numerous. Several authors claimed that a constructed mineral layer could 

protect the biofilm against UV-radiation and inhibit water evaporation (Bungartz et al., 2004; 

Krumbein and Jens, 1981). Others claim its use as a sink for ‒ possibly toxic – metals (Jarosz-

Wilkolazka and Gadd, 2003; Wilson et al., 1981).  

 

One of the most common biomineralisation products are metal oxalates (Pinna, 1998). Rock-

inhabiting fungi and lichen are able to produce oxalate which acts as a chelator, binding metal 

                                                
* de la Rosa et al., (2014) observed seasonal variations in the interactions between microorganisms and minerals, 

but these were not directly related to the environmental conditions. They claimed that the observed bioprotective 

effect diminished during the summer months due to the higher metabolism in summer which entails a higher 

production of organic acids which cause substrate deterioration. 

† Field studies see bioprotection rather as a macroscale phenomenon: the biofilm and its constituents protect the 

mineral against harsh environmental conditions (physical weathering). Experimental studies see bioprotection 

rather as the protection of the mineral against the reacting solution. This is a nice example of the discrepancy 

between natural and experimental environments.    
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solutes and thus indirectly enhancing mineral dissolution* (Ortega-Morales et al., 2016; 

Arocena et al., 2007; Bjelland et al., 2002; Bungartz et al., 2004; Concha-Lozano et al., 2012; 

Delmonte et al., 1987; Di Bonaventura et al., 1999; Duane, 2006; Edwards et al., 1992; Cai et 

al., 2013; Fomina et al., 2005; Jarosz-Wilkolazka and Gadd, 2003; Sayer et al., 1999; Wilson 

et al., 1981). Once the solubility product is exceeded, the metal oxalates precipitate. 

Interestingly, some authors claim that the production of these metal oxalates could also be bio-

protective (Duane, 2006; Liu et al., 2006).   

 

Until now, no lichenous ferric or ferrous iron oxalates have been observed. In lichens, Fe has 

rather been observed in ferrihydrites or ferric oxyhydroxides (Chen et al., 2000). Ferrihydrite is 

one of the main oxide composites of rock varnishes, a thin coating composed of Mn- and Fe- 

oxides and hydroxides and clay minerals, which has been hypothesised to be of 

microbiological origin (Dorn and Oberlander, 1981; Krumbein and Jens, 1981; Wang et al., 

2011). Fungi are able to oxidise Fe and Mn along and at their hyphal tips (by production of 

superoxide), precipitating these metals as (oxyhydr)oxide (Bonneville et al., 2016; Hansel et 

al., 2012; Tang et al., 2013). Also rock-inhabiting cyanobacteria can form Mn-oxides (Miller et 

al., 2010). Bonneville et al., (2016) claimed that these precipitated Fe oxides could also be 

involved in the deterioration of the underlying mineral.  

 

Less convincing though worth to mention is the hypothesis that the amorphous alumino-silica 

layers found on some rock samples might be of biologic origin (Oelkers et al., 2015; Scarciglia 

et al., 2012; Wilson et al., 1981). Even though these weathering phenomena have been 

observed on abiotic samples (as introduced in chapter 1.1.3), these authors claim that 

microorganisms are also able to produce them in order to get rid of the excess Si and Al. 

Another way to cope with this excess Si and Al is through the transformation of the substrate 

mineral into clays, although authors still debate over whether its origin is autogenous or 

exogenous (Adamo and Violante, 2000; Arocena et al., 2007; Arocena et al., 2003; Favero-

Longo et al., 2005; Miller et al., 2010; Scarciglia et al., 2012).  

 

 

1.3.2. Olivine dissolution by microorganisms 

 

Microorganisms also have an effect on olivine weathering through interference with the 

environmental factors which influence olivine dissolution (chapter 1.1.3.3). One reason for 

them to enhance the dissolution of olivine would be the supply of bio-essential microelements 

like Mg, Fe and Mn (Oelkers et al., 2015). Few studies have experimentally looked at 

                                                
* Calcium oxalate is actually an indicator of bioweathering processes (Seaward, 1997). 
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microbiotic olivine weathering (Bundeleva et al., 2014; Cai et al., 2013; Garcia et al., 2013; 

Oelkers et al., 2015; Seiffert et al., 2014; Shirokova et al., 2012). Of these studies only two 

studied the interactions between fungi and olivine (i.e. Cai et al., (2013) and Seiffert et al., 

(2014)) and only Seiffert et al., (2014) focussed on rock-inhabiting fungi*.  

 

These studies do not agree with one another whether microorganisms have a dissolution 

enhancing (i.e. bioweathering) or dissolution inhibiting (i.e. bioprotection) effect on olivine. Both 

fungal studies observed bioweathering: Aspergillus niger and Knufia petricola are able to leach 

out more Mg from synthetic forsterite and natural olivine, respectively (Cai et al., 2013); Seiffert 

et al., 2014). They do this by lowering the bulk pH or, more specific, by producing oxalic acid. 

Two other studies claim that bioprotection is the main mode of interaction: they observed lower 

amounts of dissolved Mg in the presence of microorganisms compared to the abiotic control 

(Garcia et al., 2013; Oelkers et al., 2015). This was attributed to either the formation of a 

coating on the olivine surface by organic compounds (Garcia et al., 2013) or the attachment of 

cells to the active sites (i.e. inside the etch pits) of the dissolving olivine and the 

biomineralization of amorphous silica (Oelkers et al., 2015)†.  

 

Two remarks need to be given regarding these observations of bioprotection. One, both of 

these studies provided no carbon source (Garcia et al., 2013; Oelkers et al., 2015). This 

explains the absence of a pH reduction: no organic acids (or any metal-complexing metabolite) 

can be produced and thus no biochemical weathering should be expected. Two, studies like 

Olsen and Rimstidt, (2008) have shown the dissolution enhancing effect of organics on olivine 

dissolution (by formation of an activated complex). These complexities illustrate again that 

linking a certain mechanism or process to either bioweathering or bioprotection is not 

straightforward: depending on the environmental, abiotic conditions a certain process, (e.g. 

attachment) can enhance or slow down dissolution. The correct simulation of these natural 

processes in laboratory experiments could help to elucidate causal relationships. This is 

described in chapter 1.4, but first some applications of this microorganism-rock interaction 

research. 

 

 

1.3.3. Relevance of microorganism-rock interaction research 

 

Just as mineral weathering research is important to a range of more applied fields (chapter 

1.1), the study of microorganism-rock interactions (bioweathering) is important to various 

                                                
* Note that Seiffert et al., (2014) used the same model fungus as used in this study: K. petricola A95 

† This study was based on the comparison of a long-term olivine dissolution experiment, which was unsterile (i.e. 

with biotic growth), with a model based on a short-term abiotic experiment (Oelkers et al., 2015). 
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biotechnologies (Mapelli et al., 2012). Since microbiota have an impact on rock weathering 

(chapter 1.3.1) and rock weathering has an influence on soil fertility, carbon sequestration, 

metal cycling, climate control and ore formation, it is evident that microbiota have an influence 

on these anthropologically and environmentally important domains. Various biotechnologies, 

ranging from biomining (i.e. use of microbiota to recover metals) over agriculture (e.g. increase 

in crop productivity) to bioremediation, are affected by bioweathering (Figure 6) (Mapelli et al., 

2012). A brief overview of some relevant biotechnologies is given here.  

 

 

To start: biomining. This is a term given to various technologies that involves the use of 

microbiota (mostly acidophilic prokaryotes) to recover metals from ores and waste products 

(e.g. electronic waste, waste streams) (Johnson, 2014). In order to separate and purify these 

metals from the ore/waste, several biological mechanisms can be employed (Johnson, 2014). 

Bioleaching can provide the target metal through solubilisation; the extreme low pH keeps the 

metal in solution. Bio-oxidation involves the oxidation of minerals (i.e. biomineralisation) which 

contain the target metal. And targeted biomineralisation can provide products with a higher, 

purer metal fraction from waste streams. Although these are generally slower than traditional 

abiotic mining technologies, they are considered more environmentally friendly. The fungus A. 

niger is able to leach nickel out of olivine more selective than the abiotic chemical method, 

making olivine a possible future nickel source (Chiang et al., 2014). Due to its economic 

Figure 6: Different applications of bioweathering to industrial and 

environmental biotechnologies. Reprinted from Mapelli et al., (2012) 

with permission from Elsevier. 
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potential, biomining actually gave a boost to research concerning microbiota-mineral 

interactions (Mapelli et al., 2012).  

 

As mentioned in chapter 1.2, lichen play a key role in the formation of soil through weathering 

of minerals (Gadd, 2007). Especially in warm and cold arid areas, mineral weathering will 

cause soil formation through fixation of organic nutrients (C, N, ...) and distribution of mineral-

derived trace elements (Borin et al., 2010; Gadd, 2007). These inorganic trace elements play 

an essential role in plant growth (Mapelli et al., 2012). Furthermore, fungal hyphae and 

cyanobacterial EPS also improve the stability of the soil aggregates (Mager and Thomas, 

2011; Rillig and Mummey, 2006). Microorganisms can mobilise and immobilise metals both 

with their respective consequences. Mobilisation of heavy metals could enhance soil 

(phyto)remediation (i.e. the accumulation of metals in plants), an environmental-friendly and 

cost-saving soil remediation strategy (Mapelli et al., 2012; Ullah et al., 2015). Metal 

immobilisation through processes like biomineralisation or bioweathering of phyllosilicates 

(increasing their layer spacings and metal adsorption capacity) could protect plants from metal 

toxicity (Sayer et al., 1999; Schutzendubel and Polle, 2002; Wang et al., 2016).  

 

As weathering of Ca and Mg-containing minerals controls the Earth’s climate to a significant 

extent (chapter 1.3.1), biotic enhancement of weathering has a profound impact on the climate. 

Schwartzman and Volk, (1989) argued that a biotic enhancement of abiotic weathering by one, 

two or three orders of magnitude would increase the Earth’s temperature by 15, 30 or 45°C 

and hypothesised that an order of magnitude of 2 to 3 can be expected. Also the use of olivine 

dissolution as a CCS technique can be improved by biotic enhancement of its dissolution. A 

study with the cyanobacterium Synechococcus PCC 7942 showed an increase of olivine 

dissolution and the precipitation of Mg carbonates (Bundeleva et al., 2014). Even with regard 

to global warming soil fungi are of key importance: more fungi mean more carbon sequestration 

in the soil (Six et al., 2006). 

 

At the air interface, subaerial microorganisms have been mostly studied with regard to building 

deterioration (Gaylarde et al., 2001; Gorbushina et al., 1993) and biocorrosion (Beech and 

Gaylarde, 1991). However, some may repair or prevent the damage done by biological or 

chemical deterioration (i.e. biorestoration) (Webster and May, 2006). Organisms accomplish 

this restoration through biomineralisation (Atlas, 1988; Burgos-Cara et al., 2017; Cezar, 1998; 

Ruiz-Agudo, 2011) or removal of the pollutant layer (e.g. sulfates, nitrates, ..) (Ranalli et al., 

2000). Their weathering capacity makes rock-inhabiting fungi also useful in the bioremediation 

of hazardous minerals like asbestos (Daghino et al., 2009). Asbestos research showed that 

the covering (bioprotection) of asbestos-cement roofs by lichen decreased the amount of fibres 

which could get detached (Favero-Longo et al., 2009). These authors also observed an 
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enhancement of the weathering of the fibres, causing a change in surface chemistry and a 

decrease of their toxicity. Furthermore, the extremotolerance of rock-inhabiting fungi (chapter 

1.2.3.1) can help them to survive and adapt to hostile anthropogenic environment. For 

instance, black fungal species that were isolated from gasoline tanks and washing machine 

soap dispensers have been observed to use toluene as a sole carbon source (Isola et al., 

2013). Although this could result in a new bioremediation strategy, it also causes some issues 

regarding fuel storage: these fungi could cause fouling and biocorrosion of the tanks and 

biodeterioration of the crude oil itself (Bento et al., 2005; Itah et al., 2009).  

 

At an even higher interface, astrobiologists are looking for bioweathering products that could 

act as microbiological markers for extra-terrestrial life (for instance on Mars) (Gorbushina et 

al., 2002). Moreover, the mentioned extremotolerance of rock-inhabiting fungi, caused an 

interest in the survival abilities of rock-inhabiting fungi in Mars-like conditions (Zakharova et 

al., 2014). Going one step further, it might be possible to use synthetic geomicrobiology to 

sustain a human colony on a different planet (Cockell, 2011). In his review, Cockell claims that 

by developing a “superweathering microorganism* ”, which has characteristics shown to 

accelerate weathering, one could develop a soil, supporting agriculture on Mars.  

 

 

 

1.4. Experimental geomicrobiology 

 

1.4.1. Field experiments vs. laboratory experiments 

 

The impact of weathering on rock can be measured in the field (in situ) or through simplified 

laboratory experiments (in vitro) using well-defined conditions. A detailed review of methods 

to measure weathering in situ is given by Moses et al., (2014). Most of these methods do not 

differentiate between abiotic weathering and bioweathering. To specifically measure 

bioweathering in situ, one could use either radioisotopes or microelectrodes (Ehrlich and 

Newman, 2009). In vitro methods to specifically study bioweathering are described more in 

detail in chapter 1.4.2. However, this chapter about the comparison between in situ and in vitro 

methods revolves around geologic methods, without (directly) paying attention to 

bioweathering.   

 

                                                
* This engineered organism is likely autotrophic, able to change the pH, doesn’t form weathering-inhibiting biofilms, 

produces metal-chelating molecules and easily breaks down in organic compounds that can be used as a nutrient 

source for heterotrophic organisms like saprothrophic fungi that support plant growth in the newly formed soil 

(Cockell, 2011). 
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Mineral weathering rates measured in vitro are generally much higher than those measured in 

situ (Brantley, 1992; White et al., 1996). This discrepancy can be caused by several factors. 

First, weathering rates are generally calculated by three different methods (Trudgill and Viles, 

1998). One can measure the erosion rate, which involves loss of rock through surface retreat 

(mm per unit of time); the reaction rate, which involves the transfer of mass from rock into 

solution (mole per surface area per unit of time); or the output rate, which involves the export 

of solutes out of a system (mole per solvent volume per time). Laboratory experiments mostly 

measure the reaction rate (i.e. dissolution rate), while field experiments measure the erosion 

or output rate.  

 

Second, the spatial-temporal scale by which 

biogeochemical processes are looked at: a 

system might be described differently 

depending on the timespan it is analysed and 

the size which is being considered (Schumm 

and Lichty, 1965). An example of the time-scale 

issue is given by White and Brantley, (2003). 

They studied the long-term weathering of fresh 

and weathered silicates by laboratory column 

experiments and compared their rates to field 

experiments. They made some interesting 

observations. One, in laboratory experiments 

the dissolution rate of a fresh plagioclase 

decreases parabolically over six years (without 

reaching a steady state), while the dissolution 

rate of a naturally weathered plagioclase is over 

an order of magnitude lower and reaches steady 

state after two months (Figure 7). Extrapolating these results, the dissolution rates of fresh and 

weathered plagioclase are equal after an estimated 22,200 years (Figure 7). Two, both these 

rates are over an order of magnitude higher than the field rate from White et al., (2001). The 

temporal decrease of plagioclase weathering was explained by structural and chemical 

alterations of the mineral: an increase of the mineral surface area, a decrease of the reactive 

surface and an increase in leached layer formation and secondary mineral precipitation (all of 

which inhibit weathering, chapter 1.1.3.3). The authors claim that the low permeability and the 

high mineral-solution ratio in the field explain the lower rates; weathering in the field happens 

under thermodynamic equilibrium conditions (White and Brantley, 2003). In laboratory 

Figure 7: Plagioclase dissolution rates from 

laboratory experiments (fresh and 

weathered) and the weathering rate of a field 

experiment (Panola field). Reprinted from 

White and Brantley, (2003) with permission from 

Elsevier. 
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experiments however, the mineral-solution rate by mass is set much lower and the solution is 

mostly far from saturation, both resulting in higher rates.  

 

Viles, (2001) reviewed the scale issues regarding weathering. She provided the characteristic 

timescales needed for different climate and biological factors to impact weathering on a certain 

spatial scale. Of interest to this study is that microorganisms can interact with minerals from a 

µm-scale (through the presence of individual cells on the mineral surface) to a km-scale 

(through regional ecosystems) but need days to thousands of years, respectively, to 

accomplish this. As most laboratory experiments run for days to years, only µm-mm scale 

interactions can be studied (Viles, 2001). 

 

The third factor causing the discrepancy between field and lab experiments is the top-down 

perspective by which most field experiments study a biogeochemical process. This entails that 

one automatically studies various interacting biogeochemical processes together at the same 

time, trying to decipher the role of the individual compounds and processes. This brings us to 

the main disadvantage of field experiments: the shear endless number of variables, making it 

hard to study and understand the role of a single process. Laboratory experiments on the other 

hand look at a process from a bottom-up perspective: scientists study the influence of a certain 

weathering-affecting compound or process under a range of conditions in the lab and then 

extrapolate their results to nature. A disadvantage of this mode of action is the omission of the 

complex interactions between various compounds and processes (i.e. an oversimplification) 

and the mentioned spatial-temporal scale issues. The findings from lab experiments might not 

be representative to the field. 

 

With regard to these issues it is important to simulate the environmental conditions as 

adequately as possible. Laboratory experiments are mostly setup to get the maximal mineral 

dissolution rate, which could be gathered after a couple of days by using perfectly mixed 

reactors (Trudgill and Viles, 1998). However, as shown by White and Brantley, (2003), running 

long-term experiments could “improve” the result (e.g. give a more representative weathering 

rate). Moreover, Trudgill and Viles, (1998) claimed that by using the right experimental 

conditions the lab dissolution rates are similar to field rates. By converting the field-measured 

erosion rates into reaction rates and multiplication of the lab-measured reaction rates by 0.40 

(a wetting-correction, it was assumed that erosion in London happens mostly during 40% of 

the year), they obtained similar rates for the field and lab experiments. In addition, one could 
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also use microcosm set-ups* to better simulate natural conditions in the laboratory (Bonneville 

et al., 2011; Renforth et al., 2015). Note that these microcosms mostly contain several 

microbial species. Manipulation of the experimental conditions might selectively benefit a 

certain organism which is not the main weathering-affecting organism in situ (i.e. an 

enrichment bias) (Ehrlich and Newman, 2009). To conclude, even though various simulation 

improvements could be made to laboratory experiments, one always encounters simplification 

issues. Without simplifying natural weathering processes, one would never be able to study 

the impact of each variable (complex environmental conditions, multispecies cultures, soil 

constituents, multi-mineral rock …) on mineral weathering in a bottom-up fashion. Since most 

studies focus on the role of one biotic compound or process on weathering, every variable 

added makes this harder. It is therefore extremely important to find a good balance between a 

correct simulation and a straightforward set-up. 

 

 

1.4.2. Methods to experimentally study bioweathering in the lab 

 

1.4.2.1. By analysis of the reactive fluid 
 

Once reproducible experimental simulations of the natural processes are aimed at, the best 

way is offered by using well-defined model organisms and minerals. As said in Chapter 1.4.1, 

the dissolution rate in laboratory experiments is calculated using the reaction rate: the number 

of moles of an element released from the mineral into the reactive fluid per unit of surface area 

of mineral and unit of time. In general, there are two reactor types to run a dissolution 

experiment in the lab: a closed batch and an open, continuous flow reactor. The number of 

moles can be obtained by measuring the aqueous concentration of one of the mineral-released 

metals with chemical analysis techniques like inductively coupled plasma optical emission 

spectrometry or mass spectrometry (ICP-OES/ICP-MS). The main problem with this method 

is that the concentration of the metal in solution is not only affected by the dissolution of the 

mineral but might also be influenced by its precipitation into secondary minerals or cellular 

uptake/adsorption. Therefore, it is generally preferred to analyse the concentration of a metal 

that isn’t too reactive (e.g. no redox reactions, no precipitation, not sequestered by biological 

cells) and which concentration is purely dependent on the dissolution of the mineral. By running 

dissolution experiments with and without the studied organisms, its influence on the mineral 

dissolution rate (bioweathering) can be quantified. 

 

                                                
* The most famous example of a microcosm set-up is the Winogradsky column (Winogradsky, 1888). By filling a 

column with sediment one can study the microbial diversity, ecological relationship and spatial distribution of the 

organisms present in the sediment (Abbasian, 2015). 
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Depending on the system, isotope ratios of a certain mineral-released metal (analysed by multi 

collector-ICP-MS) could be used as well to quantify dissolution or study the dissolution 

mechanism. Gruber et al., (2013) showed that the silicate dissolution rate could be calculated 

by adding a ‘spiked’ solution (enriched in 29Si) and measuring the change in isotopic ratio 

(29Si/28Si). Mass balances of the amounts of both SI isotopes in solution gave the netto 

dissolution and precipitation rates, which is useful for systems close to equilibrium (i.e. most 

natural systems). The use of isotopic fractionation to study precipitation and dissolution of 

minerals was done successfully as well (Pearce et al., 2012). However, regarding biologically 

mediated dissolution and precipitation, isotopic fractionation has its limits (Shirokova, 2011; 

Pokharel et al., in review). 

 

 

1.4.2.2. By analysis of the mineral or biofilm 
 

A short summary of some methods to study bioweathering mechanisms through analysis of 

the biofilm or the mineral is given. The combination of focussed ion beam with transmission 

electron microscopy (FIB-TEM) is a technique which has been used recently to study 

weathering (Wirth, 2009). For instance, the effect of a mycorrhizal fungus on the weathering 

rate of biotite was estimated by analysing STEM-EDX line spectra (Bonneville et al., 2011). 

Atomic force microscopy (AFM) also can be used: apart from analysis of fungal EPS layers on 

minerals (Gazze et al., 2013; Taylor and Lower, 2008), AFM can show the etching effect of 

hyphae as well (Li et al., 2016). Another interesting method is confocal laser scanning 

microscopy (CLSM) together with pH- or metal-concentration-specific fluorophores (Li et al., 

2016; Garcia-Pichel et al., 2010). As an example, Ca-specific fluorophores were instrumental 

to understand the boring mechanism of an euendolithic cyanobacterium in calcite (Garcia-

Pichel et al., 2010). Even though these methods give a more detailed view of bioweathering 

processes and decrease the overall complexity, they are sensitive towards procedural and 

technical artefacts (Golek et al., 2014; Ward et al., 2013). 

 

 

 

1.5. The goal and procedure of this study  

 

As described in this introduction, the influence of fungi on soil formation through rock 

weathering has been extensively shown (Adeyemi and Gadd, 2005; Bonneville et al., 2016; 

Hoffland et al., 2004). The influence of rock-inhabiting fungi growing in subaerial biofilms – 

although being ubiquitous in nature – has been studied to a lesser extent (Gorbushina, 2007; 

Seiffert, 2016; Sterflinger, 2000). Moreover, the actual mechanisms by which these fungi 

weather minerals are understudied as well (Gadd, 2007, 2010). The complexities involved in 

the cooperation between the fields of geochemistry and microbiology and the enormous 
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number of variables that are inherent to a biological process make it difficult to properly study 

these mechanisms. One can better understand the mechanisms by setting up simplified 

laboratory simulations in which the simulation settings and the interacting agents (i.e. biota, 

mineral, temperature, …) are strictly defined and by genetically knocking-out certain traits of 

weathering-affecting fungi. The goal of this study is to investigate the weathering mechanisms 

of rock-inhabiting fungi by quantifying and visualising the interactions between these fungi and 

olivine. 

 

A significant part of this study was devoted to the clear definition of each experimental setting 

and interacting agent. To start, K. petricola A95 was selected as a model organism from the 

gigantic pool of organisms that interact with their mineral substratum. K. petricola A95 fulfils 

(partly) the terms by which model organism are defined. One, the model should be relevant to 

the research subject, i.e. bioweathering; this was shown for K. petricola by Seiffert et al., 

(Seiffert et al., 2014). Two, its cultivation should be easy and its growth relatively fast; this was 

shown for K. petricola by Nai et al., (2013). Three, the genome should be sequenced; this was 

undertaken as well for K. petricola (Knabe, 2017; Noack-Schonmann et al., 2014). Knabe, 

(Knabe, 2017) was able to create various pigment knock-out mutants of K. petricola. Four, the 

organism should be thoroughly characterised; undertaken by Nai, (2014) and Breitenbach, 

(2018). For example, each pigment-mutant produces its own EPS (chapter 1.2.3.2.1). To study 

symbiotic relationships, the symbiotic competence of the model should be proven as well: K. 

petricola has the ability to form a stable symbiotic biofilm with the cyanobacterium Nostoc 

punctiforme (Gorbushina and Broughton, 2009). Therefore, N. punctiforme was chosen as 

symbiotic cyanobacterium for this study.  

  

Furthermore, a model mineral had to be chosen based on its relevance and its simplicity of 

structure and composition. The magnesium iron silicate olivine was chosen (among other 

reasons) for its simple chemical formula (Mg1.8Fe0.2SiO4), its relatively easy weatherability and 

its high occurrence in the upper mantle (chapter 1.1.3).  

 

The settings which are used to simulate the environment, had to be clearly defined and were 

based on the preference of the model organisms. An intermediate pH of 6 and temperature of 

25°C were chosen: this allowed growth of both K. petricola and N. punctiforme. Organic and 

inorganic macronutrients (C, P, S, N, K and Na) were supplied via the nutrient solution, forcing 

growing cells to get most inorganic micro- and macronutrients from the mineral provided. 

Moreover, the reactors which function as simulation systems had to be developed. To quantify 

the dissolution of olivine, closed batch and open mixed flow reactors were developed. The 

batch reactor was easy to operate but is not as nature-relevant. Indeed, conditions in which 

the mineral remains in contact with the same body of water are rare in the field. In these 
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reactors, weathering products (e.g. metal solutes) released from the mineral accumulate and 

conditions are therefore changing. The dissolution rate will ‒ in theory ‒ never reach a steady 

state (i.e. stay constant over time). This was overcome by using mixed flow reactors in which 

fresh medium flows in and the reacted medium fluid flows out. Conditions like these are found 

more in nature, e.g. water percolating through a soil, flowing over a mineral surface. To study 

the effects of the model fungus on the olivine surface, long-term contact in a controlled fashion 

was needed between the (semi-)model organism and mineral. Visualisation was offered by the 

third reactor type: a flow-through reactor in which larger polished mineral sections were 

incubated with a fungal biofilm (the biofilm cultivation experiment). These three simulations 

systems make it possible to further characterise K. petricola as a weathering-affecting agent, 

improving its status as a true model. 

 

Mineral, solution and biological samples were taken from these simulation systems and 

analysed to quantify and visualise weathering. Aqueous samples from the batch and mixed 

flow reactors were analysed by ICP-OES (chapter 1.4.2.1): the temporal evolution of the 

concentration of Mg, Si and Fe solutes* allowed quantification of olivine dissolution rates and 

detection of secondary precipitation reactions. To investigate the olivine surface and the 

olivine-fungus interface at a higher spatial resolution, X-ray photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 

performed on both unreacted and reacted olivine. In general, these interface processes 

needed more time to develop: these methods were therefore mostly used on samples from the 

biofilm cultivation experiment. 

 

 

                                                
* One remark regarding this set-up: the studied organisms occur as a subaerial biofilm in nature, while they are 

submerged in liquid medium during the dissolution experiments. This was done to quantify the dissolution kinetics. 
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Material and methods 

 

 

 

 

2.1. Experimental components 

 

2.1.1. Solutions and growth media 

 

Solutions used for analyses and sample preparations, and growth media for fungal and 

cyanobacterial cultures were made by dissolving reagents in deionised MilliQ water (Millipore) 

or an organic solvent. Sterilisation was guaranteed by either autoclaving at 120°C and 100 kPa 

above atmospheric pressure for at least 20 minutes using a Systec VX-75 autoclave (Systec), 

or (when indicated) by filtration using a sterile polyethersulfone membrane filter (< 0.2 µm, MF-

Millipore, Merck, Darmstadt).  

 

The amount of reagent in each solution and media used is reported below: 

 

Malt extract agar (MEA) / malt extract broth (MEB)  

 Malt Extract    2.000 %  Merck 

 Glucose *H2O   2.000 %   Merck 

 Peptone from casein  0.100 %  Merck 

 Agar Agar Kobe I a  1.500 %  Roth 

  

a added in case of MEA 

 

Blue-green medium (BG11) and modified BG11 

 Na-EDTA (Titriplex)  2.7 µM   Merck 

 NH4Fe Citrate   23 µM    Merck  

 Citrate*H2O   29 µM   Merck 

 CaCl2*2H2O   245 µM  Applichem 

 MgSO4 *7H2O   305 µM  Applichem 

     152 µM a  Applichem 

     407 µM b  Applichem 

 K2HPO4 *3H2O  175 µM  Merck 

 H3BO3    46.3 µM  Scharlau 

 MnCl2    9.14 µM  Sigma Aldrich   

 ZnSO4 *7H2O   0.80 µM  Applichem 
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 CuSO4 *5H2O   0.3 µM   Applichem 

 CoCl2 *6H2O   0.2 µM   Applichem 

 NaMoO4 *2H2O  1.6 µM   Merck 

 NaNO3    17.7 mM  Merck 

     8.8 mM a,b  Merck 

 NH4NO3 
a,b   8.8 mM   Merck 

 Na2CO3   0.2 mM  Merck 

 SiO2 
b    250 µM  Merck 

Glucose *H2O a,b,c  10.1 mM  Merck 

2-(N-morpholino)ethanesulfonic acid *H2O (MES) a,b,c,d 11.1 mM J.T Baker 

 

The pH is brought to 7.80 (for the non-modified medium) or 6.00a,b before autoclaving.  

 

a these changes or additions were made for the modified BG11 medium with 150 µM Mg 

b these changes or additions were made for the modified BG11 medium with 400µM Mg and 

200 µM Si and 17 µM Fe 

c added after autoclaving as a filter-sterilised stock solution 

d the buffer MES was set at pH  

 

Carbon : Nitrogen : Phosphor : Sulphur (CNPS) 

 Na2SO4      299 µM Sigma-Aldrich 

 K2HPO4 *3H2O a     173 µM Merck 

 Thiamine hydrochloride    10 µM  Sigma-Aldrich 

 Glucose *H2O b     9.96 mM Merck 

 2-(N-morpholino)ethanesulfonic acid *H2O (MES) b,c 11.1 mM J.T Baker 

 NH4NO3      8.5 mM Merck 

  

The pH is brought to 6.00 (using stock solutions of HCl (Merck) and NaOH (Fisher Chemicals) 

before autoclaving.  

 

a for the trial experiments, 173 µM Na2HPO4*H2O was used instead, this was called Na-CNPS 

b glucose*H2O and MES were added after autoclaving using filter sterilised stock solutions 

c the buffer MES was set at pH 6 and added when indicated 

 

Tris : EDTA : NaCl (TNE) 

 Tris(hydroxymethyl)aminomethane (Tris)  99.1 mM  Merck 

 Ethylenediaminetetraacetic acid (EDTA)  63.6 mM  Roth 

 NaCl       500 mM  Roth 
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 The pH is brought to 8.00 before autoclaving.  

       

Phosphate buffered saline (PBS) 

 NaCl    1.370 M  Roth 

 KCl    27 mM   Applichem 

 Na2HPO4 *7H2O  53.7 mM  Riedel de Haen 

 KH2PO4   17.6 mM  Applichem 

 

 The pH is brought to 7.00 before autoclaving. 

 

Isopropanol : Sodium acetate  

 Isopropanol   900 ml/l  Merck 

 Sodium acetate  500 mM  Applichem 

  

The mixture is stored at -20°C. A 5.0 M sodium acetate solution is prepared and filter sterilised. 

This solution is diluted 10:1 by isopropanol (stored at -20°C).  

 

Fluorescein diacetate (FDA) 

 Fluorescein diacetate  12.0 mM Sigma-Aldrich 

  

 Dissolved in acetone 

 

Propidium iodide (PI) 

 Propidium iodide  3.0 mM Sigma-Aldrich 

 

 Dissolved in PBS 

 

Thioflavin T (TFT): 

 Thioflavin T   100 mM  

 

 Dissolved in PBS or 70% Ethanol (Sigma Aldrich) 

   

Congo red (CR)  

 Congo red   7 mM 

 

 Dissolved in PBS or 70% Ethanol 
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2.1.2. Organisms and culturing 

 

2.1.2.1. Knufia petricola A95 and its pigment mutants 
 
The model fungus used in this study is Knufia petricola A95, an oligotrophic black rock-

inhabiting fungus isolated from a marble stone surface near the Philopappos monument in 

Athens, Greece by Gorbushina et al., (2008). Several pigment mutants were created by Knabe 

et al., (in review). Those which are used in this study are described in chapter 1.2.3.2.1: the 

melanin-deficient mutant ΔKppks, the partially melanin-deficient mutant ΔKpsdh and the 

double, melanin- and carotenoid-deficient mutant ΔKppks/ΔKppdg. 

 

Fungal cultures (wild type and mutant strains) were grown in MEB liquid medium in an 

incubator shaker (ISF1-X Kuhner, Switzerland) set at 25°C, 100 rpm and without light. Before 

their weekly re-inoculation in fresh medium, cultures had to be disaggregated. Disaggregation 

involved shaking the culture in a stainless-steel beaker together with 8 stainless-steel beads 

for 10 min at 30 Hz in a MM400 Mixer Mill (Retsch Laborgeräte, Haan, Germany) (Nai et al., 

2013). One also avoids the accumulation of unwanted mutations by disaggregating the 

cultures. New cultures were then setup by adding a hundredth volume of the disaggregated, 

one-week old culture to fresh medium (i.e. 200 µl culture in 20 ml medium) (Nai et al., 2013). 

For all further experiments described in this study, cultures in their stationary growth phase (7-

14 days) were used that were in their second to twelfth re-inoculation week. After the twelfth 

week, new cultures were again grown up from the -80°C stock to avoid contamination or 

genetic alteration of the culture. Before inoculation in the experiments, cells in their stationary 

growth phase were disaggregated and washed: once with 5 mM EDTA and once with the 

medium used in the respective experiment (e.g. CNPS, BG11, …). To make sure the same 

amount of inoculant was used for each experimental replicate, the cell number was quantified 

fast before inoculation using the hemocytometer (chapter 2.3.1.1).  

 

 

2.1.2.2. Aureobasidium pullulans 
 

Aureobasidium pullulans was used as a control fungus. This saprophytic fungus grows a thick 

EPS layer, consisting mainly of pullulan, a polysaccharide polymer which gave the fungus its 

name. The used strain was isolated from a fence post in Hannoversch Münden, Germany 

(DSM 3497). Cultures were grown in MEB medium as for K. petricola. However, due to their 

yeast-like growth, they did not have to be disaggregated before inoculation. 
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2.1.2.3. Nostoc punctiforme ATCC 29133 
 
Nostoc punctiforme ATCC 29133 was used as a model symbiotic cyanobacterium. It was 

isolated from a coralloid root of gymnosperm cycad Macrozamia sp. (Rippka, 1992) and 

provided by J. C. Meeks (University of California, Davis). 

 

Cultures were grown in conventional liquid BG11 medium at a pH of 7.8 in the incubator shaker 

set at 25°C, 100 rpm and under continuous light at a photon flux of 65 µmol m-2 s-1. Just like 

K. petricola, Nostoc cultures were also reinoculated in fresh medium once a week after being 

disaggregated. For Nostoc however, no steel beakers and beads were used since this would 

damage to cells too much. Instead Teflon beakers and glass beads were chosen. The re-

inoculation volume (1%), the age of the cultures used for experiments (7-14 days) and the re-

inoculation week (2-12 weeks) were all the same as for the Knufia cultures. To quantify the 

number of cells before inoculation of the various experiments, chlorophyll extraction was used 

as described in chapter 2.3.1.2. 

 

 

2.1.3. Olivine and its preparation 

 
The mineral used in the dissolution and the biofilm cultivation experiments was natural 

forsteritic olivine from San Carlos, Arizona (WARDs Chemicals, Rochester, USA). For the 

dissolution experiments, the crystals (Figure 8A) were grinded with an agate mortar and pestle 

until a size fraction of 63-125 µm was reached (Figure 8B). The resulting powder was 

ultrasonically cleaned using acetone and deionised water (MilliQ) (both 3 times) and dried at 

65°C for 24h. For the biofilm cultivation experiment (Chapter 2.2.3), larger olivine crystals were 

polished using diamond lapping films (Ultra Prep, Bühler) and deionised water as a polishing 

liquid. For the final polishing step, a diamond film with a roughness of ca. 100 nm was used. 

This was done to create an identical surface for each configuration (Figure 8C). 

 

Figure 8: A, olivine grains from San Carlos; B, the olivine grains after grinding and sieving; C, 

the surface of olivine after polishing. 

 

A B C 
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2.2. Development and procedure of experimental systems 

 

In this chapter the experiments are described; the reactor set-ups, the incubation conditions 

and the analyses that were performed are all given. The smaller characterisation experiments 

are described first, followed by the more extensive weathering experiments (dissolution and 

biofilm cultivation experiments), which were used to simulate biogeochemical processes in the 

lab. 

 

 

2.2.1. Characterisation experiments 

 

2.2.1.1. Growth curves 
 

The growth of K. petricola WT and ΔKppks was studied in liquid CNPS medium supplemented 

with 0.25 mg l-1 of olivine (<63 µm) as a source of micronutrients. The experiment was run in a 

LT-36VL plant growth chamber (Percival, USA) at 25°C, 150 rpm (3017, GFL, Germany), 

under continuous light (90 µmol m-2 s-1). Six biological* replicates of each were run for ca. 35 

days. The biomass at each time point was obtained by harvesting an entire reactor flask, 

separating the biomass from the solution by centrifugation and measuring its dry weight. 

Medium samples taken from the fifth and sixth replicate runs were analysed by ICP-OES 

(chapter 2.3.2.2), total organic carbon (TOC) analysis (chapter 2.3.2.5) and 

photospectrometric glucose analysis (chapter 2.3.2.6) to investigate which nutrients could 

have been limiting. Note that the amount of olivine (0.25 mg l-1) is insignificant compared to 

the final amount of biomass. 

 

The growth constant (µ) was calculated by linear fitting of the exponential phase of the growth 

curve and choosing two points in this fit (i.e. at t1 and t2). The logarithm of the biomass (log(BM)) 

at these two points then gives µ as shown by Equation 1. 

 

µ =
log(BM)2−log (BM)1

t2−t1
 (

1

ℎ
) Equation 1 

 

The doubling time (Td) was then calculated by Equation 2. 

 

𝑇𝑑 =  
log (2)

µ
 (h) Equation 2 

                                                
* A biological replicate is defined as the repeating of an experimental run (i.e. setting up of a reactor with mineral, 

medium and (when applicable) an inoculant) on a different time point using a biologic inoculant from a different 

starter culture.  
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The specific consumption rate (qs) gives the consumption of the carbon source per biomass 

gain and time period and is calculated by Equation 3. 

 

qs =
glucose2−glucose1

(t2−t1)×(biomass2−biomass1)
 (

mg glucose

h ×mg biomass
)  Equation 3 

 

Timepoints t2 and t1 were chosen in the exponential growth phase. The biomass values at the 

respective timepoints were derived from a linear fit of the exponential growth phase. Note that 

the glucose values at the respective timepoints were derived from a linear fit of the entire run 

(i.e. from the lag phase until the end of the stationary phase). 

 

 

2.2.1.2. Acidification experiment 
 

For the acidification experiment, K. petricola WT and ΔKppks were grown in batch as technical* 

triplicates in unbuffered CNPS medium with 0.25 mg olivine l-1 for three weeks. N. punctiforme 

was grown as well as technical triplicates but in unbuffered modified BG11 medium for 11 

days. This experiment was run in a PGC 15.5 plant growth chamber (Percival, USA) at 25°C, 

150 rpm (DOS-10L, neoLab, Germany) and under continuous light (90 µmol m-2 s-1). The pH 

was measured of solution samples taken over time (chapter 2.3.2.1). 

 

 

2.2.1.3. Attachment experiment 
 

By growing K. petricola and three of its pigment-mutants (ΔKppks, ΔKpsdh and 

ΔKppks/ΔKppdg) in liquid CNPS medium for one month, the attachment of each strain could 

be studied. The experiment was run as technical triplicates in a LT-36VL plant growth chamber 

(Percival, USA) at 25°C, 150 rpm (3017, GFL, Germany) and under continuous light (90 µmol 

m-2 s-1). Growing of the specific strain on the bottom and wall of the polycarbonate flasks 

(Corning) indicates its adhesion capacity. 

 

 

2.2.1.4. Desiccation experiment 
 
To test the desiccation resistance of the wild type and the melanin-deficient mutant, following 

experiment was performed without replicates. Sterile, weighed acetate filters were inoculated 

with the respective culture. For the control experiment the filter was placed directly on a MEA 

agar plate and incubated in the PGC 15.5 growth chamber (Percival, USA) at 25°C and under 

                                                
* A technical replicate is defined as the repeating of an experimental run, independent of the time point or the starter 

culture.  
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continuous light (90 µmol m-2 s-1) for one week. For the desiccation experiment, the filters were 

placed in sterile petri-dishes, which were put in a desiccator for three weeks. Afterwards these 

filters were also placed on MEA agar and incubated at 25°C for one week. The growth was 

quantified by subtracting the dry weight of the colonised filter with its dry weight before 

inoculation. 

 

 

2.2.1.5. Hydrophobicity of cells by two-phase partitioning 
 
The hydrophobicity of the WT and ΔKppks cells was tested according to Pihet et al., (2009) 

with modifications. Using hexadecane as the hydrocarbon phase, the move of cells from the 

aqueous phase (i.e. culture medium) into the hexadecane phase is used as a measure of their 

hydrophobicity. Cultures grown in MEB liquid medium as well as mycelium from MEA plates 

were used. Mycelium was taken from the MEA plates and suspended in MEB medium as 

described by Pihet et al., (2009). Then both the suspension and the MEB cultures were 

disaggregated (as described in chapter 2.1.2.1) and the cell density was set at 5 x 107 CFU 

ml-1. 500 µl of hexadecane (Sigma Aldrich) was added to 2500 µl of the prepared culture and 

the mixture was vortexed (Vortex Genie 2, Scientific Industries) for two minutes. After an 

incubation of ten minutes to allow the two phases to separate, two methods were used to 

quantify the cells that remained in the aqueous phase. The first one (as described by Pihet et 

al., (2009)) consisted of measuring the absorbance of the aqueous phase at 630 nm and 

compare it to the absorbance of a control culture to which no hexadecane was added. The 

second method consisted simply of weighing the dry biomass in the aqueous phase and 

comparing it with the dry biomass of the control without hexadecane. Both methods were 

repeated several times and turned out to be irreproducible. 

 

 

2.2.1.6. Measuring the dry weight per cell and the amount of DNA per gram biomass  
 

In order to quantify the amount of biomass in the dissolution experiments by quantitative 

polymerase chain reactions (qPCR) analysis, the amount of DNA had to be correlated to the 

amount of biomass for each model organism. Therefore, the dry weight of a single cell and the 

amount of DNA per gram dry weight were measured for N. punctiforme, K. petricola WT and 

K. petricola ΔKppks. Biomass samples of various (i.e. two biological replicates and six 

technical replicates) cultures were analysed. The number of cells were counted with a 

hemocytometer (chapter 2.3.1.1), the amount of DNA quantified by DNA extraction (chapter 

2.3.1.4.) and subsequent quantitative polymerase chain reactions (qPCR) analysis (chapter 

2.3.1.5), and the dry biomass was weighed with a balance. Note that the efficiency of qPCR 

analysis is dependent on the amount of analysed DNA (e.g. when the amount of DNA is too 
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high (nearing 100 ng µl-1) the DNA concentration is underestimated). Therefore, DNA 

extraction and qPCR analysis were done on samples with a DNA concentration similar to that 

of the samples from the dissolution experiments. The uncertainty of the dry weight per cell 

represents 1σ and is based on the combined propagated uncertainty of biomass weighing and 

cell number counting. For the amount of DNA per gram biomass, the uncertainty represents 

1σ and is based on the combined propagated uncertainty of qPCR analysis and biomass 

weighing. 

 

 

2.2.1.7. Quantifying the metal content of all model organisms 
 

To investigate the metal binding capacity of all model organisms, metal content experiments 

were run. Note that it was impossible to use the cells from the dissolution experiment for this 

purpose as the cells could not be separated from the olivine. Therefore, these metal content 

experiments were run without olivine. The absence of olivine obligated the use of a medium 

with all micronutrients at a concentration similar to those in the dissolution experiments. The 

organisms were grown in liquid medium amended with Mg, Si and Fe. K. petricola WT, ΔKppks 

and ΔKpsdh were grown in modified BG11 medium with ~400 µM Mg, ~200 µM Si and ~17 

µM Fe, while N. punctiforme was grown in modified BG11 medium with 150 µM Mg and 1.7 

µM Fe. The cultures were grown in batch reactor flasks as technical triplicates for over one 

month in the PGC 15.5 chamber (Percival, USA) at 25°C, 150 rpm (3017, GFL, Germany) and 

under continuous light (90 µmol m-2 s-1). The metal concentrations in the medium solution was 

measured by ICP-OES analysis of samples taken from the initial medium and from the reactor 

flasks at the end of the experiment. The metal content of the biomass was measured by 

separating the biomass from the medium by centrifugation, weighing the dry biomass and 

dissolving the biomass in concentrated acid as described by the following procedure. The dry 

biomass was first placed in a Teflon beaker and 3 ml of 65% HNO3 (Merck) and 3 ml of 30% 

H2O2 (Merck) were added. The beaker was placed on a hotplate set at 150°C and once the 

initial production of oxidation gasses stopped, the beaker was screwed shut. After 24 hours at 

150°C, the lid was removed, and the acid evaporated. Again, fresh 65% HNO3 30% H2O2 were 

added, and heated for another day at 150°C. After two (maximal three) runs all biomass was 

dissolved. Then the acid was again evaporated and a white pellet (the inorganic fraction) 

remained. 4ml of a 1M HNO3 solution was added and the pellet easily dissolved by manually 

shaking or by placing the beaker in an ultrasonic bath. Upon dissolution, this solution was 

analysed by ICP-OES (chapter 2.3.2.2). 
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2.2.2. Dissolution experiments 

 

Dissolution experiments were carried out in batch and mixed flow reactor set-ups to quantify 

the abiotic dissolution of olivine and the effect of N. punctiforme, K. petricola WT and K. 

petricola ΔKppks on the olivine dissolution kinetics. In order to calculate the dissolution rates, 

the release of solutes from the olivine needed to be quantified (chapter 1.4.2). This was done 

by submerging the olivine powder with a nutrient solution inside a reactor and inoculating the 

reactor with the fungal or cyanobacterial culture when appropriate. The elemental release was 

measured by analysing its aqueous concentration by ICP-OES. The batch experiment, which 

is the simplest of both, is comprised of a reactor flask with olivine powder, nutrient solution and 

the inoculant. The medium stays in the reactor and the dissolution rate is quantified based on 

the temporal evolution of the concentration of accumulating weathering products (i.e. released 

metals). The mixed flow set-up involves an open reactor: fresh medium flows continuously in 

the reactor while the medium with weathering products flows out. Although its operation is 

more delicate, this reactor type has the advantage that it is more relevant to weathering in 

nature, parameters controlling dissolution (e.g. flow rate, dissolved metal concentrations, …) 

are more easily controlled and kept constant, and dissolution rates are more easily extracted 

from the concentration of released metals in outlet fluids. The mixed flow reactor set-up is 

downscaled four times compared to the batch leaving the solution-mineral ratio by mass 

constant (at 100:1). This ratio was chosen in order to measure changes in olivine dissolution 

(due to biotic influences) without interference of the solute effects (see chapter 1.1.3.3).  
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Table 2a: Overview of the results of all described batch (B) and mixed flow (MF) experiments. For 

each biological replicate, the means and uncertainties of the technical replicates are shown. Biological 

replicates of the same experiment are numbered (e.g. MFΔKppks1). The number of technical replicates of 

each biological replicate are shown in parenthesis behind the name of the experiment (indicated by c). 

The nutrient solution for all these experiments was CNPS buffered with MES. The data obtained at the 

beginning and end of the experimental run are referred to as initial and final, respectively. Uncertainties 

(given in parenthesis) of biomass values represent 1σ and are based on the analytical uncertainty or 

the standard deviation of the technical replicates (whichever was highest). Uncertainties of SSA, pH and 

degree of attachment values represent 2σ and are based on the repeated analysis of the same sample. 

Uncertainties of the dissolution rates represent 2σ and are based on the propagated analytical 

uncertainties associated with the parameters in Equation 5 or 6, or on the standard deviation of the 

technical replicates (whichever was higher). The results are ordered based on the result chapter: 

experiments MFab4, MFNp and MFKpNp are described in chapter 3.2.3, while the other experiments are 

described in chapter 3.2.2. 

Experiment  Biomass (g/ml) a 

x 10-3 
SSAb 

(m²/g) 
Duration 
(days) 

pH Dissolution 
rate (mol/s 

cm2) 
x 10-16 

Degree of 
attachment 

(%) 

 initial final Initial  initial final final final 

Bab (3c) n.a.i n.a. 0.147 (± 

0.026) 
94 6.21 

(±0.02) 
6.20 

(±0.21) 
1.43 (±0.38)  n.a. 

BWTattached d (3) n.a. 0.915 
(±0.024)  

0.147 (± 

0.026) 
94 6.21 

(±0.02) 
6.08 

(±0.02) 
10.4 (±2.4)  27 (±10) 

BΔKppks f (2) n.a. 0.5011 

(±0.0074)  
0.147 (± 

0.026) 
94 6.21 

(±0.02) 
5.92 

(±0.06) 
2.70 (±0.51)  4 (±4) 

MFab1 (1) n.a. n.a. 0.142 (± 

0.026) 
37 5.82 

(±0.02) 
6.02 

(±0.02) 
3.37 (±0.76)  n.a. 

MFab2 (1) n.a. n.a. 0.142 (± 

0.026) 
36 5.81 

(±0.02) 
5,85 

(±0.02) 
3.15 (±0.60)  n.a. 

MFab3 (1) n.a. n.a. 0.110 (± 

0.020) 
42 5.90 

(±0.02) 
5.90 

(±0.02) 
3.93 (±0.80)  n.a. 

MFWTattached (3)  n.a. 1.39 

(±0.19)  
0.142 (± 

0.026) 
37 5.82 

(±0.02) 
5.92 

(±0.02) 
118 (±29)  27 (±12) 

MFWTunattached1
e

(3) 
0.0129 

(±0.0011) 
0.81 

(±0.26)  
0.142 (± 

0.026) 
36 5.81 

(±0.02) 
5.81 

(±0.02) 
20.4 (±4.2)  6 (±2) 

MFWTunattached2 
(1) 

0.00616 
(±0.00022) 

0.320 
(±0.045)  

0.110 (± 

0.020) 
42 5.90 

(±0.02) 
5.87 

(±0.02) 
16.8 (±3.4)  5 (±6) 

MFΔKppks1 (3) n.a. 0.82 
(±0.20)  

0.142 (± 

0.026) 
37 5.82 

(±0.02) 
5.88 

(±0.06) 
23.6 (±1.2)  4 (±4) 

MFΔKppks2 (3) 0.0304 
(±0.0037) 

1.72 
(±0.24)  

0.142 (± 

0.026) 
36 5.81 

(±0.02) 
5.72 

(±0.04) 
20.1 (±7.2)  5 (±8) 

MFΔKppks3 (3)  0.01789 
(±0.00025) 

1.44 
(±0.20)  

0.110 (± 

0.020) 
42 5.90 

(±0.02) 
5.80 

(±0.06) 
10.9 (±4.9)  5 (±6) 

MFab,acidic (1) n.a. n.a. 0.110 (± 

0.020) 
35 2.79 

(±0.02) 
3.49 

(±0.02) 
750 (±200)  n.a. 

MFab4 (1) n.a. n.a. 0.142 (± 

0.026) 
40 5.82 

(±0.02) 
6.03 

(±0.02) 
2.39 (±0.54) n.a. 

MFNp g (3) n.a. 0.339  
(±0.041)  

0.142 (± 

0.026) 
40 5.82 

(±0.02) 
6.03 

(±0.02) 
7.3 (±2.0)  26 (±13) 

MFKpNp h (3) n.a. 4.45  
(±0.19)  

0.142 (± 

0.026) 
40 5.82 

(±0.02) 
5.78 

(±0.04) 
44 (±29)  46 (±24) 
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a Biomass (g ml-1) was calculated by weighing the dry weight of the biotic sample and subtracting the 

dry weight of the abiotic sample.  

b SSA ‒ the specific surface area, measured for the fresh unreacted olivine.  

c In parenthesis is the number of technical replicates given. The reported values are always the means 

of these technical replicates. 

d WTattached ‒ K. petricola wild type which attached to the olivine. 

e WTunattached ‒ K. petricola wild type which did not attach to the olivine. 

f ∆Kppks ‒ K. petricola ∆Kppks. 

g Np ‒ the single culture N. punctiforme.  

h KpNp ‒ the model consortium K. petricola wild type and N. punctiforme. 

i n.a. ‒ not analysed. 

 

 
Table 2b: Overview of the results of the abiotic batch (B) experiments as control. These batch 

experiments were run to investigate the impact of the medium components on olivine dissolution. The 

shown results comprise one biological replicate and two technical replicates for each run. The data 

obtained at the beginning and end of the experimental run are referred to as initial and final, respectively. 

Uncertainties of SSA, pH and degree of attachment values represent 2σ and are based on the repeated 

analysis of the same sample. Uncertainties of the dissolution rates represent 2σ and are based on the 

propagated analytical uncertainties associated with the parameters in Equation 5 or 6, or on the standard 

deviation of the technical replicates (whichever was higher). Note that these results are not described 

in the result chapter but will be discussed in the discussion chapter. 

Experiment Biomass (g/ml) a 

x 10-3 
Nutrient 
solution 

SSAb 

(m²/g) 
Duration 
(days) 

pH Dissolution rate 
(mol/s cm2) 

 

 initial final  Initial  initial final final 

Bab, MQ  (2c) n.a.d n.a. MilliQ 
H2O 

0.142 (± 

0.026) 
90 5.75 

(±0.02) 
6.98 

(±0.08) 
3.3 (±1.2)  

Bab, unbuffered  
(2) 

n.a. n.a. CNPS 0.142 (± 

0.026) 
90 6.22 

(±0.02) 
6.41 

(±0.02) 
2.12 (±0.38)  

Bab, buffered (2) n.a. n.a. CNPS 
with MES 

0.142 (± 

0.026) 
90 6.14 

(±0.02) 
6.19 

(±0.02) 
2.09 (±0.38)  

a Biomass (g ml-1) was calculated by weighing the dry weight of the biotic sample and subtracting the 

dry weight of the abiotic sample.  

b SSA ‒ the specific surface area, measured for the fresh unreacted olivine.  

c In parenthesis is the number of technical replicates given. The reported values are always the means 

of these technical replicates. 

d n.a. ‒ not analysed. 

 

 

The conditions and main results of all batch (B) and mixed flow (MF) runs are shown in Table 

2a and 2b. For each biological replicate, results are reported as the means and uncertainties 

of the technical replicates. Note again that a biological replicate involves the run of the same 

experiment at a different timepoint with (when applicable) a different fungal starter culture. A 
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technical replicate entails the run of the same experiment at the same timepoint and (when 

applicable) the same starter culture. The effect of both K. petricola WT and ΔKppks on olivine 

dissolution was determined and compared to an abiotic control in batch and mixed flow. In 

batch, one biological replicate was run (Bab, BWT, BΔKppks ). In mixed flow, three biological 

replicates were run (MFab, MFWT and MFΔKppks) to take the biological deviations into account. 

Two biological replicates of the WT mixed flow runs indeed behaved differently: the cultures 

did not attach to the olivine which hypothetically resulted in lower dissolution rates. Therefore, 

the WT runs are either named attached or unattached and their results are described and 

discussed separately. Two more mixed flow runs were run with either the model 

cyanobacterium N. punctiforme (MFNp) or the model consortium (i.e. K. petricola WT with N. 

punctiforme, MFKpNp). to study the effect of mutualism. An abiotic mixed flow control run using 

CNPS medium with a pH around 3.5 (MFab, acidic) was setup to determine the effect of an acidic 

pH on olivine dissolution. An acidic pH would prevent oxidation of released Fe2+ and can thus 

influence olivine dissolution. Three final abiotic batch experiments were run with either MilliQ 

water (Bab, MQ), unbuffered CNPS medium (Bab, unbuffered) or MES-buffered CNPS medium (Bab, 

buffered) to determine the effect of chemical medium components on olivine dissolution (Table 

2b). Except for these last three experimental runs (i.e. Bab,MQ, Bab,unbuffered and Bab, 2), results of 

all runs are looked at more closely in chapter 3.2.2. and 3.2.3.  

 

 

2.2.2.1. Batch experimental set-up 
 

The batch set-up is simple: it consists of 500 ml Polycarbonate Erlenmeyer flasks with vented 

caps (Corning, Corning, USA) filled with medium and inoculated with the respective fungal 

culture (Figure 9). The vented cap allowed contact between the air phase in the reactor and 

the environment. Before use, the flasks were cleaned to avoid biological and chemical 

contamination. They were completely filled with 1M HCl (Merck) and left for two days; this was 

repeated with 1M HNO3 (Merck). Afterwards the acids were removed, and the flasks were 

rinsed with deionised MilliQ water by shaking the flasks four times with fresh MilliQ. After drying 

the flasks, 4 (±0.001) g of the cleaned olivine (chapter 2.1.3) was added to the flasks. These 

were then autoclaved whilst covering the cap by aluminium foil to keep everything dry (this 

also extends the lifetime of the vented caps). 400 (±0.5) ml buffered, sterile CNPS medium 

(chapter 2.1.1) was added to each flask using volumetric pipets. The fresh CNPS medium was 

analysed by ICP-OES to measure the medium contribution to the reacted solution: this 

constitutes the medium blanks as presented in Table A3, Appendix 1. Biotic experiments were 

inoculated with ca. 10 mg dry biomass per litre, i.e. 4 mg dry biomass per flask. To ensure the 

same amount of inoculant for each replicate, the cell number was quantified fast using the 

Haemocytometer (chapter 2.3.1.1) or through chlorophyll extraction (chapter 2.3.1.2). A more 

precise quantification of the inoculant was done afterwards by taking a small aliquot of all 
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cultures for qPCR analysis (chapter 2.3.1.5) and through biomass weighing (chapter 2.3.1.3). 

The culture preparation as described in chapter 2.1.2 was extended: after disaggregation, cells 

were washed once with 5mM EDTA and once with CNPS medium to minimise the risk of 

introducing MEB media components.  

 

 

 

 

The batch reactors were incubated in the LT-36VL plant growth chamber set at 25°C, under 

continuous light (90 µmol photons/m2s) and shaken at 140 rpm/min (3017, GFL, Germany). 

Note that the reactors weren’t perfectly mixed (i.e. not all olivine was in suspension) as this is 

not suitable for biological growth. Experiments were run for ~3 months, until near steady state 

dissolution rates were reached. 5 ± 0.1 ml samples were taken with a volumetric pipet at 

regular time points. To keep the solid-liquid ratio constant, this was done whilst manually 

shaking the flasks nearing perfect mixing. Therefore, each sampling event decreased the mass 

of olivine in the reactor by ca. 1.25% (i.e. 5 ml sample / 400 ml total volume). Note that in total 

less than 10% of the initial 400 ml was used for sampling to keep the conditions stable. 

Samples were filtered (0.22 µm); 1 ml was used for pH measurement (chapter 2.3.2.1), 4 ml 

was acidified with HNO3 (Merck, suprapure grade) to a pH <2 and stored in acid cleaned, 

polypropylene falcon tubes at 4°C prior to elemental analysis by ICP-OES (chapter 2.3.2.2). 

On the pellet, consisting of biomass and mineral, DNA extraction was performed followed by 

qPCR analysis to quantify biological growth during the experiment (chapter 2.3.1.4 - 2.3.1.5).  

 

After three months, a sample was taken as before (for pH, ICP-OES and qPCR analyses). The 

bulk of the medium was decanted off and the remaining medium was separated from the pellet 

by centrifugation (5430R, Eppendorf). Afterwards the wet weight was measured using a 

precision balance (Sartorius), samples were taken for DNA extraction (each time measuring 

Figure 9: Animation (A) and picture (B) of the batch setup. Batch reactors contained 400 ml medium 

solution, 4 g of olivine powder and (when applicable) fungal inoculant. The shaker was set at 150 rpm 

and continuous air supply was guaranteed by use of vented caps.  

 

B A 
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the wet weight in order to know the relative amount of pellet taken) and small samples were 

taken for scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

(chapters 2.3.4.5 - 2.3.4.9). Then the samples were dried at 65°C (in a Memmert drying oven) 

and the dry weight was measured (chapter 2.3.1.3). XPS analysis (chapter 2.3.3.2) followed 

after three times fifteen minutes of ultrasonication to separate the cells from the mineral. The 

grade of attachment was quantified by dissecting microscopy images of the dried olivine 

powder (chapter 2.3.4.2).   

 

 

2.2.2.2. Mixed flow experimental set-up 
 
The mixed flow dissolution experiment was developed to obtain the olivine dissolution rate 

faster and at nature-relevant conditions. The set-up consists of 125 ml polycarbonate reactor 

flasks (Corning, Corning, USA) with an inlet, outlet and aeration tube pierced through a silicone 

stopper (VWR) (Figure 10). The aeration tube, connected to a sterile filter (<0.2 µm, Millipore), 

was established to prevent pressure differences and to provide O2 for heterotrophic growth. 

The tubing connecting the medium bottle to the reactor and the reactor to the waste bottle 

consisted of a combination of PVC tubing (4, 5 and 7 mm, VWR) and peristaltic tubing (0.51 

mm ismaprene, Pharmed), which was run through a peristaltic pump (IPC, Ismatec, Germany). 

Both the inlet and the outlet were run through sterile filters (<0.2 µm) to minimise the risk of 

contamination. Rigid PTFE tubing (4mm, VWR) was used to get the medium out of the medium 

bottle to the PVC tubing. The flasks were cleaned as described in the previous chapter (i.e. 

with 1M HCl, 1M HNO3 and MilliQ water). The tubing was sterilised with NaOCl and ethanol 

according to following procedure: first 1% of NaOCl was run through the tubing for three hours, 

the tubing was drained, 70% ethanol was run through for 3 hours, the tubing was drained, 

autoclaved deionised (MilliQ) water was run through for 24 hours and the tubing was finally 

drained one more time. 1 (±0.001) g of the cleaned olivine powder (chapter 2.1.3) was added 

to the flasks and they were autoclaved. After autoclaving, 100 (±0.5) ml of buffered, sterile 

CNPS medium (see 2.1.1.) was added to each flask. Samples were taken from each bottle of 

fresh medium and were analysed by ICP-OES analysis and pH analysis. For the mixed flow 

set-up, a control without olivine was run to check the contribution of elements, released from 

the tubing and reactor, to the elements released by olivine dissolution: these controls are the 

procedure blanks and are presented in Table A3, Appendix 1. Biotic runs were inoculated with 

ca. 10 mg dry biomass equivalents/l, i.e. 1 mg dry biomass per reactor. Culture preparation 

was as described in the previous chapter.  
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After inoculation of the biotic flasks, all reactor flasks were coupled to the sterile tubing under 

the clean bench (Safeflow 1.8, BioAir) and the entire setup was placed in the climatic chamber 

(PGC 15.5, Percival, USA) at 25°C, continuous light (90 µmol photons/m2s). The flasks were 

placed on a shaker (DOS-10L, neoLab, Germany) set at 150 rpm. Just as for the batch 

reactors, these reactors aren’t perfectly mixed. The peristaltic tubing was stretched over the 

pump and the flow rate was set at ca. 0.035 ml/min, giving a turnover time of ca. 2 days. The 

changing of the medium and waste bottles was done under the clean bench to minimise the 

risk of contamination. Note that the medium level inside the reactor tended to rise as the inlet 

pumped in more medium than the outlet pumped out. Therefore, the inlet flow was turned off 

occasionally. Experiments were run for ~35 days, until a steady state dissolution rate was 

reached. At certain time points, 5 ± 0.1 ml medium samples for ICP-OES and pH analysis were 

taken by placing a falcon tube at the tube outlet and letting it fill for a couple of hours. At this 

point the exact flow rate (see Appendix 2) was determined: the volume of sample was divided 

by the sampling time. At the end of the experiment, samples were taken for qPCR, SEM, TEM 

and XPS analyses and the biomass was weighed. The grade of attachment was quantified by 

dissecting microscopy images of the dried olivine powder.   

 

 

2.2.3. Biofilm cultivation experiments using the flow-through set-up 

 

In order to visualise the effect of a K. petricola biofilm on the olivine surface, a longer contact 

between the organisms and the mineral was needed. Therefore, a specific type of 

Figure 10: Animation (A) and picture (B) of the mixed flow set-up. Mixed flow reactors were 

downscaled four times compared to the batch reactors (100 ml medium solution and 1 g of olivine 

powder), keeping the solid/solution ratio the same. The shakers were set at 150 rpm and continuous 

air supply was guaranteed by using an air channel with sterile filters. The flow rate of ca. 0.035 ml per 

minute guaranteed a turnover time of ca. 2 days. Also note the presence of a procedure blank without 

olivine to determine the reactor and tubing contribution to the elemental concentration values as 

analysed by ICP-OES. 

A 

B 
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experiment was setup: the biofilm cultivation experiment. Polished olivine sections were 

incubated with a K. petricola biofilm in flow-through reactors (Figure 11), at the same 

conditions as the dissolution experiments. These flow-through reactors provided stable 

incubation conditions which allowed the fungal biofilms to grow on the sections for up to 

seven months. Afterwards olivine samples were analysed by SEM, XPS and TEM and the 

biofilm was analysed using cryo-SEM.  

 

The flow-through experimental set-up is an adaptation of the setup of Menzel et al., (2016). 

Concretely, CNPS medium, buffered at pH 6, was fed to four reactor bottles in which the biofilm 

grew on the mineral. The set-up consisted of an air pump (WISA), which pumped air through 

two filters (PTFE, 0.2 µm, 50mm, Millex, Merck) into the medium bottle. Due to the pressure 

the medium flowed through the tubing (3 and 4 mm, peroxide cured silicone tubing, VWR) into 

the four chambers. The tubing inside the medium bottle was made of the more rigid PTFE 

tubing (4 mm, VWR). A magnetic valve system (Durakult, Berlin, Germany) controlled the inlet 

flow by blocking the flow and releasing it at a certain interval (i.e. 1 second every hour). Since 

the flow was blocked most of the time, it was necessary to release pressure. This was 

accomplished by building in two pressure controllers before the air filters. These consisted of 

one set of 50 centimetres of coiled thin tubing (silicone, 0.64 mm, VWR), which diverted the 

flow from the main tubing into the open air, and one set which flew back into the main tubing 

(releasing pressure through the tubing itself). In order to change the medium bottle in a sterile 

manner, without disturbing the reactor chambers, steel, interlocking connectors (SAWADE, 

Gottmadingen, Germany) were introduced in the tubing before the air filters and after the 

magnetic valve system. The tubing ends in a custom-made stainless-steel pipe, bent at the tip 

(tube material from SAWADE, Gottmadingen, Germany). The chambers themselves were 

horizontally placed, glass, cylindrical bottles (Glasgerätebau Ochs, Bovenden, Germany). By 

placing the reactors on an electronic magnetic stirrer plate (Variomag Multipoint, Thermo 

Scientific, USA) and putting a 6 mm magnetic stirrer bar (VWR) in the reactors the medium 

was kept homogenised. Each chamber had a silicon stopper (VWR) through which three holes 

were drilled. Through the top one ran the mentioned steel pipe, which is the medium inlet. 

Through the middle one ran a glass pipe connected to a piece of silicone tubing (which is 

clamped shut) ending in an air filter (< 0.2 µm, MF-Millipore, Merck), this served as a medium 

level controller (by removing/setting the clamp). Through the bottom one ran a glass pipe 

connected to silicone tubing which ran directly into the waste bottle. Note that the waste bottle 

was kept sterile by placing cotton in the bottle opening and covering it with aluminium foil. So, 

once the magnetic valve connectors were opened the pressure pushed the medium from the 

bottle through the tubing into the chamber, where it streamed into the outlet tubing and further 

into the waste bottle, since the pressure inside the chambers is maintained. The mentioned 
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medium level controller (middle glass pipe) worked as follows: by opening the clamp, air could 

come in through the filter and the medium level decreased. By closing the clamp and the outlet 

tube, letting medium run in directly increased the level. 

 

Inside the chambers, custom-made steel standers (material from h+s Präzisionsfolien, Pirk, 

Germany) were placed. Polished samples (chapter 2.1.3) were glued on the stander with 

silicon sealant (Daniel Maas Dichtstoffhandel & Co., Kevelaer, Germany). 15 polished olivine 

samples were divided over the four flow-through chambers according to the sketch given in 

Figure 12. These standers had two levels, the lower one was submerged (subaquatic), the 

higher one just under the medium level (subaerial). Two samples were placed at each level 

(except for the abiotic setup where only one was placed subaerially). Note that the medium 

level was set so that it was just below the subaerial samples: capillary forces wetted the biofilm 

on top. Before the experiment, all samples were analysed by dissecting microscopy (chapter 

2.3.4.2) to detect mismatches in the crystals. The standers with the glued-on samples, the 

tubing, the medium and waste bottles were autoclaved. For each mineral one chamber was 

left abiotically, one was reserved for Knufia petricola WT, one for K. petricola ∆pks and one for 

K. petricola together with N. punctiforme. However, N. punctiforme never did grow. So, this 

last chamber is in effect also a WT chamber. Mineral samples were inoculated by pipetting the 

respective culture on top of the mineral sample. After drying the inoculant for one hour to the 

air in the clean bench (to avoid the flushing of the inoculant once the medium was added), the 

chambers were placed inside the growth chamber (PGC 15.5, Percival, USA) and connected 

to the tubing. The chambers were filled with the medium till the subaerial biofilm was just in 

Figure 11: Scheme (A) and picture (B) of the biofilm cultivation experiment in flow-through 

chambers. The magnetic valve system was opened one second every hour guaranteeing a flow rate of 

ca. 0.030 ml per minute.  

A B 
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contact with the medium. To sterilely connect the tubing of the medium bottle to the tubing of 

the chambers, both steel connectors were heated by a Bunsen burner and covered with heated 

Al-foil under the clean bench; in the growth chamber the Al-foil was taken off in the vicinity of 

a Bunsen burner and the connectors were heated again before connecting them. Putting the 

outlet tube into the empty waste bottles was also done around an open flame. The outlet tubing 

was placed in a bottle filled with 70% ethanol, the Al foil with cotton was removed from the 

waste bottle, the bottle neck was heated, the tubing was heated (flaming-off the ethanol) and 

placed in the waste bottle, and finally the cotton was put in the bottle neck and the Al-foil around 

it. The same procedure was followed when the medium and waste bottles were exchanged 

during the experiment.  

 

The biofilm cultivation experiment ran for 195 days at 25°C and under continuous light (90 

µmol photons m-2 s-1). The flow rate was set around 0.030 ml/min by opening the inlet channels 

for one second every hour. The medium and waste bottle had to be exchanged aseptically 

every eleven days; pH and ICP-OES samples were taken regularly from the waste bottle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Position of olivine sections on the standers. One chamber was left abiotically, two 

were used for the WT and one for ΔKppks. In general, there were two olivine sections per level per 

chamber, except for the abiotic subaerial level where there was only one. 



55 
 

After 195 days the samples were taken out and cut of the standers with a sterile scalpel. 

Samples were divided in two series as two sections were present on each level of each 

chamber. Abiotic samples of series one were analysed by XPS to study the chemical content 

of the surface layer, while biotic samples of series one were analysed by cryo-SEM (chapter 

2.3.4.7) to study the biofilm and its EPS. The second series of samples was prepared for FIB-

TEM using preparation protocol 6 (chapter 2.3.4.4.). After the FIB-foils were sputtered out and 

analysed by TEM, the olivine sections were further analysed by SEM to study the olivine 

surface (i.e. polishing lines and grain boundaries). The one subaerial abiotic sample was cut 

in two with a sterile scalpel; one half analysed by XPS and the other half by TEM-SEM. One 

polished, unreacted sample was analysed by XPS, TEM and SEM as a control. 

 

 

 

2.3. Analyses 

 

In this chapter every analytical method used in this study is described together with possible 

methodical artefacts. When an analysis was performed by someone else than the author, it 

will be stated. 

 

 

2.3.1. Microbiological quantification 

 

This chapter deals with the methods used to quantify the biomass. Before inoculation of 

experiments, a fast quantification was needed: the hemocytometer and chlorophyll a extraction 

were used for fungal and cyanobacterial cultures, respectively. A more robust, albeit slower, 

quantification method is the weighing of the dry biomass. This method was used for most 

experiments. For mixed species cultures, dry biomass weighing does not give the relative 

contribution of each species to the total biomass. DNA extraction together with qPCR analysis 

solved this issue: by using species-specific primers each organism’s biomass could be 

quantified. 

 
 

2.3.1.1. Fast quantification with the hemocytometer 
  

Before inoculation in the experiments, fungal cells were to be quantified. This was done using 

a hemocytometer (Hecht-Assistent, Sondheim/Rhön, Germany), taking the average cell 

number from three grids. Note that this method counts both living and dead cells. The 

uncertainty used for measuring the dry weight per cell (chapter 2.2.1.6), represents 1σ and is 

based on repeated measurement of samples taken from the same culture. 
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2.3.1.2. Fast quantification by chlorophyll a extraction 
 

Before inoculation of N. punctiforme cells, the cell number was quantified quickly by means of 

chlorophyll a extraction. Nostoc culture samples of 1 ml were centrifuged (14000 rpm for 5 

min., 5424 Eppendorf), the supernatant was removed, and the same volume of 90% methanol 

(Merck) was added to the pellet. Samples were vortexed and incubated in the dark for 15 

minutes. After another centrifugation step, the supernatant was spectroscopically analysed 

using a UV-Vis spectrophotometer (Genesys 10S, Thermo Scientific). Chlorophyll a was 

measured at 665 nm with a baseline correction at 750 nm. 90% Methanol was used as blank 

solution.  

 
The number of cells per ml can be calculated by using Lambert-Beer’s law: dividing the 

baseline-corrected absorbance (665 nm – 750 nm) by the absorption coefficient (78.74 l g-1 

cm-1 (Meeks and Castenholz, 1971)) and the width of the cuvette (1 cm), and multiplying by 

1000 µg/mg one gets the amount of chlorophyll a in µg/ml. By multiplying this amount with 5.7 

x 106 CFU/µg chlorophyll (derived from Cohen et al., (1994)), the number of Nostoc cells per 

ml can be obtained. The uncertainty used for measuring the dry weight per cell (chapter 

2.2.1.6), represents 1σ and is based on repeated measurement of samples taken from the 

same culture. 

 

 

2.3.1.3. Biomass weighing 
 
The simplest and most used biomass quantification method is the weighing of the dry biomass. 

First, the pellet was separated by centrifugation (5430R, Eppendorf), dried at 65°C (Memmert) 

and weighed with a precision balance (Sartorius). For experiments with an abiotic mineral 

phase (i.e. the dissolution experiments), the biomass was quantified by subtracting the dry 

weight of the solid fraction of the biotic runs (consisting of olivine and biomass) with the dry 

weight of the abiotic runs (consisting only of olivine). This gives an approximation of the dry 

weight of the biomass since the difference in weight loss of olivine between the biotic and 

abiotic experiment is negligible. Error bars and uncertainties represent 1σ and are based on 

the standard deviation of the technical replicates or the analytical uncertainty (i.e. 14%, based 

on repeated measurement of the same sample), whichever was higher.  

 

 

2.3.1.4. DNA extraction by the phenol-chloroform method 
 

DNA was extracted from homogenised (either the biota is well mixed with the mineral or it is 

well mixed within the solution) fungal and cyanobacterial cultures by taking a known fraction 

of the culture and pipetting (Eppendorf) it into a 2.0 ml screw-cap tube (Brand, Wertheim, 
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Germany) together with 0.50 (±0.10) g of 0.5 mm glass beads (Roth), 500 µl of TNE buffer and 

500 µl of phenol:chloroform:isoamylalcohol (25:24:1) [vol:vol:vol] (Roth). These tubes were 

then shaken for 45s at 5 ms-1 using a Ribolyser cell disrupter (Thermo Hybaid, Heidelberg, 

Germany). Starting from here, samples were put on ice and all handlings were done under a 

foam hood. Samples were centrifuged for 15 minutes at 12,300 rpm at 4°C. A phase separation 

happens: the heavy chloroform drags the phenol down into an organic phase, while the 

aqueous phase remains on top. The polar nucleic acids are soluble in the upper aqueous 

phase, while the amphipathic proteins collect between the organic and aqueous phase, and 

the lipids remain in the organic phase. So, the aqueous phase was transferred into a new 

autoclaved Eppendorf tube and the same volume of chloroform:isoamylalcohol (24:1) [vol:vol] 

(Applichem) was added. After a new centrifugation step (this time for 10 minutes), the liquid 

phase was again transferred into a new tube and twice the volume of an isopropanol/sodium 

acetate solution is added to precipitate the DNA. After a 2-hour incubation at -20°C to improve 

precipitation, the tubes were centrifuged for 20 minutes at 12,300 rpm at 4°C. The supernatant 

was discarded, and the pellet was washed twice (by vortexing and centrifugation) with 200 µl 

of 70% ethanol to purify the DNA (i.e. to wash away the Na-acetate salts). After discarding the 

final supernatant, the pellet was air dried for 15 minutes at 25°C and resuspended in 50 µl of 

autoclaved deionised water (MilliQ). The purity and concentration of DNA was checked by 

spectrophotometry (Nanodrop 2000C, Thermo Scientific).  

 

The analytical uncertainty (which will be used in the calculation of the uncertainty of qPCR 

data, chapter 2.3.1.5) represents 1σ and calculated by performing DNA extraction on two or 

three samples from the same reactor and comparing the DNA concentrations. This resulted in 

an analytical uncertainty of ca. 25%. This high error reveals a possible artefact: an 

unsuccessful homogenisation of the solid fraction (i.e. culture with mineral) before taking a 

sample increases the analytical uncertainty. When this is the case, results from qPCR analysis 

are not accurate as well.  

 

 

2.3.1.5. Quantitative polymerase chain reaction (qPCR) 
 

In order to quantify the cell number of K. petricola and N. punctiforme, quantitative polymerase 

chain reaction (qPCR) was used, which quantifies the amount of DNA of each organism 

specifically by using specific primers. The used method is based on the work of Martin-

Sanchez et al., (2016). To quantify the amount of DNA of each organism in an unknown 

sample, a standard curve of specific concentrations of DNA of the respective organism was 

prepared. The DNA concentration of the highest standards (100 ng/μl, 33 ng/μl and 10 ng/μl) 

was set by spectrophotometric measurements with a Nanodrop 2000C (Thermo Scientific). To 
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set the desired concentrations of the other, lower standards, the higher ones were diluted 

accordingly. The used standard series are: 

 

For K. petricola: 100 ng/μl, 10 ng/μl, 1 ng/μl, 0.1 ng/μl, 0.01 ng/μl, 0.001 ng/μl, 0.0001 ng/μl, 0 

ng/μl  

For N. punctiforme:  100 ng/μl, 33 ng/μl, 10 ng/μl, 1 ng/μl, 0.1 ng/μl, 0.01 ng/μl, 0.001 ng/μl, 0 ng/μl 

 
 

The set of primers used to quantify the DNA of each organism specifically are: 

 

For K. petricola: NL1f(GC)/LS2r (Thermo Fisher Scientific) 

NL1f(GC): 5′- ATATCAATAAGCGGAGGAAAAG-3′  (Odonnell, 1993)  

LS2r:   5′- ATTCCCAAACAACTCGACTC-3′   (Cocolin et al., 2000) 

 

For N. punctiforme: p23SrV_f1/p23SrV_r1 (Thermo Fisher Scientific)  

 p23SrV_f1:  5′- GGACAGAAAGACCCTATGAA-3′  (Sherwood and Presting, 2007) 
p23SrV_r1:  5′- TCAGCCTGTTATCCCTAGAG-3′  (Sherwood and Presting, 2007) 

 

 

Primer pair p23 was developed to specifically target cyanobacteria and algae (Sherwood and 

Presting, 2007), while primer pair NL1f - LS2r targets fungi (Bates and Garcia-Pichel, 2009). 

The components of the qPCR mixture (with a total volume of 10μl) are listed in Table 3. 

 

Table 3: Components of the qPCR mixture: these amounts were multiplied by the amount of 

reactions per analytical session.  

Name of component Amount per reaction (μl) 

Milli-Q water 3.6 

iTaq™ Universal SYBR® Green 

Supermix (Bio-Rad) 

4.0 

Forward primer 0.2 

Reverse primer 0.2 

DNA sample 2.0 

 

The iTaq Supermix contains the polymerase, dNTPs, SYBR Green and buffer. SYBR Green 

is a green light emitting dye which binds double stranded DNA, thus linking the amount of 

fluorescence to the amount of DNA in a sample. These mixtures were run in a Real Time PCR 

Cycler CFX96 (Bio-Rad), according to the cycle program given in Table 4.  
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Table 4: The qPCR cycle program used in this study. 

Step Temperature and time 

1) Initial denaturation 300 s at 95°C 

2) Denaturation 5 s at 95°C 

3) Annealing, elongation and fluorescence 
reading (2->3 is repeated 39 times) 

45 s at 60°C 

4) Attaining melting curves A gradual increase from 60°C to 95°C in 5 s 

steps with an increase of 0.5°C 

 

The program starts with the initial denaturation, followed by a repeating of the cycle 

denaturation, annealing, elongation and fluorescence measurement, and ends with the 

attainment of the melting curve profiles. The entire standard series was analysed in triplicates 

at the beginning of each run. The unknown DNA samples themselves were analysed in 

duplicates. With the standard series, a standard curve was constructed which gives the relation 

between the starting quantity of DNA (SQ) and the quantification cycle (Cq). The latter term 

expresses at which cycle (of the 40) the amount of fluorescence (couples to the amount of 

DNA) is higher than the threshold fluorescence (set at 200 relative fluorescence units, RFU). 

The measured Cq of each unknown sample was plotted against this standard curve and thus 

the SQ is known. The biomass could be obtained from these DNA amounts by using the 

amount of DNA per gram biomass as calculated in chapter 3.1.8.  

 

The uncertainties and error bars reported in this study are calculated according to following 

procedure. First, the analytical uncertainty of qPCR analysis, which represents 1σ, was 

calculated based on repeated (2x or 3x) analysis of the same DNA sample; this resulted in an 

uncertainty of ca. 14%. Then, the combined, propagated analytical uncertainty, calculated 

based on the uncertainties of DNA extraction (ca. 25%) and qPCR analysis (ca. 14%), was 

compared with the standard deviation of the technical replicates, and the highest was chosen. 

This represents the uncertainty of the data in ng DNA per µl of solution, which was (as 

mentioned) converted to biomass per ml using the amount of DNA per gram biomass (chapter 

3.1.8). Therefore, the uncertainties and error bars of data in biomass per ml are based on the 

propagated uncertainty of both the uncertainty of the data in ng DNA per µl and the uncertainty 

of the amount of DNA per gram biomass (as given in Table 6).    

 

 

2.3.2. Reacted growth medium/fluid analyses 

 

2.3.2.1. pH measurement 
 

Before pH measurement, medium samples were filtered (< 0.2 µm). The pH of the filtered 

samples was measured at 25°C using a pH meter (Denver Instruments) with an electrode 

(Blueline 25, Schott instruments), which was calibrated at pH 4.00, 7.00 and 10.00 using 
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standard solutions (Chemsolute). The analytical uncertainty was 0.01 pH unit. To adjust the 

pH of media, 0.1 M and 1M solutions of NaOH and HCl were used. Uncertainties and error 

bars in Tables and Figures represent 2σ and are based on the analytical uncertainty or (if 

higher) on the standard deviation of the technical replicates. 

 

 

2.3.2.2. Elemental concentration analysis by inductively coupled plasma optical 
emission spectrometry (ICP-OES) 

To determine the elemental concentrations in the medium samples, they were analysed by 

inductively coupled plasma optical emission spectrometry (ICP-OES, Varian 720-ES). ICP-

OES operates according to the following principle. Liquid samples are nebulised in a spray 

chamber and the resulting aerosol is introduced into an argon plasma. Here, elements are 

desolvated, vaporised, atomised/ionised. The latter leads to optical emission at element-

specific wavelengths. In the spectrometer, the emitted light is diffracted according to 

wavelength and spectral order. The intensity of the emitted light at each wavelength is 

simultaneously detected using a CDD chip and is proportional to the element concentration in 

the sample.   

Sample preparation and analyses were performed in the Helmholtz Laboratory for the 

Geochemistry of the Earth Surface (HELGES) at GFZ Potsdam (von Blanckenburg, 2016). 

The analytical procedure and instrumentation is described in Schuessler et al., (2016) and was 

followed with minor adaptations. Samples taken from reactors were directly filtered (<0.2 µm), 

acidified with HNO3 (Merck, suprapure grade) to a pH <2 and stored in acid cleaned, 

polypropylene falcon tubes at 4°C. One day before analysis, samples were diluted 1:2 or 1:3 

with quartz distilled HNO3 containing Cs as ionisation buffer to achieve a matrix matching to 

the calibration standards. In and Sc were added as internal recovery standards. The final 

concentrations in diluted sample solutions were 0.3M HNO3, 1000 ppm Cs, 1.3 ppm In and 

1.4 ppm Sc, matching the composition of the ICP-OES calibration standards. Linear calibration 

range was verified by measurements of 4 to 8 calibration standard solutions, covering the 

range of element concentrations in the diluted samples. Calibration standards were prepared 

from multi element ICP standards (Merck CertiPUR, traceable to NIST reference materials) 

diluted in 0.3M HNO3 containing ca. 1 mg/g Cs prepared from CsNO3 salt (99.999% purity). 

Uncertainties from calibration were typically below 4% relative. The detection limit for Mg was 

around 0.01 ± 0.20 ppm, for Si it was around 0.043 ± 0.022 ppm and for Fe it was around 0.004 

± 0.003 ppm. In each analytical session, blanks and quality control standards (QCs) (Multi-

element ICP-MS standard mixed with glucose or with the medium solution, respectively) were 

analyses after every 10th sample. The uncertainty used to interpret the sample results is 

conservatively estimated based on the accuracy and the precision of the repeated 

imap://jan%2Eschuessler@gfz-potsdam.de:993/fetch%3EUID%3E/INBOX%3E48886#_ENREF_202
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measurement of these QCs (typically below 5% relative) (i.e. the analytical uncertainty), or on 

twice the standard deviation of sample analysis of the (technical) replicates, whichever was 

higher. Analytical results of these QCs are reported in Table A1 and their element 

concentrations are given in Table A2, Appendix 1. For the Mg/Si ratios, the uncertainty and 

error bars represent 2σ and are based on the combined propagated uncertainty of both ICP-

OES analyses (for Mg and Si).  

To elucidate the element contributions from the pure medium or the experimental reactor setup 

(specifically for the dissolution experiment, this constitutes metals leaching out from the tubing 

and flasks) to the measured metal concentrations in the samples, medium blanks and 

procedure blanks were analysed. Medium blanks constitute samples taken from the medium 

solution used in the batch and mixed flow reactors. Procedure blanks are samples taken from 

a reactor running in parallel to the other reactors, but which just contained the medium (i.e. no 

mineral or biota). For samples from the mixed flow experiments, the concentration values of 

the procedure blank were subtracted. For all other samples the medium blank values were 

subtracted. Both are reported in Table A3, Appendix 1. 

 

 

2.3.2.3. Percentage of released Fe which was sequestered (FFe, seq) 
 

The fraction of Fe which was precipitated or taken up by biomass (i.e. sequestrated, FFe,seq) 

was calculated by taking the ratio of the Fe and Mg solution concentration relative to the 

stoichiometric Fe/Mg ratio in olivine (as measured by electron microprobe, i.e. 0.10), shown as 

Equation 4.  

FFe,seq =

Fe

Mgolivine
− 

Fe

Mgsolution
Fe

Mgolivine

 × 100   Equation 4 

 

Uncertainties and error bars represent 2σ and are based on the combined, propagated 

uncertainty of the Fe and Mg ICP-OES analyses. Note that the Mg binding by the cells and Mg 

precipitation are assumed insignificant compared to aqueous Mg, based on the metal content 

experiment (chapter 3.1.9) and the undersaturation of Mg precipitates in solution, respectively. 

 
 

2.3.2.4. Calculation of olivine dissolution rates 
 
The dissolution rate for the batch experiments was calculated according to Daval et al., (2011), 

but instead of multiplying the specific surface area (SSA) with the initial olivine mass it was 

multiplied with an estimation of the olivine mass at each sampling point (Equation 5). This 

estimation followed from following assumption: at each measuring point a 5ml sample was 
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taken. Since the reactors were shaken strongly during sampling, perfect mixing of the olivine 

was assumed and the mass of olivine at each sampling point was calculated by subtracting 

5/400th of the initial mass (i.e. 0.05 g) per sampling from the initial mass. Therefore, the amount 

of medium and olivine decreased at each time point with respectively 5 ml and 0.05 g. The 

dissolution rate (mol s-1 cm-2) for the batch experiments is calculated by Equation 5. 

  

ri(t) =
∆(Ci)

∆t × molivine(t)×SSA × Ƞi
 (

mol

s ×g × 
cm2

g

) Equation 5 

 
where ri(t) stands for the dissolution rate according to the amount of solute i (i.e. Mg or Si) in 

solution at time point t. ∆(Ci) is the difference in molar amount of solute i (mol) between time t 

and t-∆t (i.e. two consecutive sampling points). ∆t is the time (in seconds) between different 

sampling points. molivine(t) stands for the mass (in g) of olivine in the bottle just before sampling 

(decreasing 1.25% per sampling event). SSA stands for the specific surface area of olivine at 

the beginning of the experiment (in cm²/g as measured by BET, chapter 2.3.3.3) and Ƞi for the 

stoichiometric coefficient of solute i (1.86 for Mg or 1.00 for Si, as measured by electron 

microprobe analysis, chapter 2.3.3.1).  

 
For the mixed flow, some adjustments were made as shown in Equation 6. 

  

ri(t) =
Ci(t) × q(t)

molivine ×Ƞi× SSA 
(

mol

l
 × 

l

s

g × 
cm2

g

) Equation 6 

where Ci stands for the solution concentration of solute i (Mg or Si, mol l-1) and q is the flow 

rate (l s-1), both at time t. Note that for the mixed flow experiment the mass of olivine (molivine) 

is presumed constant (at 1 gram) since only medium solution flowed out the reactors and only 

an estimated 0.2 % of the total mass of olivine dissolved during the runs. 

 

Uncertainties and error bars reported with the dissolution rates represent 2σ and are based on 

the combined analytical uncertainty calculated based on the uncertainties of ICP-OES 

analysis, flow rate calculation (when applicable) and SSA analysis (i.e. propagated through 

Equation 5 or 6) or on the standard deviation of the technical replicates, whichever was higher. 

The uncertainty in the mass of olivine (molivine) and the stoichiometric coefficient of Mg (ȠMg) 

are estimated at around 1% and therefore deemed non-significant compared to the 

uncertainties of the other analysis.  

 
 

2.3.2.5. Total organic carbon (TOC) and total nitrogen (TN) analysis 
 

Total organic carbon (TOC) and nitrogen (TN) analysis was done by Maren Riedel (BAM) on 

medium samples with a TOC – VCPH/CPN (Shimadzu, Japan). Samples were acidified to a 
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pH < 2 (not recommended by any protocol; the samples for ICP-OES were used as well for 

TOC/TN analysis). For total carbon (TC) analysis, the sample was catalytically combusted at 

680°C and the produced CO2 was guided into a nondispersive infrared (NDIR) detector. For 

inorganic carbon (IC) analysis the sample was acidified with phosphoric acid and the formed 

CO2 detected again with a NDIR detector. The TOC content was calculated by subtracting TC 

with IC. The TN content was analysed by combusting the sample catalytically at 720°C, at 

which temperature it forms NO, which is mixed with ozone and forms excited state NO2. NO2
* 

emits light energy as it relaxes to its ground state. This light was detected with a 

chemiluminescence detector. The analytical uncertainty of the TC and TN analysis is 4.2% and 

1.0% (2σ), respectively. 

 

 

2.3.2.6. Photospectrometric glucose analysis 
 

The used protocol is described in Current Protocols of Molecular Biology (Esko, 1995): phenol-

sulfuric acid colorimetry was used to create a coloured reaction product which can be analysed 

spectrophotometrically. The absorbance of the coloured mixture was proportional to the level 

of glucose in the sample and could be converted using a standard curve. Sulfuric acid converts 

the polysaccharides to monosaccharides after which the hexoses are dehydrated to 

hydroxymethyl furfural. This reacts with phenol to produce a yellow-gold-brown colour, which 

absorbance can be analysed spectrophotometrically at 490 nm. 

 

Samples were diluted ten times to reach glucose concentrations in the range of a prepared 

glucose standard series (10 - 25 – 50 – 75 – 100 - 150µg/ml). To every 150 µl of diluted sample, 

150 µl of a 5% phenol (Roth) solution and 750 µl of concentrated H2SO4 (Roth) was added. 

Samples and standards were measured in duplicates and this gave a mean analytical 

uncertainty of 12% (2σ). Presented error bars represent this analytical uncertainty or the 

standard deviation of the technical replicates, whichever was higher. 

 
 

2.3.3. Mineral Analyses 

 

2.3.3.1. Electron microprobe analysis 
 

To attain the exact chemical composition of the used olivine, powder samples were analysed 

by Ralf Milke (FU) with a JXA 8200 Microprobe (JEOL, USA). By bombarding the sample with 

electrons, X-rays are emitted with an element-specific energy. These are measured with an 

Energy-dispersive X-ray (EDX) detector. Since the samples were homogenous, ten analyses 

were made. The average of these give following chemical composition: Mg1.8553 ± 

0.0003Fe0.1851±0.0007SiO4. This is typical for San Carlos olivine (Daval et al., 2011; Pokrovsky and 
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Schott, 2000a). The reported uncertainties represent 2σ and are based on the repeated 

analysis of the same sample.  

 

 

2.3.3.2. Surface analysis with X-ray photoelectron spectroscopy (XPS) 

 
To measure the chemical composition and Fe oxidation state of the olivine surface, X-ray 

photoelectron spectroscopy (XPS) analysis was performed by Jörg Radnik (BAM) using an 

AXIS Ultra DLD (Kratos, UK) with an Al-Mono anode (at 150 W). By irradiating the sample with 

X-rays, electrons from the surface of the sample escape. The XPS spectrum only probes the 

shallowest surface layers of the mineral: 63% of the signal originates from less than 26 Å, and 

95 % from less than 78 Å (Hochella and Carim, 1988). The kinetic energy of these electrons 

and their number are measured. Since the kinetic energy can be related to the binding energy 

of electrons, the position of the XPS peaks not only gives the specific element but also its 

chemical state (e.g. its oxidation state).  

 

Unreacted and the reacted olivine powder from the dissolution experiments and the abiotic 

samples from the biofilm cultivation experiment were analysed. Note that the unreacted sample 

did not undergo autoclaving. The observed differences between the unreacted and abiotically 

reacted olivine surface might thus be caused by autoclaving of the latter. Before analysis, 

samples were ultrasonically cleaned (three times fifteen minutes with acetone) to remove any 

remaining cells (this however never truly succeed). For the powder samples from the 

dissolution experiments, one to four grams of olivine was used for each measurement. These 

samples were analysed in the hybrid mode with a pass energy of 80 eV for survey spectra and 

20 eV for detail spectra. For the larger olivine sections from the biofilm cultivation experiment 

the hybrid and small spot analysis were chosen. For the small spot analysis, 160 eV for survey 

spectra and 40 eV for detail spectra were used. The dwell time was set at 500 ms. And the 

aperture was set wide open (700 x 300 µm) for the hybrid mode and at 110 x 110 µm for the 

small spot mode.  

 

The atomic percentage of Mg, Si, Fe, O and C were calculated based on the area of their 

respective peaks (Mg2s (batch samples) or Mg2p (mixed flow and flow-through samples), Si2p, 

Fe2p, O1s and C1s) and corresponding Scofield sensitivity factors determined on oxides 

(Scofield, 1976) after Shirley background subtraction. Note that a high uncertainty of the 

transmission function in the energy region of the Mg peaks (due to unavailability of a MgO 

reference sample) and the morphology of the powder samples hindered a quantitative analysis 

of the data. Therefore, the Mg results could only be used relatively. However, in the present 

study we were interested in the relative abundance of elements at the olivine surface and their 
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modification upon olivine dissolution. Therefore, all elemental abundances were normalized to 

Si and expressed as XMe2p/XSi2p. Besides peak intensity, binding energies vary slightly when 

the state and the environment of an atom is changed (Carlson, 1975). Thus, we searched for 

shifts in the position of photoelectron peaks, especially in the case of Fe, in order to discern 

the change in oxidation state or the appearance of a new phase.  

 

 

2.3.3.3. Specific surface area measurement by BET analysis 

 
To measure the specific surface area (SSA, the area of solid surface per unit mass of material) 

of olivine samples, adsorption isotherms were determined and the BET (Brunauer – Emmett - 

Teller) theory was applied on them. The remarkable feature of this theory is that it takes the 

possibility of multilayer formation by the adsorptive gas into account. The adsorption isotherm 

is determined by admitting a non-reactive adsorptive gas to the olivine sample at increasing 

relative pressures. The amount of gas adsorbed will increase with the pressure. Afterwards, 

the desorption isotherm can be determined by calculating the amount of adsorbed gas by 

lowering the pressures. The profile of both isotherms gives the analyst an idea about the 

porosity of the sample. Krypton was chosen over nitrogen as an adsorptive gas because the 

specific surface area was relatively small (< 2 m²/g). A disadvantage of the use of krypton is 

that porosity measurement is not possible. Prior nitrogen measurements however already 

indicated that the porosity was too low to study the pore size distribution.  

 
Each olivine powder sample (~4 grams) was analysed by Annett Zimathies and Carsten Prinz 

(BAM) using an ASAP2020 (Micromeritics, USA). Before analysis, samples were dried in a 

desiccator, then placed in the sample holder and outgassed till vacuum was reached. The 

analysis was undertaken at 77 ±1 K. According to the BET-theory the relationship between 

𝑝

𝑣𝑚(𝑝0−𝑝)
 (nm stands for the monolayer capacity of absorbed gas, p for the equilibrium pressure 

and po for the saturation pressure) and the relative pressure (
𝑝

𝑝0
) is linear at low relative 

pressures (in our case linearity was observed between 0.05 [Pa/Pa] and 0.30 [Pa/Pa]) 

according to Equation 7. 

p

na(p0−p)
=

1

nmC
+

(C−1)

nmC
×

p

p0
 Equation 7 

 
With C being a constant. The BET specific surface area is then calculated according to 
Equation 8. 
 

SBET =  nmNAam Equation 8 
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With NA being the Avogrado constant and am the molecular cross-section of Krypton. The 

reported uncertainties represent 2σ and are based on the repeated analysis of the same 

sample.  

 

 

2.3.4. Microscopical analysis 

 

2.3.4.1. (Fluorescent) Light Microscopy 
 

For simple light microscopy (Primo Star, Zeiss), 10 µl of liquid samples were pipetted on a 

microscope slide (Brand) and covered with a cover glass (VWR). Depending on the objective, 

immersion oil (Nikon) was used. Fluorescence microscopy was performed with an Eclipse Ni-

U (Nikon) for life/dead and amyloid staining.  

 

Life dead staining was done with FDA and PI: 8 µl of the FDA stock and 50 µl of the PI stock 

were added to the pellet of a 500 µl culture (±108 CFU ml-1). After vortexing to distribute the 

stains and a five-minute incubation in the dark, the supernatant was removed by centrifugation 

(5424 Eppendorf) and the pellet was washed with PBS before microscopic analysis. For PI the 

Texas Red filter was used, for FDA the FITC filter. 

 

Staining of the amyloids was first tried out with thioflavin T dissolved in PBS according to Lipke 

et al., (2012). However, at the proposed concentration (100 nM) no fluorescence was seen 

and at higher concentrations (50µM) the fluorescence signal was clumped on the cell wall for 

the wild type and inside the cell for ΔKppks. Congo red also specifically binds amyloids 

(Romero et al., 2010). Therefore, this staining was tried out and the solvent was changed: 

Congo red dissolved in 70% ethanol (5 g l-1) gave the best result. The Congo red stock was 

added to the same volume of culture (final Congo red concentration of 2.5 g l-1) and the mixture 

was rested for 30 min in the dark. The Texas Red filter was used for imaging. The images 

shown in the results are taken from cultures that were grown in MEB liquid medium. Using 

cultures from MEA agar plates gave the same results. 

 

 

2.3.4.2. Dissecting microscopy 
 

To quantify the grade of attachment and to analyse olivine polished sections, the Stemi 2000C 

dissecting microscopy (Zeiss) was used together with the KL 1500 light spots (Zeiss). The 

grade of attachment, which represents the percentage of olivine grains with a biofilm (i.e. 

colonised), was quantified by counting the colonised olivine grains and dividing this number by 

the total number of olivine grains (> 100 per technical replicate). The reported uncertainties 

represent 2σ and are based on the standard deviation of the technical replicates. 
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2.3.4.3. Atomic force microscopy (AFM) 
 

Atomic force microscopy (AFM) was operated in tap mode with a ContGB-G tip and a 

Nanowizard 4 (JPK) microscope together with Jan David Schütter (BAM). The cell surface of 

K. petricola WT and ΔKppks were analysed to check the presence of a rodlet layer as has 

been done before by Pihet et al., (2009). The general principle is the following: a cantilever is 

oscillated up and down over the sample with a constant driving signal (the input) frequency 

and amplitude (constant force). Due to interaction with the cells (through Van der Waals and 

electrostatic forces, dipole-dipole interactions, etc.) the measured amplitude changes. The 

difference with the input amplitude is used as a measure of the topography. Before analysis, 

cells were harvested from MEA agar plates, washed with deionised MilliQ water and dried 

slowly. Washing with PBS resulted in hindering salt crystals and was therefore avoided.  

 

 

2.3.4.4. Sample preparation for scanning and transmission electron microscopy 
(SEM and TEM)  

 
Different protocols were used to prepare samples for SEM, Cryo-SEM and TEM analysis 

(Figure 13). Protocols 1 to 4 are based on Spurr, (1969) with some minor adaptations. 

Protocols 1, 2, 3 and 4 were performed on olivine powder from the dissolution experiments; 

These protocols started the same way: a double fixation to secure the cells to the olivine and 

to consolidate the cells themselves and the ethanol series dehydration to lower the surface 

tension and to prevent cell distortion.  

 

A small solid sample was taken out of the respective flask and put in a 2ml Eppendorf whilst 

paying attention that both cell aggregates and olivine powder were present in the sample. Each 

sample underwent a first fixation: 0.83 ml of 4% glutaraldehyde (Merck) in PBS was added to 

get a total concentration of 2.5%. The mixture was tilted slowly and rested for 2 hours. 

Afterwards the supernatant was taken off and the samples were washed trice with PBS, letting 

it rest each time for 15 minutes (again after tilting slowly). The second fixation consisted of 

adding 1% Osmium Tetroxide (Merck) in PBS, slow tilting and 2 hours resting. Afterwards the 

samples were again washed trice with PBS for 15 minutes. The supernatant was taken off and 

the ethanol series started (each time the sample was tilted and rested for the respective time): 

  
30 min in 30% Ethanol  
30 min in 50% Ethanol  

 30 min in 70% Ethanol (storage overnight at 4°C) 
60 min in 80% Ethanol  

  60 min in 90% Ethanol 

2 times 30 min in Ethanol abs  
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Afterwards the five protocols differed, each has its pro and cons. Protocol 1 and 2 led to a 

fixed, dried powdered sample that was relatively unstable and was analysed by SEM. Protocol 

3 and 4 led to an embedded sample that is more stable and could easily be analysed by TEM 

by cutting out a FIB-foil. Moreover, it was preferable to use even samples for EDX analysis.  

 

Figure 13: Scheme of sample preparation for (cryo-)SEM and TEM analysis. Protocol 1,2,3,4 and 

5 involved the fixation of the sample with glutaraldehyde and osmium tetroxide and the drying of the 

sample over an ethanol series. For protocol 1 the sample was then be air-dried and analysed by SEM. 

Protocol 2 included critical point drying before SEM analysis. Protocol 3 and 4 involved the embedding 

of the sample in Epoxy and making a cross-section. These sections could be analysed by either SEM-

EDX (3) or FIB-TEM (4). Protocol 5 involved the air-drying of the sample and analysis by FIB-TEM. 

Protocol 6 did not involve any preparation at all: the sample is directly glued to the sampleholder, frozen 

and analysed by cryo-SEM. 

 

Protocol 1 involved placing the ethanol-immersed samples under a fume hood and letting them 

dry (air drying). Major disadvantage is the collapse of some – insufficiently fixated and 

dehydrated – cells. Advantage is the uncomplicatedness. Protocol 2 used critical point drying 

(Leica EM CPD300). This method consists of CO2 at a pressure and temperature higher than 

its critical point to replace the ethanol in the sample*. Advantage of this method is the avoidance 

                                                
* This omits the common liquid-gas transition from air drying. During air drying, the high surface tensions of the 

remaining liquid disrupt the cell wall. But by crossing through the supercritical region, the density of the vapor phase 

becomes equal to the density of the liquid phase and the surface tensions are gone. There is another way to avoid 
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of structural collapse of the cells. Disadvantage is the more complicated procedure. Samples 

were placed in the sample holder which was drained with ethanol. In the case of powdered 

samples, cut-out filter paper was used to avoid the loss of sample through the sample holders 

mesh. Before SEM analysis, samples of both protocols were stuck on adhesive carbon tape. 

These samples were used for study of the growth behaviour (EPS formation, attachment to 

olivine).   

 
Protocol 3 and 4 involved the embedding of the sample in an epoxy resin (Modified Spurr 

embedding Kit, SERVA, prepared according to manufacturer guidelines) by exchanging the 

ethanol for Epon epoxy. The displacement series looks as follows (sample was tilted again 

and rested for the respective time):  

 

1 h in 2/3 Eth. abs, 1/3 Epon 
1 h in 1/2 Eth. abs., 1/2 Epon 
1 h in 1/3 Eth. abs., 2/3 Epon 
1-2 h in Epon 
Overnight in fresh Epon 

 

The next day, the samples were put in fresh Epon and poured in a plastic mould in which they 

were rested for five hours at 40°C. They were polymerized overnight at 70°C. A cross-section 

was taken of these polymerised samples by sawing them and polishing the cut, both of which 

were done by Christiane Behr, FU Berlin. The advantage of this protocol is that it results in 

samples that are more stable (ideal for FIB-cutting) and have an even surface (which is 

preferred for chemical analysis by SEM-EDX). Disadvantage is the loss of information about 

the growth behaviour and the cumbersome procedure. 

 

Protocol 5 was chosen to prepare the olivine sections from the biofilm cultivation experiment 

(chapter 2.2.3.1). Even though it was difficult to cut out a FIB-foil from a non-embedded 

sample, FIB was performed on these air-dried, unembedded samples as fixation and 

embedding could cause artefacts to the olivine surface. The advantage of this protocol is a 

quick and easy procedure, the disadvantage more cumbersome FIB-cutting. 

 

                                                
the liquid gas transition: by freeze-drying the solid-gas boundary is crossed instead. However, this transition should 

happen fast to avoid the formation of ice crystals. Cryo-SEM, which is described in chapter 2.3.4.6, is a nice example 

of freeze-drying. 
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Protocol 6 was developed for cryo-SEM. Samples 

were taken from their reactor and glued directly on 

the sample holder. The holder with the sample 

was plunged into liquid nitrogen reaching a 

temperature of -210°C. Then the sample was 

sublimated (to get rid of the medium and the 

condensate that has formed during transport of 

the sample from the liquid nitrogen container to 

the SEM) and sprayed with Au-Pt for conductivity. 

Note that the analysis of powdered samples and 

larger mineral sections that were kept in medium 

failed. If the sample is not dried sufficiently before 

gluing it to the stander, the sample is covered in a 

sheet of amorphous water (due to incomplete 

sublimation) (Figure 14A). If the sample was dried 

(under a lamp) before freezing, the cells 

experienced surface tension causing structural 

collapse. The same happened if the sample was 

too thick: this caused insufficient freezing of the 

sample and a liquid-gas transition instead of a 

solid-gas transition (Figure 14B). Ideally the 

biofilm should be grown in a more or less dry 

environment before analysis. Therefore cryo-SEM 

should only be used on the larger biofilms that are 

grown at the air-liquid interface. Or one could be 

lucky and find a spot which did neither experience 

strong surface tensions nor was too wet (Figure 

14C). Note that the top of the sample shown in 

Figure 14C was dried out too strongly and the 

cells collapsed, while the bottom of the sample 

was too wet and covered in amorphous water.  

 

 

 

 

 

 

 

 

Figure 14: Cryo-SEM trial experiments 

demonstrate the possible artefacts. A, a 

sheet of amorphous water around the cells 

(ΔKppks on olivine powder) indicates that too 

much medium was left on the sample and 

could not be sublimated. B, the sample was not 

completely frozen and instead of sublimation, 

evaporation happened: the cells collapsed (WT 

growing on olivine powder). C, part of a sample 

where cryo-SEM did work: a piece of 

inoculated with the WT. Notice the WT biofilm 

consolidating itself on the marble by means of 

EPS. 
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2.3.4.5. (Environmental) scanning electron microscopy (ESEM)  
 
After preparation, powder and embedded samples were coated with a 10 to 15 nm gold layer 

while tilting them at a 5° angle to make sure the Au covers the entire structure of the sample. 

The gold coating is needed to ensure electron conductivity, which prevents charging. Samples 

were then placed into the scanning electron microscope (SEM) (XL30, FEI/Thermo Fisher 

Scientific with a wolfram cathode) and studied under vacuum by Ines Feldmann (BAM). As for 

electron microprobe analysis (chapter 2.3.3.1), X-rays are emitted by bombarding the sample 

with electrons. These X-rays are measured by EDX spectroscopy (EDX, EDAX with a Si-(Li) 

detector). 

 
Analysis of the olivine sections before the biofilm cultivation experiment required to leave them 

uncoated with gold. Therefore, these were analysed with environmental SEM, for which 

samples do not have to be electron conductive and which can be operated under a lower 

vacuum*. Two detectors were used: the backscattered electron (BSE) detector and the 

gaseous secondary electrons (GSE) detector (more specific a large field detector). While the 

BSE detector analyses scattered electrons from deeper layers (micrometre range) (Niedrig 

and Rau, 1998) and its contrast give material information (chemical) of these layers, the GSE 

detector analyses secondary electrons from the top layer (nanometre range) and also gives 

material information of the surface.   

 

 

2.3.4.6. Cryo-scanning electron microscopy (cryo-SEM) 
 
Cryo-SEM is claimed to give a more realistic picture of cells and their EPS (Hassan et al., 

2003). By the specific sample preparation (rapid freezing and subsequent sublimation) the 

samples lose only a part of their water and this in a more controlled way. The procedure was 

as follows. Samples taken directly from their reactor (protocol 5, chapter 2.3.4.5) were dried 

shortly and glued on the sample-holder. The sample was then frozen in liquid nitrogen to -

210°C and placed as fast as possible in the cryo-SEM chamber (GATAN). During transport of 

the sample from the liquid nitrogen to the SEM, water vapor formed ice crystals on the sample. 

This was sublimated inside the SEM chamber. Sublimation of the ice under SEM vacuum 

levels starts at a temperature of -140°C. After sublimation the samples were coated with Pt 

inside the SEM and were subsequently analysed by Ines Feldmann (BAM). All the possible 

artefacts related to the sample preparation before cryo-SEM (related to the presence of 

medium and the drying) are described in chapter 2.3.4.4. 

 

 

                                                
* It is exactly the region of higher pressure around the sample which neutralises the charge.  
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2.3.4.7. Focussed ion beam (FIB) sample preparation 
 

To get a closer view on the interface between the fungal cells and the olivine, Transmission 

Electron Microscopy (TEM) was used. TEM samples were sputtered out of the olivine-fungus 

interface with a Focused Ion Beam (FIB, FIB200TEM, FEI, USA) by Anja Schreiber (GFZ). For 

unreacted and abiotically reacted olivine samples, a FIB-foil was cut on a regular position. For 

the biotically reacted sections, the FIB foils were cut with a cell in the central position (Figure 

15A). Several protocols were tried out. For the samples of the dissolution experiments a 

preliminary protocol (Protocol 4, chapter 2.3.4.5) failed: air-dried powder samples were glued 

on a SEM-stander, sputter-coated (Polaron SC500, Fisons, UK) with a 10 nm Au-layer and 

placed inside the FIB. The area of interest (2 x 20 µm) was coated with a 1 µm Pt layer 

(deposited with the Ga+ ion beam, Figure 15A).  

 

 

This preparation however caused artefacts: these samples turned out to have an amorphous 

layer of 20-30 nm and had high amounts of Ga into their surface layers (Figure 16). When the 

Au layer is absent or too thin, 30kV Ga+ ions* can get implanted into the surface layers of the 

sample. This causes an artificial amorphization of the mineral (Lee et al., 2007). Moreover. the 

samples weren’t stable enough for FIB, the cell clusters were not completely fixed to the olivine, 

so FIB-foil lift-off was difficult.  

                                                
* As a side note, the amorphous layer is caused by the Ga+ ions that were used for sample imaging and deposition 

of the platinum protective layer (Lee et al., 2007). These ions might lose their kinetic energy and be implanted below 

the surface of the sample creating amorphisation. The ion-deposited Pt is delivered as an organic Pt-gas which is 

decomposed on the sample by the Ga-ion beam. Its goal is to protect the sample from the Ga+ ions used for the 

actual etching. So, the protective layer itself can have an altering effect.  

 

Figure 15: A, the area of interest, a K. petricola WT cell, is covered with an electron and an ion-

beam deposited Pt-strip to protect the cell; B, the two sputtered-out rectangles are visible on 

both side of the Pt-covered cell (i.e. the FIB foil in becoming). Both these samples are from the 

biofilm cultivation experiment. 
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Figure 16: A, bright field analysis of a FIB-foil cut out of an unreacted olivine grain used for the 

dissolution experiments; B, EDX analysis of the amorphous surface layer. Note the 20 nm 

amorphous layer on the crystalline olivine which is more porous and less dense compared to the olivine 

(A) and the correlating Ga-ion implantation in the amorphous layer (B, rectangle).  

 

To resolve both the amorphisation artefact and the instability of the sample, an embedding 

step was performed between the ethanol dehydration series and the FIB-preparation (Protocol 

4, chapter 2.3.4.5). Embedded samples were just Au-coated for imaging with the SEM, but no 

further protection was needed since the area of interest (the interface) was perpendicular to 

the surface of the sample. The FIB procedure after deposition of protective layers continued 

as follows. Two large rectangles are sputtered out on either side of the covered area of interest, 

as shown in Figure 15B. The sample was subsequently turned to etch a V-shaped cut out of 

the bottom of the foil. The foil was then removed by using a lift-out system (Easy-Lift, FEI, 

USA) and it was transferred on a copper grid (Pelco Lift-out grids, Ted Pella, USA). On the 

grid it was polished to a thickness of 50-30 nm using the 30kV ion beam.   

 

For the olivine sections of the biofilm cultivation experiment (chapter 2.2.3.1) another 

procedure was followed. Since it was feared that the fixation and embedding also might cause 

an artefact, samples were taken out of the reactor and air-dried in a desiccator (Figure 13, 

protocol 5, chapter 2.3.4.5). The recommendation of Lee et al., (2007) to use a thicker 

protective Au-layer was followed and an additional electron-beam deposited Pt-layer was 

used. So, the final coating procedure looked as follows: plasma-coating with >50nm of Au or 

C, 200 nm of electron-beam Pt deposition (less destructive at 5 kV)) and finally again the 1 µm 

of ion-beam Pt deposition (Figure 17A). The FIB used for the visualisation samples was more 

modern: a Helios Dual Beam G4 UC (FEI, USA) which is capable to reduce the energy of its 

ion beam. The removal of the rectangles was still done with a 30kV ion beam but for the 

thinning of the FIB-foil 16 kV was used. To end, both sides of the foil were cleaned with a 5 kV 
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beam. All these changes resulted in an absence of amorphisation and a severe reduction 

(although not undetectable) of the amount of implanted Ga, as can be seen for the unreacted 

sample (Figure 17B and 17C). Note that the flow-through foils were thinned more than the foils 

from the dissolution experiment: 10 nm thickness instead of the usual 30-50 nm.  

 

 

Figure 17: A, STEM image of all the protective layers on the unreacted olivine section used for 

the biofilm cultivation experiment; B, HRTEM image of the unreacted olivine; C, EDX analysis of 

the surface of olivine. Note the sharp interface between the olivine and the carbon coating (B) and the 

low amount of Ga in the olivine (C, rectangle).  

  

 

2.3.4.8. Transmission electron microscopy (TEM): analysis of the FIB-foils 
 

FIB-foils were subsequently analysed with a Tecnai G2 F20 X-Twin TEM (FEI), operated at 

200 kV with a field emission gun electron source by Richard Wirth (GFZ). The transmission 

electron microscope (TEM) was equipped with a postcolumn Gatan imaging filter (GIF 

Tridiem). Putative lattice distance changes and amorphisation were studied under the high 

resolution TEM (HREM) mode. The high resolution TEM (HRTEM) images presented were 

energy-filtered using a 10 eV window on the zero loss peak. Analytical TEM was performed 

with an EDAX X-ray analyser (a Si-Li detector) equipped with an ultra-thin window. The X-ray 

intensities were measured in STEM and HRTEM mode, where the electron beam is serially 

scanned over a preselected area, minimizing mass loss during data acquisition. The spot size 

was set at 8 (5-10 nm). At this spot size no beam damage by electron sputtering was detected. 

For chemical analysis the Kα lines of Mg, Si and Fe were used. The thinness of the FIB-foils 

caused sharp interfaces by HRTEM and low detector counts for EDX. Also, the short 

acquisition times (to prevent selective electron sputtering of Mg and Fe) were causing these 

lower counts. Lower counts cause a higher relative error. Moreover, the absolute Fe counts 

were much higher in the deeper layers of olivine compared to the olivine surface layers. 

Elemental mapping was done with electron energy loss spectroscopy (EELS, jump ratio 

imaging) using a Gatan Tridiem EEL spectrometer. In general, there was too much sample 

drift (and therefore image matching problems) for EELS. Only for the amorphous layer of the 

subaquatic abiotic sample from the olivine biofilm cultivation experiment, elemental mapping 
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was possible since it had a large enough size to circumvent the sample drift. For other samples 

however, sample drift might have caused an artefact, overestimating the size of the enriched 

layer. 

 

Each foil was investigated 

visually to guarantee a high 

grade of uniformity across the 

foil: the images of selected areas, 

shown in the results chapter, 

represent the entire foil. Multiple 

HRTEM and EDX analysis were 

taken. Amorphisation was 

observed by a change in electron 

density under bright-field/STEM 

imaging and by an absence of the 

lattice fringe pattern under 

HRTEM mode. The latter was 

always done in combination with Fast Fourier Transform (FFT) analysis of these HRTEM 

images, resulting in a diffraction pattern (Figure 18). A repetitive pattern of bright spots beside 

diffuse scattering intensity indicated crystallinity. The distances and angles of these spots also 

gave the specific crystal orientation.  

 

 

 

2.4. Used software 

 
The acidification potential of respiratory CO2 and the pH-dependency of Fe (oxyhydr)oxide 

precipitation was simulated using the software packet PHREEQC (Parkhurst and Appelo, 

1999) with the llnl.dat database. Statistical analysis was done with Origin 2018. EndNote X5 

was used to manage the references. MS Excel was used for calculations and MS Word to 

process texts. ICP Expert (Varian) was used for ICP-OES data analysis and CFX Manager 3.0 

(BioRad) for qPCR data analysis.  

 

 

 

2.5. Statistical analysis 

 

The error bars and uncertainties presented in this study usually represent either 2σ (for 

geochemical analyses) or 1σ (for biological analyses) and are based on either the (propagated) 

Figure 18: A, HRTEM and B, FFT image of a foil of the 

subaquatic ΔKppks section. The FFT was taken from the 

indicated position (A, rectangle). The Miller indices of each plane 

are indicated in the FFT (B). These give the crystal orientation of 

the exposed plane [0 1 0].  
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analytical uncertainty (calculated by the repeated analysis of a standard or sample) or the 

standard deviation of technical replicates, whichever was higher.  

 

Normality of data was shown by using the Shapiro-Wilk test, equality of variances by Levene’s 

or the Brown Forsythe test. For the growth curves, the amount of DNA per cell, the dry weight 

per cell and the acidification experiment, an unpaired two-sample t test at p<0.05 indicated the 

significance of the difference between the studied organism. For the metal contents of the 

metal content experiment and the dissolution rates of the dissolution experiments, the 

differences between the organisms were analysed using one-way analysis of variance 

(ANOVA) together with the Tukey test at p<0.05. 

 

The dependence of the dissolution rates on the pH, biomass or grade of attachment was 

studied by analysing their correlation. Therefore, the rates of each technical replicate were 

plotted against the activity of protons to the power of 0.5 (i.e. aH+
0.5, based on Pokrovsky and 

Schott, (2000b)), the biomass (mg) or the grade of attachment (%), respectively (Figure A5, 

Appendix 6). For the dependence on biomass or grade of attachment the number of data points 

(n) is 5 for the batch and 16 for the mixed flow experimental results, while for dependence on 

pH n equals 8 and 19, respectively. From these plots the coefficient of determination ‒ R 

squared (R²) ‒ was determined without taking the uncertainties into account.  
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Results 
 

 

 

 

Microbial induced weathering was investigated through several types of experiments. 

However, to explain the results of these experiments, the weathering-affecting model 

organisms had to be characterised. The overview of these characterisation experiments is 

shown in Table 5A and their results are described in chapter 3.1. Research questions 

investigated in this chapter revolved around growth dynamics (Does melanin production affect 

growth or resistance to desiccation?), the correlation between the cell surface and attachment 

(Does melanin production affect the cell wall composition and does this have an effect on the 

capacity to attach to a substrate?) and the biological influence on the solution chemistry (Are 

the model organisms able to change the bulk pH or bind metal solutes from solution?). 

   

With the results of the characterisation experiments available, microbially induced weathering 

could be studied through dissolution and biofilm cultivation experiments (Table 5B). These 

experiments tried to clarify how the model organisms interact with the mineral olivine. First, the 

results from olivine dissolution experiments are described in chapter 3.2. The abiotic and biotic 

olivine dissolution kinetics were studied to investigate to what extent and by which weathering 

mechanisms the model organisms affect olivine dissolution. The TEM study of the K. petricola-

olivine interface is described in chapter 3.3, investigating the nanometre scale effects of the 

model rock-inhabiting fungus on the olivine surface. The full data sets which are described in 

this chapter can be found in Appendix 2. 
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Table 5A: Experiments to characterise the weathering-affecting model organisms. The names of the experiments are used throughout this study. Shown as 

well are the reactor type, the constituents of the experiments and the goal of the experiments. 

 Name of 

experiment 

Reactor 

type 
Constituents Study of Chapter 

   mineral medium organism   

Growth 

dynamics 

Growth curves Batch 
Olivine 
powder 

CNPS 
with 
MES 

K. pa WT, K. p ΔKppks Biomass growth 
kinetics 

3.1.1 

Desiccation 
experiment 

Petri dish / MEA K. p WT, K. p ΔKppks 
Resistance to 
desiccation 

3.1.2 

Cell weight and 
DNA content 

Batch / CNPS 
K. p WT, K. p ΔKppks, 

N. pb 

Dry weight per cell and 
amount of DNA per 

gram biomass 
3.1.3 

Cell surface in 

relation to 

attachment 

Attachment 
experiment 

Batch / 
CNPS 
with 
MES 

K. p WT, K. p ΔKppks, 
K. p ΔKpsdh, K. p 
ΔKppks/ΔKppdg 

Attachment capacity 
during growth in the 

reactor 
3.1.4 

Hydrophobicity 
experiment 

Petri dish / 
MEA, 
MEB 

K. p WT, K. p ΔKppks 
Hydrophobicity of cell 

surface 
3.1.5 

AFM experiment Petri dish / MEA K. p WT, K. p ΔKppks 
Structure of cell 

surface 
3.1.6 

Amyloid staining 
experiment 

Petri dish, 
batch 

/ CNPS K. p WT, K. p ΔKppks 
Amyloid formation at 

cell surface 
3.1.7 

Biological effect 

on solution 

chemistry 

Acidification 
experiment 

Batch 
Olivine 
powder 

CNPS 
K. p WT, K. p ΔKppks, 

N. p 
Capacity to change pH 

of bulk medium 
3.1.8 

Metal content 
experiment 

Batch / BG11m 
K. p WT, K. p ΔKppks, 

K. p ΔKpsdh, 
N.p 

Capacity to take up 
dissolved Mg, Si and 
Fe from the solution 

3.1.9 

a K. p ‒ K. petricola  

b N. p ‒ N. punctiforme   
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Table 5B: Experiments to investigate microbial induced weathering through the interactions between the model organisms and the mineral olivine. The 

names of the experiments are used throughout this study. Shown as well are the reactor type, the constituents of the experiments and the goal of the experiments. 

 Name of 

experiment 

Reactor type Constituents Study of Chapter 

 mineral medium biota 

Biological effect 

on mineral 

weathering 

Olivine 

dissolution 

experiment 

Batch, Mixed 

flow 

Olivine 

powder 

CNPS 

with MES 

K. p a WT, K. p 

ΔKppks 

Effect of fungal attachment on 

olivine dissolution kinetics 

3.2.2 

Mixed flow Olivine 

powder 

CNPS 

with MES 

K. p WT, N. P b Effect of symbiosis on olivine 

dissolution kinetics 

3.2.3 

Olivine biofilm 

cultivation 

experiment 

Flow-through Olivine 

polished 

sections 

CNPS 

with MES 

K. p WT, K. p 

ΔKppks 

Effect of fungal biofilm on olivine 

surface at nanometre scale 

3.3 

a K. p ‒ K. petricola 

b N. p ‒ N. punctiforme   
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3.1. Characterisation of K. petricola strains and N. punctiforme 

 

The results of the various experiments that were run to characterise the model weathering-

affecting organisms are described in this chapter. Which organisms were studied depended of 

the goal of the respective experiment. Results from these characterisation experiments were 

used to explain the results from the subsequent chapters (i.e. dissolution experiments and the 

biofilm cultivation experiment). 

 

 

3.1.1. Growth curves of K. petricola WT and ΔKppks 

 

The growth curves for K. petricola WT and ΔKppks in CNPS medium with 0.25 mg l-1 of olivine 

are illustrated in Figure 19. Both strains had an exponential phase which started around day 

four and ended around day twenty. Based on this exponential phase, the WT had a growth 

constant (µ) of 0.00170 ± 0.00019 h-1 while the mutant had one of 0.00205 ± 0.00015 h-1. This 

gives doubling times of 177 ± 22 h and 147 ± 10 h for the WT and ΔKppks, respectively. In 

general, the mutant also had a significantly (p<0.05) higher final biomass: the mean of the six 

biological replicates was 47 ± 11 mg for ΔKppks compared to 32.6 ± 9.2 mg for the WT.  

   

 

 

 

 

The reason for this significantly lower growth of the wild type might be a limiting nutrient. 

Therefore, the medium of two biological replicates of each strain was analysed. ICP-OES 

analysis of the medium did not show a limiting nutrient: all micro-nutrients (delivered by olivine 

dissolution), PO4
-3 and SO4

-2 were available (data not shown). Spectrophotometric analysis of 

the glucose concentration indicated that glucose levels decreased and became limiting for both 

WT and ΔKppks (Figure 20A). TOC (Figure 20B) and TN (data not shown) analyses however 

showed that the organic carbon and total nitrogen levels stayed constant over time.  

Figure 19: Growth curves of K. 

petricola WT and ΔKppks represented 

as biomass (g) accumulation over 

time. Abiotic represents the abiotic 

control (i.e. the weight of the undissolved 

olivine). Six biological replicates were run 

for the WT and mutant. The 95% 

confidence intervals are shown for each 

strain. 
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By linearly fitting the glucose decrease, the specific consumption rate (qs) can be calculated 

according to Equation 3. During the exponential growth phase, the qs was 0.0109 

𝑚𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒

𝑚𝑔 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑥 ℎ𝑜𝑢𝑟
 and 0.0067 

𝑚𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒

𝑚𝑔 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑥 ℎ𝑜𝑢𝑟
 for the WT and ΔKppks, respectively. 

 

 

 

3.1.2. Characterisation of desiccation resistance of K. petricola WT and ΔKppks: the 

desiccation experiment 

 

Melanin might have a role in fungal resistance to desiccation (Fernandez and Koide, 2013). 

To test this hypothesis, the wild type or the melanin-deficient mutant were first exposed to a 

dry environment for three weeks and were then placed on MEA plates to support growth. After 

one week of growth on MEA, the final biomass of the cultures that underwent the dry conditions 

was similar to the final biomass of the control cultures (Figure 21). The experiment was run 

without replicates. 

Figure 20: A, glucose (mg) by 

spectrophotometric analysis; B, Total 

organic carbon (TOC) (mg) by TC 

analysis. The glucose level in the 

reactors (mg) for the WT and ΔKppks 

runs decreased to levels that could limit 

growth. The TOC content in the reactor 

(mg) decreased as well for both strains, 

but to a lesser extent. The error bars 

represent 2σ and are based on the 

standard deviation of the technical 

replicates or the analytical uncertainty, 

whichever was higher. If they are not 

visible, they are behind the symbol. The 

95% confidence intervals are shown for 

each strain. 
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3.1.3. Quantification of dry cell weight and amount of DNA per cell for N. punctiforme 

and K. petricola WT and ΔKppks 

 

To obtain the weight of the biomass from qPCR analysis, the amount of DNA per unit of dry 

weight is needed (Table 6). In parallel the dry weight per cell was measured as well using a 

hemocytometer. For K. petricola, the weight and amount of DNA weren’t significantly different 

between the wild type and melanin-deficient mutant strain. The differences between N. 

punctiforme and K. petricola WT were significant (p<0.05): N. punctiforme cells were over 

fifteen times lighter than K. petricola cells and contained almost twenty times as much DNA 

per gram biomass. The amount of DNA per cell was therefore almost the same for all three: 

1.1 pg DNA cell-1 for K. petricola WT, 1.5 pg DNA cell-1 for ΔKppks and 1.3 pg DNA cell-1 for 

N. punctiforme.  

 

Table 6: summary of the dry weight per cell (pg cell-1) and the amount of DNA per gram of 

biomass (mg DNA g-1) for K. petricola WT, ΔKppks and N. punctiforme. The uncertainties represent 

1σ and are based on the analytical uncertainty or the standard deviation from the technical triplicates 

(whichever was higher); if they are not visible, they are behind the symbol. 

 K. petricola WT K. petricola ΔKppks N. punctiforme 

dry weight of cell (pg 

cell-1) 
264 ± 96 237 ± 86 15.1 ± 1.9 

Amount of DNA per 

gram biomass (mg 

DNA g-1) 

4.20 ± 0.95 6.3 ± 2.2 83 ± 24 

 

 

 

 

 

 

Figure 21: The desiccation experiment: growth 

(g) of K. petricola WT and ΔKppks on filters on 

agar plates with and without desiccation. The 

control (ctrl) experiments were without the 

desiccation step, the desiccation (desic) 

experiments involved three weeks of desiccation. 

No error bars are shown as experiments were 

done without replicates. 
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3.1.4. Visualisation of attachment capacity of K. petricola strains: the attachment 

experiment 

 

The growth behaviour of K. petricola WT and three of its pigment mutants (ΔKppks, ΔKpsdh 

and ΔΔKppks/pdg) is compared in Figure 22. Only K. petricola WT grew attached to the 

Erlenmeyer flasks. The bottom and sides of the flasks were covered with small black colonies, 

which did detach by shaking the flasks. The mutant strains grew planktonically and in larger 

aggregates. Moreover, the medium of ΔKpsdh coloured brownish. 

 

K. petricola WT K. petricola ΔKppks K. petricola ΔKpsdh 
K. petricola 

ΔΔKppks/pdg 

    

Figure 22: Growth behaviour of four strains of K. petricola, indicating their attachment abilities. 

Only the wild type grew attached to the polycarbonate Erlenmeyer flask: its colonies were spread-out 

over the bottom and lower sides of the flask. The other strains grew in planktonic aggregates, unattached 

to the reactor. Notice the brown colour of the medium of ΔKpsdh. Each strain was run as a technical 

duplicate. 

 

 

3.1.5. Quantification hydrophobicity of K. petricola WT and ΔKppks: the hydrophobicity 

experiment 

 

The hydrophobicity of both the wild type and the melanin-deficient mutant was tested by a two-

phase partitioning test according to Pihet et al., (2009). Results could not be replicated: 0% to 

10% of cells were retained from the water phase (a measure of hydrophobicity), but the wild 

type and the mutant cultures had alternatingly the higher percentages (data not shown). 

 

 

3.1.6. Characterisation of the cell surface of K. petricola WT and ΔKppks by AFM 

 

Characterisation of the melanin and EPS of K. petricola was done by Knabe et al., (in 

preparation) and Breitenbach, (2018), respectively. Another weathering-affecting compound 
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of K. petricola, hydrophobins (chapter 1.2.5.2), were not studied previously. Blast search of the 

genome revealed that our model fungus has one gene which aligns well (82% identical) with 

genes encoding the class II hydrophobin, cryparin, in the endolithic fungus Rachicladosporium 

antarcticum. In order to find out if our model fungus produces visible (i.e. rodlet forming), class 

I hydrophobins as well, atomic force microscopy (AFM) was used according to Pihet et al., 

(2009). These researchers observed that the conidia (i.e. asexual spore) of a wild type 

Aspergillus fumigatus forms a rodlet layer, which consist of class I hydrophobins, while the 

conidia of melanin-deficient mutants of A. fumigatus did not. Therefore, the cell surface of our 

model K. petricola and its melanin-deficient mutant ΔKppks were also analysed by AFM. Figure 

23 illustrates the clear absence of the characteristic parallel rows of a rodlet layer on the cell 

surface of K. petricola WT and ΔKppks, as opposed to the wild type A. fumigatus conidia.  

 

 

Figure 23: AFM amplitude images of the cell wall of A, K. petricola WT; B, K. petricola ΔKppks, 

and C, A. fumigatus (reprinted from Pihet et al., (2009)). A rodlet layer as seen for A. fumigatus (the 

parallel rows in C) was not seen on the cell surface of K. petricola wild type and its melanin-deficient 

mutant. The scale bar in picture C represents 100 nm.  

 

 

 

3.1.7. Visualisation of amyloid production of K. petricola WT and ΔKppks by 

fluorescent microscopy: the amyloid staining experiment 

 

Staining of the amyloids (i.e. class I hydrophobins) was tried out with thioflavin T (TFT) and 

congo red (CR): CR dissolved in 70% ethanol gave the best result. TFT staining in PBS gave 

a clumped fluorescent signal (Figure 24A and 24B). Dissolving TFT in ethanol gave a 

fluorescent signal from inside the cell as well (Figure 24C and 24D). Staining with CR dissolved 

in ethanol resulted in a continuous fluorescent signal around the cell wall for both the WT and 

ΔKppks (Figure 24E and 24F). For both strains, fluorescence was strongest in between cells. 

These experiments were replicated. 

 

A B                    C
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Figure 24: Fluorescence microscopy of WT and ΔKppks with TFT and CR staining. A and B, using 

TFT in PBS resulted in a clumped signal. C and D, using TFT in ethanol solved this but the fluorescent 

signal also came from inside the cell. E and F, using CR in ethanol resulted in a fluorescent signal 

spread out over the cell wall, which was strongest in between attached cells.  

 

 

3.1.8. Characterisation of acidifying capacities of N. punctiforme and K. petricola WT 

and ΔKppks: the acidification experiment 

 

Both K. petricola WT and ΔKppks, and N. punctiforme were able to decrease the pH of the 

liquid growth medium when the pH was not buffered (Figure 25). These experiments were 

done in batch as technical triplicates. N. punctiforme acidified its liquid growth medium (i.e. 

modified BG11) when glucose was added: the final pH was at 3.66 ± 0.09 pH units. K. petricola 

WT and ΔKppks decreased the pH of their unbuffered CNPS medium from 6.5 to ca. 3 pH 
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units over the course of three weeks. Note that the mutant (2.83 ± 0.06 pH units) was able to 

acidify the medium significantly (p<0.05) more than the WT (3.12 ± 0.12 pH units).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: The pH time-profile of K. petricola WT and ΔKppks growing in unbuffered CNPS 

medium and N. punctiforme in modified BG11 medium. Both fungal strains decreased the pH to ca. 

3: the mutant just below (2.83 pH units), the wild type just above (3.12 pH units). The abiotic control 

involved a batch reactor with unbuffered CNPS medium. WT and ΔKppks were run as a technical 

triplicate, the abiotic setup was run without replicates. The error bars represent 2σ and are based on the 

analytical uncertainty or the standard deviation of the technical triplicates (whichever was higher); if they 

are not visible, they are behind the symbol. 

 

 

3.1.9. Quantification of the metal content of K. petricola strains and N. punctiforme: 

the metal content experiment 
 

The Mg, Si and Fe content of three strains of K. petricola (WT, ΔKppks and ΔKpsdh) and of N. 

punctiforme was determined by the metal content experiment (Table 7). For the K. petricola 

strains, the Fe content (µg/g) was highest, followed by the Mg and Si content. The WT 

contained significantly (p<0.05) more Mg and Fe than the melanin-deficient mutant ΔKppks: 

its Fe content (1720 µg/g biomass) was almost twice as high as for the WT (3000 µg/g 

biomass). The Mg and Fe contents of the ΔKpsdh mutant were similar (p<0.05) to those of the 

WT and ΔKppks mutant. The Si contents of all K. petricola strains were not significantly 

different. The Mg content of N. punctiforme was almost five times higher than of the wild type 

K. petricola.  
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Table 7: The metal content experiment. The final biomass (mg), the aqueous Mg, Si and Fe 

concentration (µM) at the beginning and end of the experiment, the amount of each metal in the final 

biomass (µg), the Mg, Si and Fe content of the final biomass (µg g-1) and the percentage of each metal 

bound in the biomass are shown for K. petricola WT, ΔKppks and ΔKpsdh, and N. punctiforme. 

Uncertainties represent two times the standard deviation of the technical triplicates or the analytical 

uncertainty, whichever is higher. 

 K. petricola WT 
K. petricola 

ΔKppks 

K. petricola 

ΔKpsdh 
N. punctiforme 

Biomass (mg)  39.4 ± 2.4 61.0 ± 8.2 47.4 ± 5.6 64 ± 11 

Mg solution 

concentration 

(µM) (initial–final)  

385.8 ± 6.0 – 

412.2 ± 6.2 

385.8 ± 6.0 – 

408.6 ± 6.1 

385.8 ± 6.0 – 

405.7 ± 6.1 

149.8 ± 15.0 – 

117 ± 11 

Amount of Mg in 

biomass (µg)  
25.4 ± 4.0 28.8 ± 9.4 29.3 ± 5.8 208 ± 36 

Mg content 

biomass (µg g-1)  
650 ± 160 470 ± 110 617 ± 46 3000 ± 160 

% Mg bound 2.5 2.8 2.9 29.2 

Si solution 

concentration 

(µM) (initial–final) 

202.6 ± 4.1 – 

227.1 ± 3.4 

202.6 ± 4.1 – 

224.2 ± 4.3 

202.6 ± 4.1 – 

223.2 ± 3.3 
n.a.a 

Si in biomass 

(µg) 
12.5 ± 3.0 15.3 ± 3.4 10.5 ± 1.4 n.a. 

Si content 

biomass (µg g-1) 
320 ± 110 249 ± 30 223 ± 60 n.a. 

% Si bound 1.9 2.4 1.6  

Fe solution 

concentration 

(µM) (initial–final) 

17.41 ± 0.26 – 

0.313 ± 0.047 

17.41 ± 0.26 – 

0.84 ± 0.74 

17.41 ± 0.26 – 

3.0 ± 1.4 

17.33 ± 1.74 – 

1.31 ± 0.14 

Fe in biomass 

(µg) 
118 ± 30 104 ± 15 115.7 ± 9.4 152 ± 38 

Fe content 

biomass (µg g-1) 
3000 ± 1100 1720 ± 300 2450 ± 320 2370 ± 600 

% Fe bound 98.5 95.7 87.5 93.9 

a n.a. ‒ not analysed 

 

For all these experiments Mg and Si did never become limiting; the K. petricola strains 

sequestered between 1.6 and 2.9 % of all Mg and Si, while N. punctiforme could bind 29% of 

all Mg. The Fe concentrations however did become limiting: while the ΔKpsdh mutant bound 

87.5% of all Fe, the WT was able to bind 98.5 % (Table 7). As these organisms bound almost 

all Fe present in the medium, their true Fe contents are probably higher. 
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3.2. Influence of K. petricola and N. punctiforme on the kinetics of olivine 

dissolution: the dissolution experiments 

 

This chapter focuses on the interactions between the model organisms and olivine, 

investigated through dissolution experiments. These experiments enabled the quantification of 

the kinetics of olivine dissolution, and the subsequent examination of the olivine dissolution 

mechanisms of the fungal and cyanobacterial cultures. 

 

 

3.2.1. Trial experiments 

 

The experimental set-up for the dissolution experiments was developed by performing various 

trial experiments. In this chapter, these trial experiments are described. First the batch trials 

are looked at, followed by the mixed flow trials.  

 

 

3.2.1.1. Batch trial runs 

 

The first batch dissolution experiment was run for one month with four set-ups (each without 

replicates): an abiotic control, a K. petricola run, a N. punctiforme run and a model consortium 

run (K. petricola with N. punctiforme). The olivine powder was not cleaned ultrasonically, which 

resulted in a high BET specific surface area (i.e. 0.7067 m² g-1). The used medium was Na-

CNPS (chapter 2.1.1). None of the reactors showed any growth (qPCR data not shown). The 

medium was unbuffered, so the pH quickly increased to 7.2 (data not shown). Olivine 

dissolution was initially non-stoichiometric (i.e. the Mg/Si medium concentration ratio was 

higher than 1.86, the stoichiometric ratio of the olivine). The dissolution rates for all four setups 

were calculated as described in Equation 5 and are depicted in Figure 26. Even though there 

was no observable growth some differences could be seen: the dissolution rate of K. petricola 

(1.10 ± 0.21 x 10-16 mol cm-2 s-1) and the model consortium (0.97 ± 0.18 x 10-16 mol cm-2 s-1) 

were over twice as high as the rates of the abiotic control (0.459 ± 0.086 x 10-16 mol cm-2 s-1) 

and N. punctiforme (0.428 ± 0.080 x 10-16 mol cm-2 s-1). 
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A second trial was undertaken with the goal to increase the biotic effect on olivine dissolution. 

First, the olivine was subjected to two weeks of abiotic weathering, the reacted medium was 

removed and fresh Na-CNPS medium was added together with the respective inoculant. The 

flasks were again incubated for 98 days. Five unbuffered set-ups were run in triplicates: the 

abiotic control, with K. petricola, with K. petricola ΔKppks, with N. punctiforme and with the 

model consortium (i.e. K. petricola and N. punctiforme). Moreover, the medium of two 

additional set-ups, an abiotic control and a model consortium, was buffered at pH 6 using MES 

(chapter 2.1.1) to stimulate fungal growth. Both were run as well in triplicates. While the pH of 

the buffered experiments stayed around ~6, the pH of the unbuffered experiments increased 

to ~6.25. qPCR analysis showed that while growth of N. punctiforme was negligible in all its 

set-ups (i.e. DNA concentrations one order of magnitude above abiotic control, data not 

shown), K. petricola (WT and ΔKppks) grew more (i.e. concentrations were four orders of 

magnitude higher than abiotic control, data not shown), and most of all in the buffered model 

consortium setup (six orders of magnitude higher, data not shown). qPCR showed as well that 

the model consortium consisted mostly of K. petricola. Moreover, only the buffered model 

consortium showed visible biomass growth. 

 
The dissolution rates of the buffered setups were higher compared to the unbuffered ones 

(Figure 27). The buffered consortium dissolved olivine at the highest rate (6.9 ± 2.8 x 10-16 mol 

cm-2 s-1), followed by the buffered abiotic control (4.0 ± 1.4 x 10-16 mol cm-2 s-1). The unbuffered 

biotic set-ups dissolved olivine at rates lying around ~1.3 x 10-16 mol s-1 cm-2.  

 

 

 

 
 

Figure 26: Olivine dissolution rates of all 

four trial set-ups without replicates. 

Error bars represent 2σ and are based on 

the propagated uncertainties of BET and 

ICP-OES analyses, when not visible they 

are behind the symbols.  
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Separate growth experiments (data not shown) revealed that the lack of growth was also 

caused by an absence of K in the growth medium. The ‘weathering’ medium was subsequently 

modified (chapter 2.1.1), causing more visible and quantifiable growth.  

 

 

3.2.1.2. Mixed flow trial runs 
 
For the mixed flow experiments, some trial experiments were run as well to get a functional 

experimental set-up. A first experiment with K. petricola WT, ΔKppks and N. punctiforme was 

run with unbuffered CNPS medium as it was hypothesised that a continuous flow of fresh 

medium would keep the pH around 6. This failed: the pH decreased for all set-ups to values 

as low as ~4.6 (data not shown). Since the direct effect of the organism on olivine dissolution 

is of interest, any indirect effects such as a pH decrease due to metabolic activity were tried to 

be avoided. Therefore, the pH was also buffered in the mixed flow experiments.  

 
ICP-OES analysis of the samples from a second trial showed that silicone tubing released too 

much Si into the medium. The samples taken from the procedure blank (i.e. an experimental 

run without olivine or inoculant) had Si concentrations similar to those of the other set-ups with 

olivine. Therefore, PVC tubing was used here after. 

Figure 27: Olivine dissolution rates 

of all seven trial set-ups with 

technical triplicates. Error bars 

represent 2σ and are based on the 

analytical uncertainty of BET and ICP-

OES analyses or on the standard 

deviation of the technical triplicates 

(which was highest); when not visible 

they are behind the symbols. 
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A third trial was run with seven 

different set-ups (without 

replicates): an abiotic control, a K. 

petricola WT run, a K. petricola 

∆Kppks run, a K. petricola 

∆∆Kppks/pdg run, a N. 

punctiforme run, a model 

consortium run and an A. pullulans 

run. The bulk pH remained around 

6, except for A. pullulans. Growth 

of A. pullulans was so high, that the 

pH decreased to ~5.5 (data not 

shown). Note that most reactors 

got contaminated over time. 

Therefore, the experiments were 

terminated prematurely. The 

contaminations originated from the 

waste bottle and subsequently 

spread to the reactor bottles. To 

avoid this, filters were placed on 

either side of the reactor and the 

waste bottle was kept sterile as 

well.  

 

Even though, the dissolution rates of most runs did not reach a steady state before the end of 

the experimental run, some did as can be seen in Figure 28. Inoculation of the olivine with A. 

pullulans resulted in the highest olivine dissolution rate (157 ± 31 x 10-16 mol s-1 cm-2), which 

was almost twice as high as the K. petricola WT run (89 ± 17 x 10-16 mol s-1 cm-2). Also, the 

rates of the melanin-deficient mutant (∆Kppks) and the melanin- and carotenoid-deficient 

mutant (ΔΔKppks/pdg) reached a steady state: their final rates of 22.3 ± 4.6 x 10-16 mol s-1 cm-

2 and 13.7 ± 3.2 x 10-16 mol s-1 cm-2 were respectively four and six times lower than the wild 

type’s. Finally, the final abiotic rate was 8.8 ± 2.3 x 10-16 mol s-1 cm-2. Other experimental runs 

did not reach a steady state dissolution rate. 

 

 

 

 

 

 

Figure 28: Olivine dissolution rates of seven trial mixed 

flow setups: an abiotic control, a K. petricola WT run, a K. 

petricola ΔKppks run, a K. petricola ΔΔKppks/pdg run, a 

N. punctiforme run, an A. pullulans run and a model 

consortium run. Error bars represent 2σ and are based on the 

propagated uncertainties of ICP-OES analysis, flow rate and 

BET measurements. When not visible they are behind the 

symbol. 
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3.2.2. Comparing the olivine dissolution kinetics of K. petricola WT and K. petricola 

ΔKppks 

 

To study whether the knock-out of melanin production and a different EPS composition would 

affect the impact of K. petricola on olivine dissolution, the olivine dissolution capacity of the 

wild type and the melanin-deficient mutant ΔKppks were compared using both batch (Figure 9 

and 29) and mixed flow reactors (Figure 10). Since Fe precipitation turned out to be essential 

to understand the observed impacts on dissolution, also an abiotic dissolution experiment at 

pH 3.5 was run. 

 

The results of the biological replicates, as described in chapter 2.2.2, Table 2a, are combined 

in this chapter. Note that the WT cultures did not show the same behaviour in each run; they 

either attached to the olivine and reached higher dissolution rates or did not attach and showed 

lower dissolution rates. The WT runs were therefore divided in two groups: WTattached and 

WTunattached. 

 

 

Figure 29: Pictures of the batch reactors at the end of the experiment. Left, the abiotic control; 

centre, K. petricola WT; right, K. petricola ΔKppks. Notice how the wild type grew directly on the olivine 

while the melanin-deficient mutant did not.  

 

 

 

Olivine powder Olivine powder 

covered by 

WTattached cells 

Olivine powder 

uncovered by 

ΔKppks cells 
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3.2.2.1. Evolution of pH and biomass with time 
 

The biomass was measured by two methods: biomass weighing and qPCR analysis (Figure 

30). Only the former is described and discussed as DNA analysis came with a high uncertainty 

(described in chapter 2.3.1.4). In batch experiments, the biomass concentration of the wild 

type (BWTattached ) and the mutant (BΔKppks ) reached final values of 9.15 ± 0.24 x 10-4 and 5.01 ± 

0.07 x 10-4 g ml-1, respectively. In the mixed flow runs the final biomasses were 0.915 ±0.024 

for the attached WT (MFWTattached), in the range of 3.20 10-4 to 13.88 10-4 g ml-1 for the unattached 

WT (MFWTunattached ) and 8.19 x 10-4 to 17.20 x 10-4 g ml-1 for ΔKppks (MFΔKppks) (Figure 30). 

Note that growth curves of both WT and ΔKppks (Figure 19), indicate that the exponential 

growth phase lasts from day 4 to 20, the mutant growing more biomass than the wild type. 

 

 

Figure 30: The biomass measured by two methods. Dashed columns as measured by qPCR, full 

columns as measured by weighing the dry weight of the biotic sample and subtracting the dry weight of 

the abiotic sample. The data for each biological replicate is shown. Black columns represent WT data, 

pink ones the data of ΔKppks. Note that generally both show the same trend, although the qPCR data 

varies much more. For further calculations the dry weight was used. Errors bars represent 1σ and are 

based on the analytical uncertainty or (if higher) the standard deviation of the technical replicates. 

 

The temporal evolution of the pH of batch and mixed flow experiments is illustrated in Figure 

31A, 31B and 15C. In the batch experiments, the pH of the biotic set-ups slightly decreased 

from 6.20 (± 0.02) to 6.08 (± 0.02) for the WT (BWTattached) and 5.92 (± 0.06) for the ΔKppks 

(BΔKppks) (Figure 31A), even though the medium was buffered with MES at pH 6.2. For the 

abiotic set-up (Bab), the pH stayed constant with a final value of 6.20 (± 0.02). For the mixed 
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flow experiments, the pH of all experimental runs (MFab1-3, MFWT1-3, and MFΔKppks1-3) was in the 

range of 5.68 (±0.06) to 6.05 (±0.02) (Figure 31B), without clear differences between biotic and 

abiotic runs. The pH of the abiotic mixed flow experiment at acidic pH (MFab, acidic) was in the 

range of 4.59 (±0.02) to 3.49 (±0.02) (Figure 31C).  

 

 

3.2.2.2. Elemental release from olivine with time 
 

3.2.2.2.1. Aqueous Mg and Si  
 

The release of Mg and Si in the abiotic batch experiment (Bab) at pH 6 was initially non-

stoichiometric, with a preferential release of Mg (Figure 31M), and considerably slowed down 

over time (Figure 31D and 31G). Final Mg and Si aqueous concentrations in the abiotic set-up 

were 282 ± 22 and 157 ± 10 µM, respectively. 

  

In abiotic mixed flow reactors at pH 6 (MFab), the Mg and Si concentrations in solution also 

decreased considerably with time to final concentrations of 1 M for Mg and within the 

uncertainty of the procedure blank for Si (Figure 31E and 31H). At pH 3.5 (MFab,acidic), the 

concentrations of Mg and Si only slightly decreased to a final value of 275 µM for Mg and 161 

µM for Si (Figure 31F and 31I). Due to the low final Si concentrations (not significantly different 

from the procedure blank), Mg/Si could not be calculated for abiotic runs at pH 6 and therefore 

isn’t reported. At the end of the experiment done at pH 3.5, dissolution was slightly non-

stoichiometric (Figure 31O).  

 

In biotic batch runs, the Mg and Si aqueous concentrations of the wild type (BWTattached) started 

to deviate from the abiotic runs after 8 days: and reached final Mg and Si concentrations of 

622 ± 51 and 379 ± 34 µM, respectively. Mg and Si release in the mutant runs (BΔKppks) were 

close to those in the abiotic runs with final Mg and Si concentration of 241 ± 15 and 137 ± 7 

µM, respectively. Just as in the abiotic batch run, olivine dissolution was initially non-

stoichiometric and turned stoichiometric after two days (Figure 31M). 

  

In biotic mixed flow reactors, the Mg and Si concentrations for mutant runs (MFΔKppks) and the 

unattached WT runs MFWTunattached initially decreased but reached steady state values around 

7 µM for Mg and 4 µM for Si (Figure 31E and 31H). For the attached WT run MFWTattached, the 

Mg and Si concentrations increased again after reaching a minimum at day 8; the final Mg and 

Si concentrations were 53.9 ± 6.7 and 30.6 ± 5.1 µM, respectively. In these biotic runs, Mg 

was initially preferentially released over Si, but final Mg/Si ratios were not significantly different 

from that of olivine (Figure 31N). Applying the Mg, Si concentrations of both strains from the 

metal content experiment (Chapter 3.1.9, Table 7) to the final wild type and mutant biomass in 
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the dissolution experiments shows that ca. 6% and 1% of the olivine-released Mg and Si could 

have been sequestered by the cells. 

 

 

3.2.2.2.2. Aqueous Fe 
 

The dissolved Fe concentration in the abiotic batch experiment (Bab) reached a final value of 

0.18 ± 0.10 µM (Figure 31J). In the mixed flow reactors, the final Fe concentration was below 

the ICP-OES detection limit of 0.07 µM for the abiotic run at pH 6 (MFab1-3, Figure 31K), and 

17.02 ± 0.31 µM for the run at pH 3.5 (MFab, acidic, Figure 31L). The aqueous Fe concentration 

in the batch reactors with the mutant (BΔKppks) increased to a final value of 1.92 ± 0.11 µM, 

significantly higher than for batch reactors with the wild type (1.07 ± 0.70 µM) (BWT, Figure 

31J). For the mixed flow runs, the aqueous Fe concentrations was 1.31 ± 0.20 µM for the 

attached WT (MFWTattached) and ranged from 0.4 to 0.7 µM for the mutant and unattached WT 

(MFΔKppks). 

 

The calculated fraction of released Fe which was removed from the bulk solution (FFe, seq) is 

plotted as a function of time in Figures 31P, 31Q and 31R. A FFe, seq of 100 % indicates that all 

released Fe precipitated or was bound by cells (Equation 4). For the abiotic batch run at pH 6 

(Bab), FFe, seq increased initially and reached a final value of ca. 100%. For the abiotic mixed 

flow runs at pH 6 (MFab), the Fe concentrations below the ICP-OES detection limit did not allow 

to quantify the FFe, seq. At an acidic pH (MFab, acidic) however, FFe, seq remained around 30% during 

the entire run (Figure 31R).  

 

The biotic set-ups had a lower FFe, seq than the abiotic controls in batch and mixed flow reactors, 

with FFe, seq generally being higher for the wild type than for the mutant set-ups (Figure 31P and 

35Q). In batch experiments, FFe, seq started to decrease to a final 98.3 ± 1.1 % and 92.0 ± 0.7% 

for the wild type (BWTattached) and mutant run (BΔKppks), respectively. The mixed flow runs at pH 

6 showed a similar ‒ albeit magnified ‒ biotic effect: the attached wild type (MFWTattached ) had 

a final value of 75.7 ± 4.8%, the unattached WT (MFWTunattached) had values in the range of 44% 

to 62%, while the FFe, seq for the ΔKppks mutant (MFΔKppks) ranged from 35% to even -2%. The 

latter value indicating the dissolution of previously precipitated Fe. 

 

Based on the Fe content of both strains (the metal content experiment, Table 7), the 

stoichiometric release of Fe from olivine and the final biomass in the dissolution experiments, 

both strains could theoretically incorporate all Fe released from olivine into their biomass. 
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Figure 31: Temporal evolution of the pH (A, B, C), Mg concentration (µM) (D, E, F), Si 

concentration (µM) (G, H, I), Fe concentration (µM) (J, K, L), Mg/Si ratios (M, N, O) and the 

percentage of released Fe which precipitated (FFe, seq) (P, Q, R) for batch and mixed flow 

experiments at neutral and acidic pH.  
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Figure 31: Continued. Initially all profiles had Mg/Si values significantly above the stoichiometric 

dissolution value (1.86, dotted line in M, N and O). From day one on they reached stoichiometric 

dissolution values. FFe, seq was calculated by comparing the Fe/Mg concentration ratio in solution with 

the stoichiometric Fe/Mg (Equation 4). Error bars represent 2σ and are based on the analytical 

uncertainty or the standard deviation of the technical replicates, whichever is higher (if not visible they 

are smaller than the symbol). For Mg/Si and FFe, seq, the error bars represent as well 2σ but are based 

on the combined propagated uncertainties of either Mg and Si (for Mg/Si) or Mg and Fe (for FFe, seq). 

Note that the Si and Fe concentration for the abiotic mixed flow at pH 6 had values within the uncertainty 

of the procedure blank and below the ICP-OES detection limit, respectively (indicated by the lines in H 

and K) and are therefore not discussed.  

 

 

3.2.2.3. Olivine dissolution rate as function of time 
 

In abiotic batch experiments, the rate of olivine dissolution at pH 6 considerably decreased 

with time for abiotic runs Bab: the dissolution rate decreased by 4 orders of magnitude reaching 

a final value of 1.43 (± 0.38) x 10-16 mol cm-² s-1 (Figure 32A). For the abiotic mixed flow runs 

(MFab) at pH 6, the olivine dissolution rates exhibited a similar decrease with time as for the 

batch, reaching values in the range of 3.15 x 10-16 to 3.93 x 10-16 mol cm-²s-1 after 40 days 

(Figure 32B). At pH 3.5 (MFab, acidic) however, the dissolution rate reached a much higher final 

value of 7.5 (± 2.0) x 10-14 mol cm-2 s-1 (Figure 32C).  
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The olivine dissolution rate of the wild type and mutant batch runs also decreased but to a 

smaller extent; the dissolution rate of the WT even increased at day 15. The final rate of the 

WT (BWTattached) was almost four times higher than the one of the mutant (BΔKppks): 10.4 (± 2.4) 

x 10-16 and 2.70 (± 0.51) x 10-16 mol cm-2s-1, respectively (Figure 32A). The difference between 

both was significant (p<0.05), even though normality could not be shown for the data of the 

mutant. For the mixed flow, the dissolution rates of the wild type (MFWT) and mutant (MFΔKppks) 

both initially decreased and started to level off after 7 to 15 days of reaction (Figure 32B). The 

dissolution rate of the attached WT (MFWTattached) even started to increase again. The 

dissolution rates for the unattached WT ranged from 16.8 x 10-16 to 20.4 x 10-16 mol cm-²s-1 

,while for the mutant they ranged from 10.9 x 10-16 to 23.6 x 10-16 mol cm-²s-1 (Table 1, Figure 

32B). For the attached WT, the dissolution rates remained stable at 118 (±29) x 10-16 mol cm-

²s-1. Nevertheless, all biotic dissolution rates were larger than the abiotic ones (p<0.05) for 

batch and mixed flow. For the mixed flow specifically, the dissolution rates for the attached wild 

type (MFWTattached) (i.e. 118 x 10-16 mol cm-²s-1) was significantly (p<0.05) higher ‒ by almost 

one order of magnitude ‒ than for the unattached wild type and mutant runs.  
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Figure 32: The olivine dissolution rates based on the Mg concentrations measured in medium 

solution of batch (A) and mixed flow experiments at pH 6 (B) and pH 3.5 (C). Note that BWT and 

MFWT1 had a significantly higher dissolution rate than the other biotic runs. This correlated with their 

specific growth behaviour: SEM images showed that the fungal aggregates of these two runs attached 

more to the olivine than the cultures of the other runs. 27 ± 10 % and 27 ± 12 % of all olivine grains from 

BWT (D) and MFWT1 (G) were colonized by fungal aggregates (i.e. the grade of attachment). For the 

other shown biotic runs, this grade of attachment was 4 ± 4 % and 5 ± 6% (E, H). The surface of olivine 

grains from experiment MFab,acidic at acidic pH (J) looked completely different than the surface of abiotic 

olivine grains at pH 6 ((F, I): much larger etch pits were observed on several olivine surfaces. However, 

not every orientation of the olivine grains showed these etch pits (J), indicating that dissolution had a 
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preferential crystal orientation. Error bars of the dissolution rates represent 2σ and are based on the 

propagated analytical uncertainties associated with the parameters in Equation 5 or 6, or the standard 

deviation of the technical replicates, whichever is higher (if not visible they are smaller than the symbol). 

Uncertainties of the grade of attachment represent 2σ and are based on the standard deviation of the 

technical replicates. 

 

 

3.2.2.4. Chemistry of the olivine surface: XPS spectroscopy 
 

The olivine surface compositions (Mg/Si, Fe/Si, O/Si and C/Si) together with the binding 

energies for O1s, Fe2p and C1s by XPS analyses are given in Table 8. XPS analysis of the 

unreacted olivine agreed with microprobe analysis. Only the XPS-derived Mg/Si ratios differed 

slightly from those by microprobe analysis as the transmission function in the energy region of 

the Mg peaks could not be determined with sufficient accuracy. Nevertheless, this lack of 

accuracy does not affect the comparison of Mg/Si ratios before and after olivine dissolution. 

The abiotically reacted surface from batch (Bab) and mixed flow (MFab) experiments was 

enriched in Fe compared to the unreacted surface (Fe/Si of 0.42 and 0.30 vs 0.19) and 

contained more oxygen (an O/Si of 5.75 and 7.33 compared to 4.46 for the unreacted surface). 

Moreover, the binding energies of the Fe2p1/2 and Fe2p3/2 peaks of the unreacted surface (i.e. 

723 eV and 710.5 eV, respectively) agree with previously published values for freshly ground 

olivine (Seyama and Soma, 1987) and indicate that Fe was present as Fe2+. The higher binding 

energies of the abiotically reacted olivine (i.e. 725 eV and 711.5 eV for the Fe2p1/2 and Fe2p3/2 

peaks) indicate the oxidation of Fe. Figure A7 in Appendix 7 also shows the comparison 

between the Fe2p peaks of all samples. The O1s peak shows a shoulder at 533 eV that was 

not observed for the unreacted surface, indicating the presence of organic C (Table 8). This 

organic C came likely from the environment during sample handling and from the growth 

medium, as the C/Si ratios of the unreacted and abiotically reacted surfaces were 1.97, 3.32 

and 7.83 respectively (Table 8). 

 

For biotically reacted olivine samples from batch (BWTattached and BΔKppks) and mixed flow 

(MFWTattached and MFΔKppks), the low Mg/Si values indicate relative Si enrichment of the olivine 

surface (Table 8). The high Fe/Si values of the WT samples (ca. 0.40) also indicate relative Fe 

enrichment. The olivine reacted in the presence of the mutant has lower values (ca. 0.20). The 

binding energies of the Fe2p peaks agree with those of the abiotically reacted surface: Fe was 

present as Fe3+. The olivine surface reacted in the presence of both strains also showed an 

additional O1s peak at 533 eV. The presence of biomass at the surface of olivine reacted in 

biotic runs is shown by the increase in C/Si ratios and the additional C1s peak at 286 eV (Table 

8). High O/Si ratios for both biotic set-ups can either be explained by the presence of remaining 

cells or by an Fe hydroxide phase. 
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Table 8: XPS analysis of unreacted olivine and the reacted samples from the batch (Bab, BWTattached 

and BΔKppks) and mixed flow (MFab, MFWTattached, MFΔKppks) experiments. The Mg/Si, Fe/Si, O/Si and 

C/Si data from XPS analyses are compared with the respective microprobe analysis of the unreacted 

olivine. The binding energies (eV) of the Fe2p1/2, Fe2p3/2, O1s and C1s peaks are given as well, while 

their spectra are shown in Figure A6 of Appendix 7. Note that the Mg/Si values can only be compared 

between the different set-ups (i.e. relatively) since Mg could not be quantified exactly by XPS. 

 

 Microprobea XPSb 

 
Unreacted 

olivine 

Unreacted 

olivine 

Batch Mixed flow 

  
Bab BWT 

attached 

BΔKppks MFab MFWT 

attached 

MFΔKppk

s            

Mg/Si 1.86 1.59 1.94 1.56 1.27 1.61 0.95 1.46 

Fe/Si 0.19 0.19 0.42 0.40 0.21 0.30 0.40 0.18 

O/Si n.a.c 4.46 5.75 9.12 7.85 7.33 12.80 7.64 

C/Si n.a. 1.97 3.32 11.84 10.06 7.83 31.95 13.92 

Fe2p3/2 

(eV) 

 710.5 711.5 711.5 711.5 711.5 711.5 712 

Fe2p1/2 

(eV) 

 723 725 726 725 725 725 725 

O1s 

(eV) 

 531 531, 

(533)d 

531,533
e 

531,533 n.a. n.a. n.a. 

C1s 

(eV) 

 285 285, 

(288) 

285,286, 

(288) 

285,286, 

(288) 

n.a. n.a. n.a. 

a Microprobe analysis of unreacted olivine 

b XPS analysis of unreacted and reacted olivine 

c n.a. ‒ not analysed 

d Binding energies in parenthesis indicate a shoulder 

e Two values indicate two peaks 

 

 

3.2.2.5. Microscopical observations of the biofilm: SEM, TEM and dissecting 
microscopy  

 
SEM images of olivine-fungus samples taken out of the reactors after the olivine dissolution 

experiments are shown in Figure 32 and Figure 34. The abiotic set-ups do not show microbial 

growth (Figure 32F, 32I and 32J). The biotically reacted grains showed the growth behaviour 

of the fungal cultures: certain biotic runs showed an enhanced ability to attach to the olivine 

grains (Figure 32D, 32E, 32G, 32H). Attachment was quantified by stereomicroscopy: by 

counting the colonised grains that are colonised with cells and dividing this amount with the 

total amount of olivine grains one gets a relative grade of attachment (for calculation, see 

method chapter 2.3.4.2). The olivine grains from experiments BWTattached and MFWTattached 
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showed a high grade of attachment: 27 ± 10 % and 27 ± 12 %, respectively, significantly higher 

than the other biotic set-ups (BΔKppks, MFWTunattached, MFΔKppks) ranging from 4 to 6 % (see inserts 

on SEM images in Figure 32). The difference in attachment was also apparent from visual 

inspection of the reactors: for BWTattached (Figure 29) and MFWTattached the fungus grew directly on 

the olivine as opposed to the other biotic set-ups (Figure 29 for BΔKppks). 

 

In the abiotic experiments, the olivine grains at pH 6 did not show etch pits (Figure 32F and 

32I), while at pH 3.5 they did (Figure 32J). The extensive etching patterns on the surface of 

the olivine grains at pH 3.5 seems to be depended on the crystal orientation as etching was 

not observed on every surface. Occasionally etch pits were also observed on the surface of 

the biotically reacted olivine grains, for both the WT (Figure 33) and ΔKppks (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

Extracellular polymeric substances (EPS) were visible around most cells and were in general 

thicker around the mutant (Figures 34B) than around the wild type cells (Figures 34A). Note 

as well the mineral precipitates caught in the mutants’ EPS (Figure 34B). Note that the thread-

like appearance of the EPS is an artefact of the sample preparation (the ethanol dehydration) 

(Breitenbach, 2018). 

 

 

 

 

 

 

 

Figure 33: Etch pits were 

discovered on the surface of 

olivine reacted in the presence 

of the wild type (this example) 

and ΔKppks (not shown).  
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Figure 34: SEM-close ups of fungal cultures taken after the dissolution experiments. A, the wild 

type produced thin EPS layer during the mixed flow run MFWTattached. B, in general, the mutant produced 

a thicker layer of EPS which covered the entire cell aggregates (as seen for MFΔKppks). Note the WT-

EPS binding the olivine (A) and the small mineral precipitates seen in the case of MFΔKppks (B, rectangle). 

 
TEM analyses revealed the same surface features for all olivine samples, whether they were 

fresh, unreacted (Figure 35A) or reacted in either abiotic (Figure 35B) or biotic (Figure 35C) 

conditions. Results were the same for batch or mixed flow. High resolution TEM (HRTEM) 

analyses showed the lattice fringes extending all the way to the interface olivine-epoxy: no true 

amorphisation of the surface layer could be observed. The slight disappearance of the lattice 

fringes at some areas at the surface might be an artefact caused by an inclination of the 

surface: amorphous epoxy could have been situated under the crystalline olivine (Figure 35B 

and 35C).  

Figure 35: HRTEM analyses of the surface of unreacted, fresh (A), abiotically reacted (B) and 

biotically reacted (C) olivine. B and C are taken from reacted olivine powder from the abiotic batch 

run Bab and the WT batch run BWT, respectively. All HRTEM analyses show the olivine lattice fringes 

extending all the way to the interface olivine-epoxy. On some areas the lattice fringes disappeared, this 

might have been caused by an inclination of the surface. The same observations were made for other 

abiotic, WT and ΔKppks runs from batch and mixed flow runs (data not shown). The corresponding 

FFTs of these images are given in Figure A3 of Appendix 5 and show the crystallinity of the non-surface 

olivine.  
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3.2.3. The effect of mutualism on olivine dissolution: Nostoc punctiforme as a partner 

of Knufia petricola 

 
To study whether symbiotic growth with the cyanobacterium N. punctiforme would help K. 

petricola in dissolving olivine, a two-species (model consortium) mixed flow dissolution 

experiment was setup. In theory N. punctiforme could aid the metabolism of K. petricola with 

a steady supply of organic carbon. This would make the fungus able to produce more organic 

ligands, enhancing olivine dissolution. In parallel with the model consortium dissolution 

experiment, a single species dissolution experiment was run with N. punctiforme (Figure 36).   

 

 

Figure 36: Pictures of the reactors at the end of the mixed flow dissolution experiment with N. 

punctiforme by itself (A) and the model consortium comprised of K. petricola and N. punctiforme 

(B). Note that both cultures grew directly on the olivine and that the model consortium showed a higher 

growth. The model consortium formed a thick biofilm at the bottom of the reactor which embedded all 

olivine grains. 

 
 

3.2.3.1. Fungal and cyanobacterial biomass 
 

The biomass was measured by two methods: by qPCR analyses and by biomass weighing. 

Since there are some reproducibility issues regarding the DNA extraction prior to qPCR 

analysis (due to imperfect homogenisation, chapter 2.3.1.4), the weighed biomass is more 

reliable. However, the fractions of Nostoc and Knufia in the total biomass could only be 

obtained by using qPCR analysis with species-specific primers. Therefore, the ratio Nostoc-

Knufia was taken from the qPCR method and was extrapolated to the weighed biomass data, 

giving biomass data for each species as shown in Figure 37. When N. punctiforme was grown 

alone, it had a final biomass of 3.4 ± 1.6 x 10-4 g/ml. This is more than five times lower than 

when it grew with K. petricola (18 ± 8 x 10-4 g/ml). The final K. petricola biomass in the model 

consortium (i.e. K. petricola with N. punctiforme) was 26 ± 18 x 10-4 g/ml, which is also higher 

than the biomass values measured for the single K. petricola cultures (chapter 3.2.2.1). 

A B 
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3.2.3.2. Temporal evolution of pH and released elements 
 
The temporal evolution of the pH is shown in Figure 38A. The pH of the abiotic control and the 

N. punctiforme run increased to a maximum around 6.3 and then decreased to a final pH of 

6.03 ± 0.02 for N. punctiforme and 6.05 ± 0.02 for the abiotic setup. The model consortium had 

a pH around 5.7 during the whole run; its final pH was 5.78 ± 0.04.  

  

The aqueous Mg and Si concentrations are shown in Figure 38B and 38C. For the abiotic 

control, the Mg and Si concentrations decreased until a steady state was reached after two 

weeks. The final Mg concentration in the abiotic set-up was 1.154 ± 0.014 µM, while the final 

Si concentration was 2.997 ± 0.045 µM. Since Si concentration values were overall not 

significantly different from the procedure blank (3.081 ± 0.431, Table A3, Appendix 1), these 

values are not discussed further.  

 

In the N. punctiforme run, the Mg and Si concentrations also decreased steadily, reaching final 

values of 3.1 ± 1.2 µM and 4.79 ± 0.92 µM, respectively. Overall dissolution was non-

stoichiometric: Mg/Si ratios stayed around ca. 1 (Figure 38E). The Mg and SI concentrations 

for the model consortium decreases initially but starts to increase again at day 14, reaching 

final concentrations of 22 ± 14 µM and 16 ± 12 µM, respectively. Olivine dissolution was as 

well non-stoichiometric: Mg/Si ratios stayed around ca. 1 (Figure 38E).  

  

Figure 37: Biomass as measured by 

weighing the samples taken at the end of 

the dissolution experiment, qPCR was 

used to get the ratio Knufia-Nostoc. The 

error bars represent 1σ and are based on the 

propagation of the uncertainty of qPCR 

analysis and the standard deviation of the 

technical triplicates as measured by biomass 

weighing. 

 
1.0E-04

1.0E-03

1.0E-02

N. punctiforme K. petricola + N.
punctiforme

b
io

m
as

s 
(g

 /
m

l)

N. punctiforme

K. petricola



106 
 

 

Figure 38: The pH (A), Mg (B), Si (C), Fe (D) concentration and the Mg/Si ratio (E) and fraction of 

sequestered Fe (F) temporal profiles for all runs. C and D, the horizontal line represents the lower 

limit as given by the procedure blank (C) or ICP-OES detection limit (D). E, the horizonal, dotted line 

represents the stoichiometric Mg/Si ratio at 1.86. Error bars of A, B, C and D represent 2σ and are based 

on the analytical uncertainty or the standard deviation of the technical replicates, whichever is higher. 

The error bars of E and F represent 2σ and are based on the combined propagated uncertainties of 

either Mg and Si (E) or Mg and Fe (F) values. When error bars are not visible, they are behind the 

symbol.  

 

The temporal evolution of the aqueous Fe concentration is shown in Figure 38D. The Fe 

concentration in the abiotic and N. punctiforme runs decreased to concentrations below the 

ICP-OES detection limit of Fe (i.e. 72 nM). The model consortium reached an Fe concentration 

of 1.23 ± 0.90 µM. The fraction of sequestered Fe (FFe, seq), calculated according to Equation 
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4, can only be given for the model consortium (Figure 38F). After initial values around 90%, 

the FFe, seq decreased to a final value of 43 ± 55%. For the abiotic control and the N. punctiforme 

solo run, the FFe, seq was higher than ca. 76% (based on the IC-OES detection limit of Fe). 

 
 
3.2.3.4. Olivine dissolution rates as a function of time 

 
Since olivine dissolution seemed far from stoichiometric, olivine dissolution rates as calculated 

according to Mg and Si are given in Figure 39A and 39B, respectively. Both olivine dissolution 

rates of N. punctiforme and the model consortium remained stable from day 11. The final 

abiotic dissolution rate according to Mg was 2.39 ± 0.54 x 10-16 mol s-1 cm-2.  

 

The dissolution rates for N. punctiforme according to Mg reached final values of 7.3 ± 2.0 x 10-

16 mol s-1 cm-2, significantly lower (p<0.05) than the rate of the model consortium (44 ± 29 x 10-

16 mol s-1 cm-2), though not significantly (p<0.05) different from the abiotic dissolution rate. Final 

dissolution rates according to Si were 21.5 ± 6.9 x 10-16 mol s-1 cm-2 and 62 ± 46 x 10-16 mol s-

1 cm-2, for N. punctiforme and the model consortium, respectively. These were not significantly 

different (p<0.05). 

 

  
Figure 39: The dissolution rates according to Mg (A) and Si (B). Note that the dissolution rate based 

on Si could not be given for the abiotic control as its Si concentration values were below the lower 

detection limit. Error bars represent 2σ and are based on the propagated analytical uncertainties 

associated with the parameters in Equation 6, or on the standard deviation of the technical triplicates, 

whichever is higher; when not visible they are behind the symbols. 

 

 

 

 

1E-16

1E-15

1E-14

1E-13

0 10 20 30 40 50

time (days)

B

1E-16

1E-15

1E-14

1E-13

0 10 20 30 40 50

d
is

so
lu

ti
o

n
 r

at
e 

(m
o

l/
cm

² 
s)

time (days)

A

MFab MFNp MFKpNp



108 
 

3.2.3.5. Microscopic observations of the biofilm with SEM and dissecting microscopy 
 
SEM images of samples taken out of the N. punctiforme (Figure 40A, 40C and 40E) and model 

consortium (Figure 40B, 40D and 40F) reactors after the dissolution experiment show 

interesting growth features. The typical filamentous growth of N. punctiforme can be seen in 

Figure 40A: the cells almost completely encompassed the olivine grain. The N. punctiforme 

filament in Figure 40C (probably a motile hormogonium) actively grew on the olivine surface. 

Figure 40E shows a layer of EPS on olivine, the biofilm probably got dislodged.  

 

The model consortium grew in aggregates that were so large that they probably just 

encompassed entire olivine grains (Figure 40B). The mixed species biofilm growing on olivine 

was stratified: K. petricola cells grew between the olivine and N. punctiforme cells (Figure 40D, 

40F). Each species also produced its own kind of EPS: in Figure 40F the thinner EPS of K. 

petricola can easily be discriminated from the thick EPS sheet of N. punctiforme, which 

practically embedded the cells. The grade of attachment was estimated by dissecting 

microscopy: for the solo N. punctiforme cultures and the model consortium, 26 ± 13 % and 46 

± 24 % of the olivine grains were colonised, respectively. 
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Figure 40: SEM analysis of samples taken after the dissolution experiment. A, C and E are from 

the N. punctiforme reactors (MFNp); B, D and F are from the model consortium runs (MFKpNp). A, N. 

punctiforme cells grew on the olivine surface and encompassed almost the entire grain. Note the EPS 

covering up the cells. B, the model consortium seemed to encompass entire olivine grains. C, N. 

punctiforme filament (probably a hormogonium) growing inside a crevice. D, the model consortium 

biofilm was stratified: K. petricola cells were situated between the olivine and the N. punctiforme cells. 

The ripped EPS indicates that the biofilm had gotten dislodged from the underlying olivine. E, a layer of 

Nostoc-EPS smeared out over olivine: the biofilm probably got dislodged. F, biofilm stratification was 

observed together with the different types of EPS: the thick Nostoc-EPS embedded the cells, while the 

thin Knufia-EPS just formed a sheet over and between the cells.  
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3.3. The olivine-fungus interface: the biofilm cultivation experiment 

 

This chapter entails the results of the biofilm cultivation experiment. The fungus-olivine 

interface of polished olivine sections, incubated for seven months in flow-through reactors with 

a K. petricola biofilm, was investigated on a nanometre scale. First the outflow medium solution 

is described by pH and ICP-OES analyses. Then cryo-SEM, XPS and SEM are used to look 

closer at the biofilm and the mineral surface. The main part of this chapter is however the bright 

field and HRTEM images of the fungus-olivine interface. 

 

 

3.3.1. Medium analyses and cryo-SEM of the biofilm 

 

The medium which flowed out of all reactors had a pH of ~5.9 pH units (data not shown). The 

aqueous Mg and Fe concentrations were below the limit of detection (data not shown). The Si 

concentrations were furthermore not significantly different from the medium blank (Table A3, 

Appendix 1). All olivine sections in the reactors were completely covered with their respective 

biofilm: Figure 41A shows the black K. petricola WT biofilm, Figure 41C shows the pink K. 

petricola ΔKppks biofilm. The biofilm growing over the subaerial sections was much thicker 

(data not shown). Even though it was expected that the ΔKppks mutant would produce more 

EPS, cryo-SEM revealed large amounts of extracellular polymeric substances (EPS) for both 

the wild type and the mutant, subaerially and subaquatically (Figures 41B and 41D). SEM and 

TEM analyses of sections which reacted with the ΔKppks mutant were not different from the 

analyses of the sections which reacted with the WT and are therefore put in Appendix 4. 
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Figure 41: Digital camera pictures of the olivine samples covered with the WT (A) and ΔKppks 

(C) biofilm in the flow through reactor and cryo-SEM images of the WT (B) and ΔKppks (D) 

biofilm. These show that both strains produced extensive amounts of EPS (B, D). Pictures A, B and C 

were taken from subaerial sections, picture D from a subaquatic section. Note that during handing of 

the section seen in D, part of the biofilm got detached: originally this entire olivine section was covered 

with a biofilm.  

 

 

3.3.2. XPS analyses of the unreacted and abiotically reacted olivine surface 

 

The surface (i.e. top ca. 10 nm) of the abiotically reacted and of the unreacted sections were 

analysed by XPS (Table 9). Although Mg could not be quantified exactly by XPS, the chemical 

composition can still be compared between the different sections (i.e. relative). The Mg/Si 

ratios revealed an enrichment of Si for both abiotically reacted sections compared to the 

unreacted section. Fe/Mg analyses were not conclusive. Analyses of the unreacted and the 

subaerial abiotic sections revealed the presence of Al. Note however that XPS analysis of the 

unreacted section generated relative atomic values far from stoichiometric (i.e. Mg/Sistoich 

=1.86). 
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Table 9: XPS analysis of the unreacted, and subaerial and subaquatic abiotically reacted 

samples. The atomic percentages of Si, Fe, Mg and Al are given. Below those, the Mg/Si and Fe/Mg 

ratios are given. Regarding Mg, only relative comparisons are possible. The lower Mg/Si data of the 

reacted samples indicate a relative Si enrichment. Fe % were generally too low to be useful. 

 unreacted Abio saea Abio saqb 

Mg (2s) 3.54 0.28  

Si (2p) 4.78 19.66 20.73 

Fe (2p) 0.55   

Al (2p) 0.75 0.53  

Mg/Si 0.74 0.01  

Fe/Mg 0.18   

 
a Abio sae ‒ subaerial abiotically reacted 

b Abio saq ‒ subaquatic abiotically reacted 

 

 

3.3.3. SEM analyses of the olivine surface 

 

Removal of the main biofilms revealed various cracks as illustrated in Figure 42. The longer 

(i.e. >1000 µm) cracks were observed on unreacted and reacted surfaces alike (Figures 42A, 

42E, 42G and A1C of Appendix 4) and are probably grain boundaries. Indeed, some olivine 

sections were composed of multiple crystal grains as analysis of the crystal orientation 

revealed (Table A4, Appendix 3). Some biotic sections however show cracks that are 

distinctively different (i.e. ca 75 µm long and 10µm wide) (Figures 42I and Figure A1A of 

Appendix 4). These trenches were observed under both mutant (Figure A1A) and wild type 

(Figure 42I) biofilms, in either subaerial (Figure A1C) or subaquatic (Figure 42I) mode; but 

never on abiotically reacted olivine surfaces. Smaller pits (diameter of 1-2 µm) were as well 

observed on the biotically reacted surfaces. These pits sometimes went over into the wider 

and longer trenches (Figure 43). Since both trenches and pits were only observed on biotically 

reacted section, they are probably derived by etching processes and are thus named etching 

trenches and etching pits. Note as well that grain boundaries and etching patterns observed 

on the olivine surface were avoided during FIB cutting. The cells growing in the etching trench 

of image 42J should not give the impression that these etching patterns are directly linked to 

their presence: most trenches were uncolonised.  
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Figure 42: SEM overviews (A, C, E, G, I) and magnifications (B, D, F, H, J) of the surface of the 

unreacted and subaerial (SAE) and subaquatic (SAQ) olivine sections which reacted abiotically 

and with the WT. The biofilm was removed before imaging. The longer “cracks” on A, C, E and G are 

probably grain boundaries. The cracks on some biotic sections (I) are distinctively different and are 

probably etching trenches. These etching trenches were observed on sections inoculated with either 

mutant (Figure A1A, Appendix A4) or wild type (I) biofilms, incubated subaerially (Figure A1A) or 

subaquatically (I). Note that these patterns all had the same orientation. Magnification also shows the 

polishing lines which were wider and deeper for the biotic sections (H and J) than for the abiotic sections 

(D and F). Polishing lines on the subaerial abiotic section (D) seemed stronger than on the unreacted 
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Figure 42: Continued. section (B) and the subaquatic section (F). The cells growing in the etching 

trench of picture J should not give the impression that these etching patterns are directly linked to their 

presence: most trenches were uncolonised.  

 

 

 

Figure 43: A study of the different etching patterns. Two types of etching patterns were observed: 

the larger, wider trenches (indicated by the dashed rectangles) and the smaller pits (indicated by the 

continuous rectangles). Note that the pits sometimes went over into the wider, longer trenches 
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3.3.4. Bright field and HRTEM analyses of the olivine surface and olivine-fungus 

interface 

 

Bright field analyses of the sections show that the surfaces of all biotically reacted sections 

(Figure 45G, 45I and A2A and A2C of Appendix 4) were more strongly corroded than the 

surface of the abiotically reacted sections (Figure 45C and 45E). These were in turn more 

corroded than the unreacted surface (Figure 45A). The abiotic subaquatic section had a 

distinctive layer on top of the olivine surface, the lighter contrast of this layer indicates a lower 

density compared to the underlying olivine (Figure 45E). The surface of this layer was 

smoother than the underlying olivine surface. The regular polishing lines which were observed 

on the olivine surface by SEM (Figure 42) were deeper and wider on the surface of the biotically 

reacted olivine sections (Figure 42H, 42J, A1B and A1D of Appendix 4), than on the subaerial 

abiotically reacted surface (Figure 42D). Polishing lines on the subaerial abiotic surface were 

in turn deeper and wider than the ones on the unreacted surface (Figure 42B) and the 

subaquatic abiotic surface (Figure 42F). The corrosion patterns seen in cross-section by bright 

field are indeed the polishing lines seen on the surface by SEM. As a direct example, note the 

observation of the same polishing line in bird view (Figure 44C) and in cross-section (Figure 

44D). The strong diffraction contrast in the top 100 nm of the abiotic subaerial section (Figure 

45C) are likely polishing artefacts. These were observed as well (although less deep) on the 

subaquatic abiotic foil (Figure 45E). The other FIB-foils did not show these stronger contrasts. 
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Figure 44: SEM imaging of positions of the FIB-foil (A, C); and STEM imaging of the foil itself (B 

and D). The Pt strip was deposited on a regular position for the abiotic sections (A, for the subaerial 

one) and with a cell in the central position for the biotic sections (C, for a subaquatic section with mutant 

biofilm). The Pt strip can clearly be seen in the FIB-foils (B, D). Note that the polishing line seen from a 

bird-view perspective (C, indicated by rectangle) also can be seen in cross-section (D, indicated by 

rectangle). Scale in B and D is 1 µm. 

 

 

HRTEM analysis of the unreacted olivine (control) shows that the entire surface was crystalline 

olivine (Figure 45B). The crystalline olivine at the surface of the subaerial abiotic section was 

interrupted by 5 to 20 nm-sized (diametrical), amorphous spots. These sports were mostly 

located in widened polishing lines (i.e. the corrosion kinks, Figure 45D). The surface of the 

abiotic subaquatic sample was non-crystalline: a continuous amorphous layer of 25 to 30 nm 

had developed (Figure 45E). This amorphous layer was seemingly non-porous and forms a 

sharp interface with the underlying crystalline olivine.  

 

Under the WT and ΔKppks cells of the subaquatic and subaerial olivine sections the same 

observation was made: the crystalline olivine extended till the organic amorphous layer (i.e. 

the cell) for most of the surface (Figure 45H and A2B). However, amorphous spots with a lower 

density (lighter contrast) and a diameter of ca. 5 nm were observed occasionally (Figure 45J 

and A2D). Again, these spots were observed mostly in the deepest part of the widened 

polishing lines (i.e. the corrosion kinks). These spots are named mineral amorphous spots to 

differentiate them from the organic amorphous layer.  
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Figure 45: Bright field images (A, C, E, G and I)) and HRTEM analyses (B, D, F, H and J) of FIB-

foils from unreacted, abiotically reacted and WT reacted olivine sections, subaerial (SAE) and 

subaquatic (SAQ). Bright field analyses of the unreacted sample (A) and the abiotic samples (C and 

E) show the sample preparation: a 50-80 nm gold/carbon layer covered the olivine, followed by a similar 



118 
 

Figure 45: Continued. sized layer of e- beam platinum and a much thicker (~1 µm) ion-beam platinum 

layer. Note that the strong diffraction contrast in the top 100 nm of olivine were likely polishing artefacts 

(C and E). Bright field analysis of the abiotically reacted subaquatic olivine (E) also shows a continuous 

layer on top of the olivine: its lighter contrast indicates that it had a lower density. The abiotically reacted 

olivine (C and E) was more strongly corroded than the unreacted olivine (A) as indicated by the presence 

of kinks in the olivine surface. The surface of the low-density layer was however smooth. The bright-

field image of the biotically reacted sections had an organic layer covering the olivine, so evidently no 

Au or Pt layer could be seen (G and I). Bright field analyses show that the corrosion kinks were much 

deeper for the biotically reacted olivine (G and I) than for the abiotically reacted olivine (C and E). 

HRTEM showed amorphous spots (i.e. not a continuous layer) on the abiotic subaerial surface, these 

had sizes in the range of 5 to 20 nm, diametrical (D). On the subaquatic abiotically reacted surface, a 

continuous amorphous layer with a size of 25-30 nm was observed (F). The surface of the biotically 

reacted olivine sections was mostly crystalline (H) apart from the occasional amorphous spot (5-10 nm, 

diametrical) at the bottom of the corrosion kinks (J). These were hard to differentiate from the organic 

amorphous layer but mostly had a lighter contrast, indicating a lower density (J). Note that this was the 

case for the subaerial and subaquatic biotically reacted sections. Scale bars of E and F are 50 nm and 

2 nm, respectively. FFT images of the crystalline olivine are shown in Figure A4 of the Appendix 5. 



119 
 

3.3.5. EDX and EELS analyses of the olivine surface and olivine-fungus interface 

 

EDX analysis of the crystalline olivine, the interface and the organic layer was non-conclusive 

(Table 10). Since the FIB-foils were quite thin, the EDX counts were low (especially for Fe). 

The Mg/Si and Fe/Mg ratios were similar throughout the unreacted section: at 100 nm from the 

surface the ratios were ~1.9 and ~0.001, respectively, while at the surface they were ~2.0 and 

~0.001, respectively. The abiotically reacted olivine sections had a lower Mg/Si (i.e. ~1.5) and 

a higher Fe/Mg ratio (i.e. ~0.1) at the surface. The amorphous layer on the abiotically reacted 

olivine had similar ratios: ~1.6 and ~0.1, respectively. For the biotically reacted sections, the 

Mg/Si and Fe/Mg ratios went from ~1.6 and ~0.16 in the deeper crystalline olivine to ~1.4 and 

~0.2 in the crystalline olivine at the surface, ~1.2 and ~0.4 in the amorphous interface, and 

~0.9 and ~1.2 in the organic layer (i.e. the cell or EPS). Si and Fe maps for the subaquatic 

abiotically reacted surface were made by EELS (Figure 46). A layer enriched in Fe and slightly 

depleted in Si was observed with a similar size as the amorphous layer. Analysis of the 

elemental maps shows that the transition between the olivine and the Si-depleted/Fe-enriched 

layer was sharp (data not shown).   

 

 

Table 10: EDX spot analysis of the unreacted and abiotically and biotically reacted olivine 

sections from the biofilm cultivation experiment. Depending on the sample, different locations were 

analysed. The EDX counts of Mg, Si and Fe are given. Below those, the Mg/Si and Fe/Mg ratios are 

given as well. The low Fe counts caused an underestimation of the Fe content: measured Fe/Mg ratios 

were lower than the stoichiometric ratio of 0.1.  

sample unreacted Abiotic reacted Biotic reacted 

Location analysis 
olivine 

(deeper)
a 

olivine 
(surface)

b 

olivine 
(surface)

b 

IF 
(amorph)

c 

olivine 
(deeper)

a 

olivine 
(surface)

b 

IF 
(amorph)

c 

organic 
(amorph)

d 

Counts
s   

Mg 15061 14150 693 399 3152 1699 159 82 
Si 7980 7164 584 272 2009 1361 189 95 
Fe 13 18 64 35 546 399 62 40 

Ratio 
of 
counts 

Mg/Si 1.9 2.0 1.5 1.6 1.6 1.4 1.2 0.87 

Fe/Mg 0.00086 0.0013 0.092 0.11 0.16 0.25 0.44 1.2 

a the deeper olivine (more than 100 nm from the surface) 

b the olivine surface (less than 20 nm from the surface) 

c the amorphous interface (i.e. the continuous amorphous layer or the amorphous spots with a lower 

density) 

d the amorphous organic layer 
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Figure 46: Si (A) and Fe (B) mapping of the subaquatic abiotically reacted surface by EELS. Note 

that the continuous “mineral” amorphous layer had an absolute enrichment (indicated by the brighter 

contrast) for Fe (B) but not for Si (A).   
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Discussion 
 
 
 
 
 

4.1.    Characterisation of K. petricola strains and N. punctiforme 

 
4.1.1. K. petricola ΔKppks grew faster than WT 

 

The growth of K. petricola WT and ΔKppks was characterised in liquid CNPS medium with 2.5 

mg of fine olivine powder to mimic the conditions of the dissolution experiments. CNPS is a 

minimal medium which has repercussions on the temporal growth profiles: in MEB medium K. 

petricola WT reached the stationary phase after 4 days (Nai, 2014), much faster than the 20 

days it took in CNPS medium (Figure 19). The doubling time of the WT is also much lower in 

CNPS medium than in MEB medium: 177 hours versus 13 hours for CNPS and MEB medium, 

respectively.   

 

Furthermore, the growth curves showed that the melanin-deficient mutant grew faster and 

reached higher final biomass values than the wild type (ca. 42% more biomass). There are two 

main hypotheses to explain a repressed growth: either an essential nutrient becomes limiting 

or an inhibitory product is formed (Andric et al., 2010; Khamseh and Miccio, 2012; Picardo et 

al., 2013). As no inhibitory product is known which could limit the growth of the WT, the 

hypothesis of a limiting nutrient was tried to be proven. Spectrophotometric analysis indicated 

that glucose was the only limiting nutrient (Figure 20A). However, TOC analyses showed that 

the total organic carbon fraction did not decrease as much (Figure 20B). This can be accounted 

for by the release of EPS into solution: when glucose levels dropped, other organics could 

make up for it. Note that also the organic buffer MES was added to the medium. Both EPS and 

MES could have masked the decreasing glucose levels. Moreover, the glucose levels did not 

reach limiting levels until the very end (after 30 days), while the growth curves showed 

stationary growth starting around day 20. To conclude, glucose was the only limiting nutrient, 

but its levels do not completely explain the growth curves.  

 

Nevertheless, the most likely hypothesis is that the production of melanin consumed energy 

(i.e. glucose) which could not be used for biomass production. Indicative of this is the higher 

specific consumption rate (qs) of the WT. The WT consumed more glucose per mg of added 

biomass; glucose which might have been used for melanin production. 
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4.1.2. Melanin’s role in desiccation resistance was not proven 

 
Fernandez and Koide, (2013) tested three strains of an ectomycorrhizal fungus on their 

desiccation resistance, with and without the melanin biosynthesis inhibitor tricyclazole. After 

only three days of desiccation they observed a lower growth of the melanin-inhibited mycelia 

for two of the three strains. However, the growth capacity of our wild type and melanin-deficient 

strain ΔKppks was unaffected by three weeks of incubation in a desiccator (Figure 21). Rock-

inhabiting fungi are indeed known for their resistance against desiccation (Gorbushina et al., 

2008), explaining these results. The observation that the melanin-deficient mutant was also 

unaffected by desiccation indicates that other compounds might be responsible for the 

desiccation resistance. Gorbushina et al., (2008) proposed that carotenoids might protect the 

cells against these stressful conditions. To conclude, melanin’s role in desiccation resistance 

could not be proven, longer desiccation times might show an effect on the growth. 

 

 

4.1.3. Dry weight and amount of DNA per Knufia and Nostoc cell  

 

The dry weight of a K. petricola WT and N. punctiforme cell was determined before by Seiffert, 

(2014). He reported an average weight of 6 pg for a N. punctiforme cell and 220 pg for a K. 

petricola cell. This is quite similar to the cell weights reported in this study: 15 pg and 265 pg 

for N. punctiforme and K. petricola respectively (Table 6). The amount of DNA per cell was 1.1 

pg cell-1 for Knufia petricola WT. Two other species of fungus were reported to have a DNA 

amount of respectively 0.26 and 0.75 ng DNA per nucleus (Bianciotto and Bonfante, 1992). 

This was measured cytofluometrically, which might explain the difference. The amount of DNA 

per cell for N. punctiforme (1.3 pg cell-1) is roughly two times higher than previously reported 

values for cyanobacteria (Morin et al., 2010). 

 

 

4.1.4. Attachment of the different K. petricola strains: only WT attached 

 

The simple attachment experiment showed that only the wild type was able to attach to the 

polycarbonate flasks (Figure 22). The cause and implication are discussed in chapters 

4.2.2.2.2 and 4.2.2.2.3. The brownish colour of the liquid medium of ΔKpsdh indicates the 

release of melanin precursors (i.e. 1,3,6,8 THN) by this mutant strain as shown before by 

Schumacher, (2016). 
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4.1.5. Visualising the rodlet layer by AFM and fluorescence microscopy, and 

measuring the hydrophobicity of the entire cell 

 

The observation that the WT cells, unlike the melanin-deficient mutants, could attach 

themselves to the reactor flasks (Figure 22) gave rise to an interest in the cell wall 

hydrophobicity. A more hydrophobic WT cell might explain its tendency to adhere to the 

reactors (and olivine powder, Figure 29). Melanin itself, being a hydrophobic molecule, has 

been claimed to be involved in the hydrophobicity of the cell wall of fungal spores (i.e. conidia): 

two-phase partitioning using hexadecane showed that melanin-forming A. fumigatus spores 

were more hydrophobic than melanin-deficient mutant spores (Pihet et al., 2009). However, 

Priegnitz et al., (2012) observed no differences at all using the same method on spores from 

Aspergillus niger and its melanin-deficient mutant. In this study this method was applied on our 

unicellular fungi in the hydrophobicity experiment (chapter 3.1.5), its results were however not 

consistent and therefore inconclusive.  

 

Pihet et al., (2009) also showed the presence of class I hydrophobins on the spore wall of the 

melanin-forming isolates, but not on the melanin-deficient mutants. The amyloid-like rodlet 

layers, which consist of these class I hydrophobins, were visualised using atomic force 

microscopy (AFM). AFM analyses of the surface of our model fungus and its melanin-deficient 

mutant did not show these protein monolayers (Figure 23). A third experiment was performed 

according to Romero et al., (2010), they clearly observed the direct correlation between the 

presence of amyloid fibers (i.e. TasA) and red fluorescent staining by congo red (CR)*. Using 

the same method on our WT and mutant resulted in red-stained cell walls for both strains 

(Figures 24E and 24F, the amyloid staining experiment), indicating that both did form amyloids. 

The clumped fluorescence by TFT-staining (Figure 24A and 24B) might indicate the binding of 

TFT to amyloid surface nanodomains (i.e. aggregates) (Rameau et al., 2016). 

 

One explanation for these contradicting results is that CR-staining was not as specific as 

claimed and might also have bound other structures on the cell wall. For instance, fluorescence 

was highest in-between the cells (i.e. the contact-point of attached cells) (Figures 24E and 

24F), this correlates with the location of septins (Khan et al., 2015). These highly ordered 

(amyloid-like) proteins on the fungal plasma membrane were thought to be involved in the 

cytokinesis and might be stained as well by CR. Moreover, the rodlet layer could be invisible 

for AFM because it was masked by a layer of EPS. A third possibility is that both the WT and 

ΔKppks produced class II hydrophobins, which are not visible by AFM as they do not form 

                                                
* They showed this by using an EPS-deficient mutant and a TasA-deficient mutant of Bacillus subtilis. Only the wild 

type and the EPS-deficient mutant stained red, the TasA mutant and the EPS/TasA double mutant did not. 
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characteristic structures. CR might be unspecific regarding the class of hydrophobins and also 

bind non-amyloidal hydrophobins. 

 

Though it is true that most hydrophobins were found on fungal spores and hyphae (neither 

which K. petricola forms), K. petricola still grows at the air interface, which in theory (see 

chapter 1.2.5.2) should evoke hydrophobin formation. Recall as well that hydrophobins are 

washed away when submerged. However, AFM analyses, the hydrophobicity experiment and 

the amyloid staining experiment were all conducted with cell growing in both liquid medium 

and on agar plates: no differences were observed. To conclude, a rodlet layer could not be 

detected for either the wild type or the melanin-deficient mutant, though the cell wall of both 

could be stained with an amyloid specific dye. As there were no observable differences 

between the wild type and the mutant, the hypothesis that attachment is explained by the 

hydrophobicity of the cell (or the presence of hydrophobins) could not be proven. 

 

 

4.1.6. K. petricola and N. punctiforme could acidify the bulk solution 

 

Although K. petricola has an optimal pH of 5 (Nai, 2014), the acidification experiment showed 

that the model fungus decreased the pH to ~3 pH units when grown in batch. This can be 

explained by the release of CO2 from heterotrophic respiration or the production of organic 

acids. The latter however has never been observed for either K. petricola or any other rock-

inhabiting fungi (Gorbushina et al., 1993; Marvasi et al., 2012; Selbmann et al., 2005). 

PHREEQC modelling showed that the pH of the unbuffered CNPS medium could decrease to 

2.2 pH units when just 10% of all glucose is being converted into CO2 (Parkhurst and Appelo, 

1999). Interestingly the melanin-deficient mutant could acidify the liquid medium a bit more 

than the wild type (Figure 25), which was observed as well during the dissolution experiments 

(Figures 31A and 31B). This is not consistent with their higher biomass formation: either 

glucose is used for the production of organics like amino acids and fatty acids, thereby 

increasing the biomass, or it is used for the production of energy through heterotrophic 

respiration, decreasing the pH. ΔKppks could not have used more glucose for the former and 

the latter compared to the wild type as glucose was limiting (chapter 4.1.1). Another possible 

factor is the fungal EPS, which is different for the wild type and mutant (Breitenbach, 2018): 

perhaps the EPS of the wild type is better able to buffer the pH than the EPS of the mutant. 

 

The cyanobacterium N. punctiforme was able to acidify its liquid medium as well (Figure 25). 

Likely, it used the provided glucose to grow heterotrophically as has been observed before: 

cyanobacteria in mutualism with plants had a tendency to become heterotrophic, increasing 

their rate of dark heterotrophic nitrogen fixation (Meeks, 1998). 
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4.1.7. Metal content of N. punctiforme and K. petricola strains 

 

The metal content results reported in Table 7, mostly indicate the metal-binding capacity of 

biological compounds. Melanin’s role in metal binding (chapter 1.2.5.1) was shown by the 

higher Fe and Mg content of K. petricola WT compared to ΔKppks. This results of the melanin-

precursor-producing ΔKpsdh agreed: its metal content lay mostly between those of the 

melanin-forming wild type and the melanin-deficient ΔKppks. This indicates that the melanin 

precursor it formed could bind metals but not as much as melanin. Moreover, the relatively 

high Fe concentration of the medium of ΔKpsdh indicates that ΔKpsdh was somehow better 

able to keep Fe in solution. A possible mechanism might be presented by the attachment 

experiment: this mutant released some of its melanin precursors into solution (Figure 22). This 

melanin precursor might have acted as an extracellular Fe-complexing ligand. Interestingly, 

ΔKppks was also able to keep more Fe in solution compared to the WT. This was also 

observed during the dissolution experiments (Figures 31J and 31K). The lower pH of the bulk 

solution (as shown by the higher acidification capacity of ΔKppks, Figure 25) would prevent Fe 

precipitation (Singer and Stumm, 1970). Another possibility is a higher expression of Fe-

binding siderophores by the ΔKppks mutant. However, ΔKppks underexpresses several genes 

involved in the uptake of Fe and transport of siderophores, compared to the WT (Felix Heeger, 

personal communication). Overall, the fungal metal contents are in line with literature data 

(Hammer et al., 2011). The origin of the higher Mg content of N. punctiforme as compared to 

K. petricola lies in Mg‘s role as the coordinating ion of the chlorophyll pigments (Pokharel et 

al., 2018). Note that the increasing aqueous Mg and Si concentrations for the fungal runs were 

probably caused by evaporation.  

 

There are however two important caveats to these results. First, the Fe in the medium solution 

became almost immediately limiting. This does not necessarily mean that all Fe was taken up 

by the cells. Since Fe tends to precipitate at pH 6 (Balintova and Petrilakova, 2011), it might 

also simply have precipitated on the cell wall. Hammer et al., (2011) showed that Fe and Mg 

mostly occurred around the fungal cell wall which they partly attributed to precipitation. 

However, Hegler et al., (2010) claimed that a low cell surface pH would inhibit Fe precipitation 

on the cell wall. As it is not known in what part of the cell Fe binds, the processes of cellular 

adsorption and absorption are taken together and referred to as cellular sequestration in the 

further discussion. Moreover, considering the fact that Fe became immediately limiting, the 

true potential cellular Fe sequestration was probably higher than the reported values.  

 

The second caveat is that the final biomass was not the same for each organism. This could 

have affected the biomass content: if more biomass was present, less metal was available per 

unit biomass (and reverse). For Mg and Si this probably had no effect since both metals were 
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never limiting. However, Fe became limiting. Therefore, care should be taken when comparing 

the Fe content of the different strains, these results only reflect the sequestration of nearly all 

Fe from solution.  

 

 

 

4.2. Influence of K. petricola and N. punctiforme on the kinetics of olivine 

dissolution 

 

4.2.1. Trial experiments 

 
4.2.1.1. Batch trials 
 

The first trial batch experiments were not pH-buffered. The pH quickly increased to ~7.2 for all 

set-ups (data not shown) as olivine dissolution consumed protons according to Reaction 1 

(chapter 1.1.3.2). This explains the absence of growth: K. petricola was less likely to grow at 

such high pH (Nai, 2014). After this experiment some changes were made: the pH was 

henceforth buffered and the olivine powder was ultrasonically cleaned. The latter resulted in a 

lower SSA. The second batch trial gave some interesting results. One, the olivine dissolution 

rates for the unbuffered experiments were lower than those of the buffered ones. Two, actual 

biotic growth was observed for the buffered model consortium, which resulted in a dissolution 

rate that was ca. 2 times higher. Therefore, all following experiments were buffered to stimulate 

fungal growth. Moreover, based on preliminary growth experiments, K2HPO4*3H2O was added 

to the CNPS medium to further support biological growth. 

 

 

4.2.1.2. Mixed flow trials 
 

The addition of K2HPO4 supported growth to the effect that fungal growth was able to decrease 

the pH of an unbuffered mixed flow experiment. As the direct effect of the model organism on 

olivine dissolution was wanted, these changes in bulk pH were best avoided (the olivine 

dissolution rate is dependent on the pH of the bulk solution, chapter 1.1.3.3). Therefore, these 

experiments were pH-buffered as well. However, even when the pH was buffered (the third 

trial), growth of A. pullulans was so strong that the pH still decreased. This had an obvious 

enhancing effect on the olivine dissolution rate. Since A. pullulans also clogged the entire 

system it was decided to stop working with this fungus. Moreover, the wild type K. petricola 

enhanced the dissolution rate much stronger than ΔKppks and ΔΔKppks/pdg. Since both 

mutants showed similar olivine dissolution rates, only one of them (i.e. ΔKppks) was used in 
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further experiments. To conclude, as the third trial was susceptible to contamination, these 

results are not compared with results from the subsequent dissolution experiments. 

 

 

4.2.2. Comparing the dissolution kinetics of K. petricola WT and K. petricola 

ΔKppks: how attachment prevented Fe (oxyhydr)oxide precipitation and 

enhanced olivine dissolution 

 

4.2.2.1. Abiotic dissolution rates 
 

The most significant result of the abiotic olivine dissolution experiments at pH 6 is the 

continuous decrease of olivine dissolution rate with time observed in both batch and mixed 

flow reactors. The dissolution rate obtained from batch reactor runs after 94 days is about 2.7 

orders of magnitude lower than that derived from the fit of literature data by Rimstidt et al. 

(2012), whereas the value determined in mixed flow reactors is 2 orders of magnitude lower 

(Figure 47). In contrast, the olivine dissolution rate measured in this study at pH 3.5 using a 

mixed flow reactor is in good agreement with literature data reported for the same pH (log r of 

-9.1 mol m-2 s-1 compared to -8.5 mol m-2 s-1 from Rimstidt et al., (2012)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The abiotic dissolution rates at pH 6 are lower than the rates derived from the modelling study 

of Rimstidt et al., (2012): they continuously decreased over time in both batch and mixed flow 

Figure 47: Olivine dissolution rates as a function of pH from the batch (diamonds) and mixed 

flow (squares) runs. The curve was calculated using equations reported by Rimstidt et al., (2012), 

which were based on literature data. Note that only the mixed flow WT (MFWTattached) and acidic 

abiotic (MFab, acidic) runs had dissolution rates near the model from Rimstidt et al., (2012). 
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reactors indicating the inhibition of olivine dissolution. An important observation is that as 

olivine dissolution rates decreased, precipitated Fe layers formed on the olivine surface, as 

evidenced by XPS analyses of the reacted and unreacted olivine surfaces. The higher binding 

energies of the Fe2p peaks and the higher Fe/Si values of the reacted surface compared to 

the unreacted surface (Table 8) indicate that released ferrous Fe oxidised during olivine 

dissolution and precipitated on its surface. Comparing the binding energies of the Fe2p3/2-

peaks (Table 8) with those of previously published studies suggests that either goethite 

(FeOOH), Fe oxide (Fe2O3) or hydroxide (Fe(OH)3) is the observed precipitate (Grosvenor et 

al., 2004; Kataby et al., 1997). These XPS-observations of Fe(III) (oxyhydr)oxides precipitation 

together with the decreasing and overall low olivine dissolution rates at pH 6 and the absence 

of Fe in solution (as indicated by a FFe, seq nearing 100%, Figure 31P) all demonstrate that the 

strong inhibition of olivine dissolution resulted from the precipitation of Fe (oxyhydr)oxides at 

its surface. This inhibiting effect of Fe precipitation is shown as well by the experiment at pH 

3.5: at this pH the olivine dissolution rate was in agreement with the presented model of 

Rimstidt et al. (2012) (Figure 47), while FFe, seq was considerably lower than at pH 6 (Figure 

31R). The latter is in agreement with the higher solubility of Fe at lower pH (Singer and Stumm, 

1970). The inhibition of bronzite ((Mg, Fe)2(SiO3)2) and fayalite (Fe2SiO4) dissolution at pH 6, 

and the formation of protective Fe-(oxyhydr)oxide layers was reported previously by Schott 

and Berner, (1985; 1983). Moreover, Saldi et al., (2013) showed that the inhibiting effect of Fe 

on olivine dissolution was absent at 90°C and 150°C when using pure forsterite (Fo100, which 

does not contain Fe). The inhibition is likely related to the decrease of the olivine surface area 

exposed to solution. Another possible mechanism is the adsorption of ferric iron to the mineral 

surface, inhibiting dissolution as was shown for fayalite (Welch and Banfield, 2002). as was 

observed by Shirokova et al., (2012). The dissolution rates of experiments with MilliQ water 

(Bab, MQ), with CNPS medium (Bab, unbuffered) and with CNPS medium with the MES buffer (Bab2) 

were similar (Table 2b). 

 

Note that a potential silica-rich surface layer, that could form at the onset of dissolution due to 

preferential Mg release (Figure 31M and 31O), cannot explain the strong inhibition of 

dissolution recorded in this study. Indeed, the dissolution rate kept decreasing after day one, 

when stoichiometric dissolution had already been reached. In contrast, Fe kept precipitating 

throughout the entire abiotic runs, suggesting that formation of an Fe (oxyhydr)oxide layer 

exerted a much stronger influence than a potential silica layer. Furthermore, unlike in the 

experiments by Daval et al., (2011), the solution in the reactors never attained equilibrium with 

regard to amorphous silica: our Si aqueous concentrations (Figure 31G and 31H) remained 

well below the solubility of amorphous silica of 1.93 mM (Rimstidt and Barnes, 1980).  
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To our knowledge the inhibition of olivine dissolution by protective Fe (oxyhydr)oxide surface 

layers was not previously reported in any study at Earth surface conditions. Though some 

studies did mention the precipitation of Fe in oxidising conditions, they did not draw any 

conclusions from it (Chen and Brantley, 2000; Daval et al., 2011). Other studies did not report 

the precipitation of Fe since experiments were performed either for shorter reaction times, at 

high flow rates ,resulting in short residence time of the fluid in the reactor, with bubbling of N2 

in the fluid, removing most of dissolved oxygen, or simply at acidic pH, preventing or 

considerably slowing down Fe(II) oxidation (Hanchen et al., 2006; Maher et al., 2016; Oelkers, 

2001; Pokrovsky and Schott, 2000b; Wogelius and Walther, 1991). These settings prevent 

significant Fe (oxyhydr)oxide precipitation over the course of the dissolution experiments. 

Thus, the presented mixed flow system, involving slow flow rates and continuous oxygenation 

of the reacting fluid approximates Earth surface conditions more adequately.  

 

 

4.2.2.2. Biotic dissolution  

 

4.2.2.2.1. The importance of fungal attachment to olivine dissolution 
 

Both the wild type and the melanin-deficient mutant in batch and mixed flow experiments 

enhanced olivine dissolution as compared to the abiotic controls. The biotic dissolution rates 

decreased less and were higher than the abiotic rates, indicating a lower inhibition of olivine 

dissolution. The difference between the biotic and abiotic rates was generally larger for the 

mixed flow set-up than for the batch set-up. This can be explained by a continuous removal of 

solubilised Fe out of the biotic mixed flow reactors ensuring olivine dissolution and preventing 

Fe precipitation. Also product inhibition and a limited nutrient supply, both of which slow down 

biological growth in batch reactors, are avoided in continuous, mixed flow reactors (Andric et 

al., 2010; Khamseh and Miccio, 2012; Picardo et al., 2013). The biotic olivine dissolution rates 

diverged from the abiotic ones after 10 to 15 days of weathering, which correlates with the 

exponential growth phase of both the wild type and the mutant (Figure 19). Olivine dissolution 

was faster in the presence of the wild type than with the mutant in both batch and mixed flow 

reactors (Figure 32A and 32B). We note that the Mg content of the biomass (Table 7) is not 

significant compared to the amount of Mg released from olivine at the end of either batch and 

mixed flow experiments. This means that the observed differences in dissolution rate between 

the different strains and the abiotic control were not caused by cellular Mg binding and that the 

assumption of Equation 4, namely that the cellular Mg binding does not affect the calculated 

fraction of sequestered Fe, holds. Moreover, the temporal evolution of the isotope ratio of the 

aqueous Mg from runs Bab, BWT and BΔKppks was similar, indicating that both strains don’t 

interfere with Mg (Pokharel et al., in review).  
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Variations in the bulk solution pH and the amount of biomass could cause the different olivine 

dissolution rate in the presence of the wild type and mutant. The bulk solution pH, which 

decreases due to respiration and acid production, has a reported effect on olivine dissolution 

to the power of 0.5 (i.e. the dissolution rate correlates with the activity of protons by aH+
0.5) 

(Pokrovsky and Schott, 2000b; Crundwell, 2014). Furthermore, a lower pH can reduce Fe 

(oxyhydr)oxide precipitation. Variations in biomass (Figure 30) may as well have an impact as 

a higher biomass is associated with a higher binding of released Fe (Table 7). However, we 

did not detect a statistically significant correlation between the dissolution rates and either pH 

(R² of 0.012 and 0.12 for batch and mixed flow rates, respectively) or biomass (R² of 0.95 and 

0.032 for batch and mixed flow rates, respectively) (see chapter 2.5 for details on statistics and 

Figure A5, Appendix 6 for the plots).  

 

Some wild type mixed flow runs (i.e. MFWTunattached) show a lower grade of attachment and have 

dissolution rates comparable to those of the mutant runs (Figure 32B). Therefore, a third 

parameter which may impact dissolution is the grade of attachment, defined by the fraction of 

olivine grains colonised (at least partly) by fungi. Plotting the biotic olivine dissolution rate 

against its respective grade of attachment for each biotic technical replicate, results in 

coefficient of determination (R²) of 0.94 and 0.97 for batch and mixed flow, respectively (Figure 

A5, Appendix 6); indicating correlation. We can therefore conclude that the grade of 

attachment is the most predictive factor for the dissolution rates. The impact of fungal 

attachment to the mineral surface on mineral dissolution was previously shown by several 

studies (Ahmed and Holmstrom, 2015; Li et al., 2009; Li et al., 2016). However, not only 

attached cells had an effect: non-attached cells might also influence olivine dissolution, but 

clearly to a lesser extent.  

 

 

4.2.2.2.2. The causes of fungal attachment 
 

Why does the wild type (WT) show more attachment capabilities than the mutant? Apart from 

whether a mineral contains essential nutrients, attachment is also dependent on the chemistry 

of the EPS layer, the components of the cell wall and the chemistry of the solution 

(Caesartonthat and Epstein, 1991; Lehrer et al., 1988; Tourney and Ngwenya, 2014; Cai et 

al., 2018; Rogers and Bennett, 2004). Since the medium solution and the conditions were the 

same for each experiment, the only differing parameter is biological. The cell wall component 

melanin plays not just a role in metal adsorption and the turgor pressure, but is also 

hydrophobic and might thus increase adhesion (Pihet et al., 2009). However, not all WT cells 
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were attached, even though they were black (i.e. produced melanin). Moreover, in chapter 

4.1.5, the hydrophobicity of both strains was discussed: no differences were observed. 

 

The melanin-deficient mutant ΔKppks produces more EPS than the WT (Breitenbach, 2018). 

This seems inconsistent with the smaller attachment grade of the mutant. However, the 

composition of the mutant`s extracellular polysaccharides is different. The extracellular 

polysaccharide pullulan has an important function in the adhesion capacity of its eponymous 

fungus A. pullulans (Bardage and Bjurman, 1998; Pouliot et al., 2005). In K. petricola WT, 

pullulan constitutes the major part of the extracellular polysaccharide fraction (Breitenbach et 

al., 2018) and thus can mediate cellular attachment. However, ΔKppks forms less pullulan and 

more galactomannan. Polymers similar to galactomannan have so far been described mainly 

in pathogenic melanised fungi where they are considered to play a role in virulence (Latge et 

al., 1994; Schmalhorst et al., 2008; Sassaki et al., 2011). A lower amount of the adhesive 

pullulan in the mutant may have prevented it from adhering to and interacting with the olivine 

surface. The extracellular proteins of K. petricola A95 have not been studied and quantified 

yet. To conclude, even though attachment is a complex process, there are indications that 

differences in EPS composition might play a role in attachment of K. petricola to olivine.  

 

 

4.2.2.2.3. How fungal attachment prevented the inhibition of olivine dissolution 

 

Various biological mechanisms could be involved in the observed fungal acceleration of olivine 

dissolution. First, fungi are capable of releasing a range of ligands which can complex metals 

and thereby increase the mineral dissolution rate (Drever and Stillings, 1997; Hoffland et al., 

2004; Li et al., 2016; Schmalenberger et al., 2015; Wogelius and Walther, 1991). Among those, 

K. petricola is able to produce siderophores (Favero-Longo et al., 2011). Comparison of the 

genome of K. petricola A95 to that of the filamentous fungus Aspergillus fumigatus revealed 

that our model fungus produces the siderophore (hydro)ferricrocin. The release of Fe-binding 

ligands can prevent Fe(III) (oxyhydr)oxides to precipitate and inhibit olivine dissolution (chapter 

4.2.2.1). Torres et al., (2014), showed that siderophores accelerate olivine dissolution by 

almost an order of magnitude even when the pH is buffered. Indicative of the release of 

siderophores in our experiments is the fact that the FFe, seq of the biotic runs lay below those of 

the abiotic runs (Figure 31P and 31Q). Aqueous Fe in these biotic runs was either present as 

Fe2+ or bound to organic compounds. For the former conditions need to be sufficiently reducing 

(Eh < 0.2 V). As both reactor types were open to the environment (through sterile filters, see 

chapter 2.2.2), one could assume oxygenated conditions were present and that Fe was thus 

bound to organic compounds (e.g. siderophores). The higher FFe, seq of the mutant compared 

to the WT (Figure 3D and 3E) cannot be explained by its slightly lower pH (Figure 31A and 
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31B) and might thus be caused by a higher siderophore production. However, gene expression 

analysis revealed that several genes involved in Fe uptake and siderophore transport were 

underexpressed in the mutant compared to the WT (Felix Heeger, personal communication). 

Knocking-out Kppks might have altered production of metal-complexing compounds. Note that 

also extracellular ferric reductases or even extracellular non-protein ferric reductants could be 

released into the bulk solution (Gerwien et al., 2017; Vartivarian and Cowart, 1999). Both would 

reduce oxidised Fe, keeping it in solution. However, no indications are present in the literature 

regarding the production of Fe reductants by K. petricola. 

 

Our results however indicate that cellular attachment is the main factor that explains the 

dissolution rates. Attached cells can take up essential nutrients straight from the source. Based 

on the results from the metal content experiment (Table 7), both the WT and ΔKppks are 

theoretically able to sequester all Fe released by olivine dissolution. So how could attached 

fungal cells sequester more Fe? Since precipitation reactions might take place in the fluid film 

(boundary layer) present at the mineral surface (Hellmann et al., 2012; Marry et al., 2008), 

direct contact between the fungal cells and the olivine surface may lead to fungi or fungal 

ligands interacting with this fluid film, inhibiting Fe precipitation. Attached cells might be able 

to sequester more Fe as cellular attachment enhances siderophore production (Ahmed and 

Holmstrom, 2015). Moreover, cell surface ferric reductases could affect by reducing Fe, 

preventing its precipitation. Genes involved in the synthesis of these enzymes are present in 

the genome of K. petricola A95. Fe could as well have absorbed on EPS through electrostatic 

interactions (Bundeleva et al., 2014). The observation that the mutant kept more Fe solubilised 

than the WT (Figure 31P and 31Q) while generating lower olivine dissolution rates is indicative 

towards the importance of cellular Fe sequestering. Attached fungal cells, which are capable 

to bind Fe, were more efficient in enhancing the dissolution of olivine than unattached cells, 

even when the latter solubilised more Fe. 

 

A bio-mechanical weathering mechanism can be excluded. The etch pits observed on the 

biotically reacted olivine surface, unlike those observed in other studies (Bonneville et al., 

2016; Li et al., 2016), were probably not of mechanical origin and definitely not related to 

melanin as they were observed for both the WT and ΔKppks. These etch pits were probably 

formed by biogenic acids/ligands that enhance dissolution at point defects or dislocations. 

Moreover, their limited occurrence (i.e. they were only observed twice for the wild type and 

once for the mutant) make them not significant regarding the enhancement of mineral 

dissolution.  
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Another possible weathering mechanism which can be excluded, is the reduction of the pH at 

the biofilm-olivine interface. Both the wild type and the mutant are able to reduce the bulk pH 

to ca. 3 when the pH is not buffered (Figure 25). This was most likely caused by production of 

respiratory CO2 as organic acid production has never been observed for K. petricola or any 

rock-inhabiting fungus (Gorbushina et al., 1993; Marvasi et al., 2012; Selbmann et al., 2005). 

A local decrease of the pH could directly increase the dissolution rate by metal-proton 

exchange reactions or reduce Fe (oxyhydr)oxides precipitation by decreasing the aqueous 

Fe(II) oxidation rate (Singer and Stumm, 1970). However, it has not been shown that the WT 

is actually able to locally decrease the pH when the bulk pH is buffered. Results of other studies 

oppose this hypothesis: the pH inside the biofilm is only marginally smaller (even when the 

bulk solution is unbuffered) (Bonneville et al., 2011; Li et al., 2016; Liermann et al., 2000). 

Moreover, stoichiometric dissolution (Figures 31M and 35N) and the absence of amorphisation 

(Figure 35) contradict enhanced dissolution through a pH decrease: an amorphous silica layer 

is expected at low pH (Oelkers, 2018). Finally, etching patterns on the biotic olivine samples 

at pH 6 (Figure 33) were not as common as on the olivine surface at pH 3.5 (Figure 32J), 

even though cell aggregates had been dislodged, exposing the underlying olivine surface. All 

this indicates that a local pH effect is likely not the major cause for the reduction of Fe 

(oxyhydr)oxide precipitation.  

 

To conclude, the WT in run MFWTattached was able to prevent the inhibition of olivine dissolution 

to the point that its olivine dissolution rate (log r of -13.9) approached the abiotic rates 

previously published (log r of -13.1) (reviewed by Rimstidt et al., (2012), Figure 47). This is 

mainly due to the strong reduction of the inhibiting effect of Fe (oxyhydr)oxides but secondary 

effects like pH reduction and other complexation reactions may also play a role. Allowing these 

Fe (oxyhydr)oxides to precipitate resulted in olivine dissolution rates that are more relevant to 

natural processes. The similarity between our abiotic dissolution rates and those from a 

microcosm experiment by Renforth et al., (2015), indeed shows how this mixed flow set-up 

offers reliable conditions for conducting geomicrobiological experiments. These results are not 

only relevant for weathering but also for a range of Earth surface biogeotechnologies like 

biocorrosion, bioremediation, biomining and carbon capture and storage techniques (Mapelli 

et al., 2012; Martino et al., 2003; Renforth et al., 2015). 
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4.2.3. The effect of mutualism on olivine dissolution: Nostoc punctiforme as a partner 

of Knufia petricola 

 

4.2.3.1. Olivine dissolution affected by Nostoc punctiforme 

 

The dissolution rate (according to Mg) of the abiotic control (MFab4) was similar to the other 

abiotic mixed flow runs (i.e. MFab1-3) and is therefore not discussed further. Instead the effect 

of Nostoc punctiforme on olivine dissolution is more interesting: the final aqueous Mg 

concentration in this set-up was three times higher than the Mg concentration in the abiotic 

control. This was observed previously for another cyanobacterium: Synechococcus PCC 7942. 

This species was able to accelerate olivine dissolution and subsequently precipitate Mg 

carbonate in its EPS (Bundeleva et al., 2014). Notably its dissolution was stoichiometric with 

regard to Mg and Si, which was not the case for our experiment. The non-stoichiometric 

dissolution, as indicated by the aqueous Mg/Si values around 1 (Figure 38E), is consistent with 

significant amounts of Mg that were taken up by the biomass for chlorophyll production 

(chapter 3.1.9). Indeed, based on the Mg content data from Table 7, an estimated 20 ± 12 % 

of the Mg released by olivine dissolution was sequestered by the final Nostoc biomass in the 

dissolution experiment.  

 

This is reflected as well in the similar dissolution rates (according to Mg) of N. punctiforme and 

the abiotic control. This does however not mean that N. punctiforme had no effect on 

dissolution: one simply cannot use the dissolution rate according to Mg to characterise the 

effect of N. punctiforme. Using a correction factor of 1.20 (derived from the cellular Mg binding), 

one attains a dissolution rate of 8.8 x 10-16 mol s-1 cm-2, almost in the range of those of K. 

petricola ΔKppks. The grade of attachment of N. punctiforme (i.e. 26%) was however quite 

high. This indicates that N. punctiforme was not as able to prevent the precipitation of Fe 

(oxyhydr)oxides as K. petricola even though Fe binding by the biomass (Table 7) could as well 

account for all Fe released by olivine dissolution.  

 

The reason why N. punctiforme had no larger effect on olivine dissolution remains largely 

unclear. Unlike in the dissolution experiments with K. petricola WT and ΔKppks, the aqueous 

Fe concentrations were below the ICP-OES detection limit. This indicates either an absence 

of siderophore formation or a more oxidative environment. Both would benefit Fe precipitation 

on the surface of olivine, inhibiting its dissolution. An indication of the absence of siderophore 

production by N. punctiforme ATCC 29133 is given by Hopkinson and Morel, (2009): they could 

not find and genes known to be involved in siderophore production in this cyanobacterium. The 

second option, a more oxidative environment, can be caused by photosynthesis: production of 

O2 and uptake of CO2 creates a more oxidative environment around the cells and increases 
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the pH, respectively. Both enhance Fe oxide precipitation. This however is hard to prove. 

Production of O2 was not measured, while the pH was only measured in the bulk solution. As 

discussed in chapter 4.1.6, N. punctiforme tended to decrease the pH when glucose was 

provided (Figure 25), indicating heterotrophic respiration and production of CO2. A local 

oxidative or basic environment is therefore unlikely. Another hypothesis is that N. punctiforme 

bound even more Mg than estimated, causing an underestimation of the olivine dissolution 

rate. Moreover, N. punctiforme might be bioprotective (chapter 1.3.1.2). Experimental studies 

regarding olivine claimed that a bioprotective effect is likely caused by the formation of a 

coating on the mineral surface by organic compounds or the attachment of cells to the active 

sites (Garcia et al., 2013; Oelkers et al., 2015). An indication towards the former are the sheets 

of EPS, occasionally covering olivine (Figure 40E). 

 

 

4.2.3.2. Comparing the olivine dissolution rate of the model consortium with the 
single species and other signs of mutualism 

 

Inoculating olivine with both K. petricola WT and N. punctiforme (i.e. the model consortium) 

resulted in some clear signs of mutualism. The total biomass was 4.45 g ml-1, around an order 

of magnitude higher than the biomass of the solo N. punctiforme (0.34 g ml-1) and K. petricola 

(ca. 0.84 g ml-1) runs (Figure 30 and 37). Apparently, both species benefitted from their 

respective presence in terms of growth. Moreover, the biofilm of the model consortium was 

stratified: K. petricola cells grew between the olivine surface and N. punctiforme cells (Figure 

40). The stratification of this fungal-cyanobacterial biofilm was already observed by Seiffert, 

(2014). He studied the growth behaviour of this model consortium on limestone by CLSM and 

saw that the fungus grew in the lower part of the biofilm directly on the limestone. The 

cyanobacterium, needing light for photosynthesis, would prefer the upper parts of the biofilm. 

This growth behaviour is consistent with the general role of fungi as weathering agent, 

supplying phototrophic partners with bio-essential elements (Hoffland et al., 2004).   

 

Based on the Mg content data from Table 7, an estimated 28 ± 25 % of the Mg released by 

olivine dissolution was sequestered by the final biomass of the model consortium. As told in 

the previous chapter, this hinders the use of the dissolution rate according to Mg to 

characterise the effect of the model consortium. One can however use the rate according to Si 

to compare the N. punctiforme run (MFNp) with the attached and unattached K. petricola WT 

runs (MFWTattached and MFWTunattached) and the model consortium run (MFKpNp). The dissolution 

rate according to Si of N. punctiforme (21.5 x 10-16 mol s-1 cm-2) was not significantly different 

from those of the unattached K. petricola WT runs (ca. 18 x 10-16 mol s-1 cm-2) even though its 

grade of attachment is much higher (25% vs. 6%). The olivine dissolution rate (according to 
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Si) of the model consortium (i.e. 62 x 10-16 mol s-1 cm-2) was ca. four times higher than the 

olivine dissolution rate of Nostoc (Figure 39) and the unattached K. petricola WT runs, though 

not significantly (p<0.05)  different.  

 

However, the olivine dissolution rate of the consortium was significantly lower than the rate of 

the attached WT run (MFWT1, 124 x 10-16 mol s-1 cm-2). Even though the grade of attachment 

for the consortium was (not-significantly) higher (46% vs. 27%). To conclude, the potentially 

beneficial effect of mutualism could not be shown through the olivine dissolution rates (Figure 

47). As mentioned in the last chapter, possible explanations are an underestimation of the 

cellular Mg content of N. punctiforme, bio-protective effects of the EPS of N. punctiforme or 

the enhancement of Fe precipitation by N. punctiforme. 

 

  

 

4.3. The olivine-fungus interface 

 

4.3.1. The olivine surface: etching patterns and polishing lines 

 

After 195 days of incubation in the flow through reactors, the subaquatic biofilms on the olivine 

sections were thinner than the subaerial biofilms. Fungal EPS might have been washed away 

subaquatically (Talbot, 1997). However, cryo-SEM analysis of all biofilms showed thick EPS 

sheets in between cells for all conditions (subaquatic vs. subaerial and K. petricola WT vs. 

ΔKppks, Figure 41B and 41D). Since cryo-SEM is known for its more accurate depiction of 

cells and their EPS (Hassan et al., 2003), it is unlikely that the EPS got washed away. Another 

option (which was not checked) is the limitation of oxygen, hindering optimal growth at the 

subaquatic level. 

 

The etching patterns were only observed on the biotically reacted surfaces. The location of the 

etching pits indicated that they were probably the precursors of the larger etching trenches 

(Figure 43). The corrosion patterns shown by bright field analyses of the FIB-foils (Figure 45) 

correlated well with the observed polishing lines (Figure 42). Figure 44 illustrates that the 

corrosion patterns were the widened polishing lines. Polishing likely exposed crystal planes 

which were more sensitive towards dissolution. These planes were preferentially dissolved, 

causing the widening of the polishing lines. In general, corrosion (i.e. widened polishing lines) 

was more extensive for the biotically reacted sections than for the abiotically reacted ones. 

This was observed previously by Liermann et al., (2000): the polishing lines on polished 

hornblende were more widened underneath a biofilm than on uninoculated hornblende.  
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The formation of the etching patterns, and the widening of the polishing lines were not 

necessarily directly caused by mechanical processes of the fungal cells. As mentioned in 

chapter 1.2.5.1, mechanical forcing by fungi might be related to the presence of melanin. Li et 

al., (2016) claimed that the turgor pressures in melanised hyphae were high enough to rip 

apart the enriched silica layer on top of lizardite and subsequently weaken the Si-O-M bounds. 

In this olivine biofilm cultivation experiment as in the dissolution experiments, these etch 

patterns were observed for both the wild type (Figure 42) and the melanin-deficient mutant 

(Figure A1, Appendix 4). Moreover, their regular pattern resembled previously shown 

abiotically formed etching patterns (Landeweert et al., 2001). An indirect biochemical process 

is therefore more likely. As was discussed in chapter 4.2.2, enhanced etching and corrosion 

could be explained by biofilm-induced acidic pH at the biofilm-olivine interface and (especially) 

the prevention of Fe (oxyhydr)oxide precipitation through cellular Fe sequestration. To 

conclude, although it is true that crystal orientation has an effect on the dissolution rate 

(Grandstaff, 1978; Liang, 2000) and that the surface of the used olivine sections had different 

orientations (Table A4, Appendix 3), all biotically reacted sections were stronger corroded than 

the abiotic ones. This clearly shows that enhanced dissolution (i.e. etching and corrosion) was 

caused by the presence of the biofilm and not by a more dissolution-sensitive orientation. 

 

 

4.3.2. Amorphisation of the olivine surface 

 

4.3.2.1. Abiotically reacted olivine sections 
 
Various analyses showed that the continuous amorphous layer on the subaquatic abiotically 

reacted olivine section was enriched in Fe. XPS analyses showed that the Mg/Si ratio of the 

shallowest surface layers (top 8 nm, chapter 2.3.3.2) of the abiotically reacted sections (i.e. 

the amorphous layer) was lower than of the unreacted olivine (Table 9). This indicates that the 

amorphous layer was relatively* enriched in Si. The EELS mapping images of the amorphous 

layer showed that this layer was absolutely enriched in Fe but depleted in Si (Figure 46). EDX 

spot analyses of the amorphous layer showed a lower Mg/Si and a higher Fe/Mg compared to 

the unreacted olivine: the layer was relatively enriched in Si and Fe (Table 10). The Fe/Mg 

ratio of the unreacted olivine as measured by EDX was much lower compared to the ratio as 

measured by microprobe analyses. The generally low Fe EDX-counts seemed to cause an 

underestimation of the actual Fe concentration. To summarise, these analyses showed that 

                                                
* A relative enrichment of element X indicates that the ratio of element X to Y was higher in one area compared to 

another area. XPS and EDX analyses measured the relative enrichment. An absolute enrichment indicates that the 

absolute amount of element X was higher in one area compared to another area. EELS analysis measured the 

absolute enrichment. 
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the amorphous layer was absolutely enriched in Fe. Regarding its Si content, no statements 

can be made as the analyses contradicted one another.  

 

One cannot be completely certain, that the observed amorphous layer on the subaquatic and 

subaerial abiotic sections was not a polishing artefact like the corrosion patterns. Due to the 

polishing, structural defects in the surface of the olivine could have been created (Lucca and 

Maggiore, 1997; Remond et al., 2002). Polishing of the semiconductor CdS resulted in 

amorphisation of the top 25-50 nm and further damage of the top 100-200 nm (Lucca and 

Maggiore, 1997). Moreover, bright field analyses of the abiotic subaerial and subaquatic 

sample showed strong diffraction contrasts in the top 100-150 nm and 20 nm, respectively 

(Figures 45C and 45E). These indicate the presence of stresses created by polishing. 

However, the unreacted olivine section (which was polished as well) did neither show 

amorphisation, nor diffraction contrasts (Figure 45A). Therefore, two options remain. Either the 

amorphisation becomes visible when the sample comes into contact with water, causing a 

redistribution of atoms and subsequent amorphisation. Or, the observed amorphisation is a 

genuine weathering phenomenon. Crystal orientation-dependent irradiation damaging is also 

an option, however the abiotic subaquatic section had an orientation of [012], which is relatively 

unsensitive (Li et al., 2013). 

 

The formation of an amorphous layer on olivine has been introduced in chapter 1.1.3.2 and 

was reported in previous TEM studies, albeit at different temperature and pH (Daval et al., 

2011; Hellmann et al., 2012; Maher et al., 2016; Sissmann et al., 2013). These amorphous 

layers had sizes of 5 nm (after 2-4 weeks of incubation at pH 1-3 and 25°C, (Hellmann et al., 

2012)), 20-65 nm (2-19 days at pH 4 and 60°C (Maher et al., 2016)) and 15-40 nm (45 days 

at pH 3-4 and 90°C (Daval et al., 2011)). Similar to the size of the amorphous layer observed 

in this study. However, TEM analyses of the olivine grains from the olivine dissolution 

experiment showed only a slight semi-amorphisation of the olivine surface (Figure 35). Note 

as well that the observed amorphous layers were enriched in Si, something which cannot be 

clearly stated for the amorphous layer on the subaquatic abiotically reacted section. 

Furthermore, TEM studies on other (naturally) weathered orthosilicates showed that at these 

conditions no amorphous layer was formed at all (Westrich et al., 1993). In general, there are 

two paradigms to explain the formation of these amorphous layers on olivine. The leached 

layer mechanism is based on the solid-state diffusion of protons into the olivine. There, protons 

exchange for Mg and Fe, which then diffuses/leaches out the olivine, forming a leached layer, 

relatively enriched in Si. At the same time silica tetrahedra dissolve at the surface of the 

leached layer (Luce et al., 1972; Pokrovsky and Schott, 2000a, b). The coupled interfacial 

dissolution-reprecipitation (CIDR) mechanism explains the formation of an absolutely enriched 
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silica layer by dissolution of both Mg2+ and Fe ions2+ and Si tetrahedra at a single reaction 

front, in a thin interfacial fluid film (Hellmann et al., 2012). Amorphous silica subsequently 

reprecipitates on the olivine, even when the bulk solution is undersaturated with respect to 

amorphous silica (Hellmann et al., 2012). This altered layer keeps growing over time and is 

claimed to be porous and thus non-passivating (Hellmann et al., 2015). The latter is however 

disputed as the altered layer might encounter structural reorganisation and a decreased 

permeability (Cailleteau et al., 2008).  

 

Our observations more likely follow the CIDR hypothesis for several reasons. One, the leached 

layer hypothesis is confronted with a theoretical problem with regard to olivine: since the silica 

tetrahedra of orthosilicates are not bound to one another they dissolve the moment Mg is 

hydrolysed (Casey, 2008). Two, the entire amorphous layer was absolutely enriched in Fe 

(Figure 46B) as observed before for silicate glasses (Hellmann et al., 2015). According to the 

leached layer hypothesis, Fe should diffuse out of the olivine and precipitate on top of the 

leached layer. CIDR however entails the stoichiometric dissolution of Fe in the thin fluid film 

and its subsequent immediate reprecipitation on the olivine, thereby co-creating the altered 

layer (Hellmann et al., 2015). Three, TEM analyses of olivine grains which reacted for one to 

three months did not reveal amorphisation (Figure 35), while a 25-30 nm amorphous layer 

formed after nearly seven months of reaction (Figure 45F), indicating that the amorphous layer 

grew over time. A characteristic of a CIDR mechanism. Four, bright field imaging of the smooth 

amorphous layer over the rougher olivine (Figure 42F) indicates that the amorphous layer did 

indeed precipitate, smoothening the underlying polishing lines. Five, the sharp transition in Fe 

and Si concentration as shown by EELS (Figure 46) is a typical characteristic of altered layers 

formed through CIDR (Hellmann et al., 2012; Daval et al., 2011). A holistic explanation is that 

polishing created structural defects in the olivine surface, increasing the thickness of an 

amorphous layer formed through CIDR.  

 

Unlike the subaquatic sample, the abiotically reacted subaerial section did not show a 

continuous amorphous layer: amorphous “spots” ‒ with sizes ranging from 5 to 25 nm ‒ 

interrupted a mostly crystalline surface (Figure 45D). Whether an artefact or a genuine 

dissolution phenomenon, amorphisation needed water. Since the solution level did not stay 

constant over time, the subaerial abiotically reacted olivine surface was not wetted 

uniformously. Therefore, dissolution was probably limited to some areas, resulting in the non-

continuous amorphous layer. 
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4.3.2.2. Biotically reacted olivine sections 
 

The olivine surfaces under the wild type or melanin-deficient mutant biofilms, in subaquatic or 

subaerial mode were all seemingly alike. Amorphous spots were observed on the biotically 

reacted sections: differentiated from the organic amorphous layer by their lower density. They 

were much smaller than the continuous layer on the abiotically reacted section (Figures 45J 

and A2D). Since they were mostly observed at the bottom of the widened polishing lines, 

furthest away from the olivine surface, one could assume that they were unrelated to the stress 

caused by polishing. The absence of a continuous amorphous layer under the cells is another 

indication of CIDR. As shown by EDX analyses of the organic layer (i.e. the cell, Table 10) and 

the metal content experiment (Table 7), the cells were able to take up significant quantities of 

Si and Fe. Cellular binding of Fe and Si could prevent reprecipitation of these phases on the 

olivine surface. Thus avoiding the formation of the amorphous layer. However, at the bottom 

of the polishing lines, the solute concentration was highest, as reported by Jeschke and 

Dreybrodt, (2002). This would enable the formation of amorphous precipitate through CIDR.  

 

Since precipitation of amorphous silica and Fe oxides passivates olivine, inhibiting its 

dissolution (chapter 1.1.3.3), preventing precipitation would enhance weathering. Enhanced 

biotic dissolution was shown by the observed corrosion and etching patterns on the biotically 

reacted surfaces (Figure 42 and 45). The absence of a continuous amorphous layer on the 

biotically reacted olivine indicates that a local acidic pH was not the main dissolution 

mechanism of K. petricola. Indeed, an amorphous silica layer is more liable to form at a low 

pH (Oelkers, 2018). Enhanced dissolution correlated with the absence of an amorphous layer 

for the biotically reacted sections, indicating its function as a barrier and that its permeability 

indeed decreased through structural reorganisation (Hellmann et al., 2012). This is as well in 

agreement with the hypothesis presented in chapter 4.2.2.2.3: precipitation of Fe 

(oxyhydr)oxides passivates olivine and inhibits its dissolution, which can be prevented by 

cellular sequestration of Fe.  

 

The observation that the fungal biofilm still enhanced dissolution of the subaerial sections 

(based on etching and corrosion patterns, Figures 42 and 45), while no continuous amorphous 

layer was observed on the abiotic subaerial section (Figure 45D), does not contradict this 

hypothesis. The biofilm growing on these subaerial sections was saturated with medium 

solution, which drove dissolution onwards. The abiotically reacted subaerial section was 

however mostly dry.  
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4.3.3. The transfer of nutrients from the geosphere into the biosphere 

 
Summarising, we can make following statements: (1) reprecipitation of silica and Fe phases 

were the most probable origin of the amorphous layer or (when indeed a polishing artefact) 

this layer is at the very least enriched in precipitated Fe, (2) the fungal cells prevented 

precipitation of these phases by cellular binding of Fe and Si, and (3) this enhanced dissolution. 

Therefore, apart from the fungal interaction with olivine, these results also showed the transfer 

of Fe from the geosphere into the biosphere. 

 

Although these results illustrated the interactions between a rock-inhabiting fungus and olivine, 

they can also be extrapolated to the rhizosphere as suggested by Banfield et al., (1999). For 

instance, the two levels of our flow-through system could model for a saturated (subaquatic 

level) and temporarily unsaturated (subaerial level) soil. The subaerial sections were frequently 

wetted and dried by a decreasing and increasing medium level. Therefore, they were 

subsequently under the water level (in a saturated state), above water level but still covered 

with a thick capillary water film (unsaturated) and above water and covered with a thin 

hygroscopic water film (unsaturated). Thus, these results showed on a nanometre scale that 

in a sterile, abiotic saturated soil, bio-essential elements like Fe would precipitate on mineral 

surfaces, making them unavailable to plants. The moment a black, rock-inhabiting fungus was 

added to the equation, the precipitated layer was gone, and mineral dissolution was enhanced. 

Under unsaturated conditions, biota would directly enhance dissolution by acting as sponge, 

increasing the availability of water necessary for mineral dissolution. An indirect effect which 

was not simulated is their stabilising effect on soil (Rillig and Mummey, 2006), a soil layer 

would furthermore retain water and enhance dissolution (Schwartzman and Volk, 1989). 

 

These results showed as well the transfer of nutrients from the geosphere into the biosphere. 

This is especially important for relatively immobile nutrients like Fe (Garg and Chandel, 2011). 

Once taken up into the fungal biomass these could be transferred to (and even between) plants 

through so called mycorrhizal networks (Askari et al., 2018; Garg and Chandel, 2011; 

Landeweert et al., 2001; Whittingham and Read, 1982). Moreover, the understanding of the 

mechanisms by which these microorganisms enhance the bioavailability of nutrients is also 

important for the study of phytoremediation (Ullah et al., 2015). 
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4.4. Comparison of dissolution and biofilm cultivation experiments 

 

The results from the different experiments mostly agree with each other. The results of the 

dissolution experiment with K. petricola WT and K. petricola ΔKppks led to a twofold 

hypothesis. Fe (oxyhydr)oxide precipitation inhibited olivine dissolution under abiotic 

conditions. And attachment of the fungal cells to olivine prevented this Fe (oxyhydr)oxide 

precipitation, thereby enhancing the dissolution of olivine. This hypothesis could be applied as 

well to explain the observations made during the biofilm cultivation experiment. An Fe phase 

precipitated on abiotically reacted olivine sections (Figure 46, Table 10), while the biotically 

reacted surface was stronger etched and corroded than the abiotically reacted surface (Figure 

42 and 45). Taken together these observations again indicate that the fungal biofilm enhanced 

olivine dissolution by prevention of the precipitation of Fe (oxyhydr)oxides on the olivine 

surface.     

 

Apart from these correlations, there are however some discrepancies between the results from 

different experiments. Firstly, it is remarkable that the WT and the ΔKppks mutant behaved 

differently in the olivine dissolution experiment, while not in the olivine biofilm cultivation 

experiment. The reason is however simple. In the dissolution experiment we showed the 

importance of direct contact (i.e. attachment) between the mineral and the fungal aggregate 

(Figure A5, Appendix 6). The WT was able to attach itself to the olivine and thereby enhance 

the dissolution of the mineral, whereas the mutant could not do so. In the biofilm cultivation 

experiment, direct contact between the fungal biofilm and the olivine was imposed through the 

flow-through set-up. Therefore, the olivine surface under the mutant biofilm was just as 

weathered as under the WT biofilm. This discrepancy indicates that the reactor set-up affects 

which biogeochemical processes are allowed to take place. 

 

Secondly, the twofold hypothesis set to explain the olivine dissolution processes of K. petricola 

WT and ΔKppks could not be applied to the dissolution experiment with N. punctiforme. Even 

though the grade of attachment was higher for the model consortium (consisting of both K. 

petricola WT and N. punctiforme) than for the single culture of K. petricola WT, their olivine 

dissolution rate was lower (Figure 47). The possible reasons for this discrepancy were 

explained extensively in chapter 4.2.3. In short, either the cellular metal content of N. 

punctiforme was underestimated, the EPS of N. punctiforme was bio-protective, or 

precipitation of Fe (oxyhydr)oxides was enhanced through creation of more oxidative 

conditions, a higher pH or absence of siderophore production. This is indicative of the limited 

scope of this hypothesis: it can only be applied to compare the olivine dissolution kinetics 

between different strains of the same species or for the same species under different 

conditions. 
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Thirdly, the abiotically reacted olivine surface did not look the same for each experiment. Even 

though no amorphous layer was observed at the surface of abiotically reacted olivine grains 

from the dissolution experiment (Figure 35), abiotically reacted, polished olivine sections did 

show a 25-nm amorphous layer (Figure 45F). There are two reasons to explain this 

discrepancy. One, the amorphous layer on the abiotically reacted olivine section could have 

been an artefact created by polishing of the olivine. Two, the amorphous layer was able to 

grow through a CIDR mechanism. This mechanism entails a continuous process: as long as 

olivine dissolves, Si- and Fe-rich phases reprecipitate, forming an amorphous layer. The 

growing of this layer would explain its absence on the olivine grains which reacted for only one 

to three months. To conclude, the difference in experimental conditions (polishing, time frame 

of experiment, fluid flow rate) could have had a profound influence on the way olivine reacted 

abiotically and how K. petricola interacted with this olivine.  

 

Bearing in mind these caveats, this study proposes a strong hypothesis as to how olivine 

dissolves at Earth surface conditions and how rock-inhabiting fungi affect its dissolution. A 

hypothesis which furthermore holds for different conditions.  
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Conclusion 

 

 

 

 

5.1. Summary of this study’s findings 

 

Investigations of the olivine weathering mechanisms of the model organisms (the rock-

inhabiting organism Knufia petricola A95, its melanin deficient mutant (ΔKppks) and its 

symbiotic phototrophic partner Nostoc punctiforme ATCC 29133) were supported by the 

characterisation of their weathering related properties (Chapters 3.1 and 4.1). K. petricola 

ΔKppks produced more extracellular polymeric substances (EPS) than the wild type of K. 

petricola (WT). The WT was however able to bind more Mg and Fe, formed less biomass, 

acidified the liquid medium to a lower extent and was better able to attach to a substratum than 

the mutant. The enhanced metal binding and the slower growth of the WT are probably related 

to the intact melanin production, while the ability to attach to a substratum was likely caused 

by WT-specific EPS. A correlation between the absence of melanin and resistance against 

desiccation or a structural modification of the cell wall was not observed. The symbiotic 

cyanobacterium, N. punctiforme ATCC 29133, was also able to acidify the liquid medium when 

given glucose and could bind much more Mg than the K. petricola strains.   

 

For the investigation of the olivine weathering mechanisms of these organisms (Chapters 3.2 

and 3.3, and 4.2 and 4.3), they were cultivated in three types of reactors. Batch and mixed flow 

dissolution experiments and flow-through biofilm cultivation experiments were developed to 

simulate natural biogeochemical processes. This was also accomplished by finetuning the 

experimental settings: the relatively low flow rate, the oxygenated conditions and the long 

duration of the experiments allowed the precipitation of Fe (oxyhydr)oxides. This resulted in 

more relevant olivine dissolution rates. The olivine dissolution experiments under abiotic 

conditions at pH 6 gave olivine dissolution rates that are over two order of magnitude lower 

than those from the literature. XPS analyses of the surface of the olivine grains and the 

absence of aqueous Fe in the batch and mixed flow reactors (as analysed by ICP-OES) show 

the precipitation of Fe (oxy)hydroxides on the surface of abiotically reacted olivine. This 

correlation and the comparison of the dissolution rates at pH 6 and pH 3.5 all indicate that the 

precipitation of Fe (oxyhydr)oxides was likely passivating olivine and inhibiting its dissolution. 

HRTEM analyses of an abiotically reacted, polished olivine section from the biofilm cultivation 

experiment revealed the presence of a 25 nm thick, continuous amorphous layer after a 7-

month incubation. This amorphous layer was likely enriched in Fe and Si, and was either 
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formed through a coupled interfacial dissolution-reprecipitation (CIDR) mechanism or a 

polishing artefact. In the former case, Fe would ‒ after being dissolved ‒ have reprecipitated 

under abiotic conditions on top of the crystalline olivine, forming the amorphous layer. In the 

latter case, Fe would have simply reprecipitated throughout the already present amorphous 

layer. Another possibility is that it formed through a combination of both: polishing-enhanced 

CIDR. 

 

Biotic dissolution experiments showed that the inhibition of olivine dissolution was reduced in 

the presence of both K. petricola WT and its melanin-deficient mutant ΔKppks. Both were able 

to bind important quantities of Fe and keep Fe in solution, thereby preventing Fe precipitation 

and allowing olivine dissolution to proceed. The impact of K. petricola was larger in mixed flow 

reactors, and when the WT could attach itself to the olivine surface. In the latter case the 

inhibition of olivine dissolution almost completely disappeared. The attached cells were able 

to sequester Fe straight at the source, further enhancing their impact. The observations made 

of the biotically reacted, polished olivine sections from the long-term biofilm cultivation 

experiment agree with the findings from the dissolution experiments. In the flow-through set-

up, both the WT and mutant grew in direct contact with the olivine. Therefore, the same 

observations were made for both fungal strains: crystalline olivine extending until the biofilm. 

Attached cells prevented the precipitation of Fe (oxyhydr)oxides and thus the formation of the 

amorphous layer. The stronger etching and corrosion of the biotically reacted surface 

furthermore indicates that olivine dissolution was enhanced by the fungal biofilms. 

Observations from both dissolution and biofilm-cultivation experiments confirm the same 

hypothesis: the prevention of Fe (oxyhydr)oxide precipitation by cellular sequestration allows 

olivine dissolution to proceed. 

 

The effect of the mutualism between K. petricola and the cyanobacterium, N. punctiforme (i.e. 

the model consortium) on olivine dissolution was investigated as well. Enhanced growth of 

both partners, a stratified structure of the dual species biofilm and enhanced attachment to 

olivine showed the interaction between both partners. The enhancement of olivine dissolution 

by the model consortium was however moderate: their dissolution rate was lower than that of 

solo cultures of K. petricola WT. 

 

 

5.2. Future possible research projects 

 

The three presented simulation systems could be used to test the mineral weathering abilities 

of different organisms. The available knock-out mutants of K. petricola can be tested to 

investigate the effect of various weathering-affecting compounds produced by these mutants. 
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For example, the behaviour of the ΔKpsdh mutant can shed light on the effect of the melanin 

precursor, which this mutant is likely to release in the medium solution. In solution, this 

compound could bind Fe and other solutes and therefore act as an extracellular ligand. 

Moreover, the consortium of K. petricola and N. punctiforme should be studied with respect to 

the transfer of nutrients and the differentiation of ecosystem functions between both partners. 

The available knock-out mutants of N. punctiforme can help accomplish this. Moreover, one 

could track metal solutes in the cells by proton induced X-ray emission (PIXE) or secondary 

ion mass spectrometry (SIMS), and in the dual species biofilm by metal fluorescent probes in 

combination with CLSM. pH fluorescent probes could be used to study the pH inside a mixed 

species biofilm as well, thereby tracking acid production and heterotrophic and phototrophic 

growth.  

 

 

5.3. Relevance of the methods and findings of this study 

 

To conclude, the reported methods and findings are relevant to numerous basic and more 

applied research domains. In this study, simulation systems and standardised methods were 

developed to investigate biogeochemical interactions. The reported laboratory simulation 

systems with conditions similar to those at the Earth surface (i.e. pH 6, 25°C and a modest 

flow rate), allowed the formation of secondary mineral phases, providing mineral dissolution 

rates that are relevant to natural ecosystems. These systems furthermore create long-term 

stable growth conditions for heterotrophic and phototrophic microorganisms. The success of 

our simulation can also be deduced from the similarity between the reported dissolution rates 

and those from a microcosm experiment by Renforth et al., (2015). This indicates that the 

reported mixed flow set-up offers reliable conditions for conducting geomicrobiological 

experiments, even though the issues regarding experimental simulation (as introduced in 

chapter 1.4) still hold. The delivered stable growth conditions for organisms can be combined 

with tailored environmental conditions making these systems universally applicable. Long-term 

biological effects on rock weathering, metal corrosion, plastic degradation, or the deterioration 

of any other substrate sensitive towards biological growth could be studied with the developed 

systems. 

 

The findings generated by these systems regarding the interactions between K. petricola and 

olivine are foremost important for pedogenesis and soil fertility. Fungi are essential to supply 

plants with relatively immobile trace elements like Fe, Zn and Cu (Garg and Chandel, 2011). 

It was shown here that fungi not only accomplish this by primary mineral dissolution, but also 

by interacting with secondary mineral formation. Preventing the precipitation of Fe 

(oxyhydr)oxides does not only enhance the dissolution of orthosilicates like olivine, it also 
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increases the bioavailability of these trace elements. This type of fungal interaction with Fe 

precipitates probably also occurs for other organisms and other Fe-bearing minerals, 

increasing the significance of these results.  

 

These observations are also important to more applied fields like biocorrosion and 

bioremediation (Mapelli et al., 2012; Martino et al., 2003). Recent findings of our research 

group indicate the presence of rock-inhabiting fungi on solar panels, decreasing their efficiency 

(Noack-Schonmann et al., 2014b). Since these fungal biofilms are hard to remove, knowledge 

about the origin of their attachment capacity could be helpful to develop protective 

countermeasures. Moreover, olivine dissolution and subsequent carbonation are a considered 

CCS technique to mitigate climate change. Lately, various geo-engineering studies have 

looked at the benefits of weathering olivine in seawater or in soil (Griffioen, 2017; Hangx and 

Spiers, 2009; Meysman and Montserrat, 2017; Renforth et al., 2015; Rigopoulos et al., 2018). 

Although these studies showed that olivine dissolution sequesters CO2, mineral preparation 

and transport might in the end produce more CO2 than these CCS procedures could sequester. 

An issue which microbiologically enhanced olivine weathering could overcome.  

 

To conclude, several simulations of natural biogeochemical processes were developed during 

this experimental study. Dissolution and biofilm-cultivation experiments with olivine and 

weathering-affecting fungi generated previously unknown weathering mechanisms which 

centre around the trace element  Fe. These presented fungal weathering mechanisms and 

their role in various biogeochemical cycles (e.g. Fe, C, ...) are relevant to natural and 

anthropogenically-altered ecosystems. 
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Appendix 

 

 

A.1 ICP-OES analysis: Quality control standards and blanks 

 
Table A1: Results of quality control standards analysed by ICP-OES during analysis of samples 

from all experiments. All analyses were performed in the Helmholtz Laboratory for the Geochemistry 

of the Earth Surface (HELGES) at GFZ Potsdam. a In the first analytical session (session 1, samples of 

B4-B6) two different quality control standards (QC) were analysed during the ICP-OES run that were 

diluted from Merck ICP Multi Element Standard Solution IV CertiPUR with (QC Multi-IV-1) and without 

(QC Multi-IV-2) addition of In and Sc. b For all other analyses sessions, two different QC standard stock 

solutions were prepared in diluted HNO3. c QC standard 1 contained the CNPS medium components (at 

the same final concentrations as used in the dissolution experiments) mixed with several ICP single-

element standard solutions (Merck CertiPUR). d QC Standard 2 contained ICP single-element standard 

solutions (Merck CertiPUR) mixed with (for sessions 2 and 3) or without (for sessions 4, 5 and 6) pure 

glucose. Before analysis, all standard stock solutions were diluted ca. 3 times with 0.45M HNO3 

containing ca. 1500 ppm Cs, ca. 2 ppm In and ca. 2 ppm Sc. Note that concentration values given for 

Mg, Si and Fe for analysis sessions 2, 3, 4, 5 and 6 are corrected for dilution. The diluted concentrations 

of the QC standards prepared from stock before each analytical session are given in Table A2. The 

mean results of n replicates measurements are given together with 2 standard deviations (2σ; 

representing 95% of the population). The measured deviation from the reference value is a quantitative 

indication of accuracy.  

  

name Mg (µg/g) Si (µg/g) Fe (µg/g) In (µg/g) Sc (µg/g) 

Analysis Session 1a 

QC Standard Multi-IV-1: Multi-

element standard (Merck IV). 

reference value 

1.01  1.01 1.01 0.46 

measured value (n=12) 1.01  1.00 1.02 0.47 

2SD 0.04  0.02 0.01 0.01 

Measured deviation from 

reference value (%) 
0.3  -0.4 0.7 1.8 

QC Standard Multi-IV-2: Multi-

element standard (Merck IV). 

reference value 

0.88  0.88   

measured value (n=3) 0.83  0.86   

2SD 0.01  0.01   

Measured deviation from 

reference value (%) 
-5.2  -2.1   
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Analysis Session 2b 

QC Standard 1c: (Merck 

CertiPUR ICP standards + 

CNPS medium solution) 

reference value  

3.03 3.07 3.04 2.35 2.34 

measured value (n=11) 3.00 3.10 3.07 2.39 2.36 

2SD 0.06 0.04 0.06 0.02 0.02 

Measured deviation from 

reference value (%) 
-1.1 0.8 1.1 1.7 0.9 

QC Standard 2d: (Merck 

CertiPUR ICP standards + 

glucose) reference value  

1.89 1.92 1.86 1.95 1.31 

measured value (n=2) 1.89 1.91 1.88 1.97 1.39 

2SD 0.01 0.02 0.01 0.02 0.14 

Measured deviation from 

reference value (%) 
0.0 -0.3 1.1 1.1 6.3 

Analysis Session 3b 

Standard 1c: (Merck CertiPUR 

ICP standards + CNPS medium 

solution) reference value  

3.74 3.79 3.76 1.32 1.30 

measured value (n=12) 3.85 4.08 3.87 1.34 1.44 

2SD 0.08 0.14 0.10 0.02 0.02 

Measured deviation from 

reference value (%) 
3.0 7.6 2.9 1.8 9.8 

Standard 2d: (Merck CertiPUR 

ICP standards + glucose) 

reference value  

1.89 1.92 1.86 1.32 1.31 

measured value (n=3) 2.0 2.0 2.0 1.37 1.44 

2SD 0.08 0.12 0.06 0.06 0.04 

Measured deviation from 

reference value (%) 
7.5 5.8 8.9 3.8 10.5 

Analysis Session 4b 
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Standard 1c: (Merck CertiPUR 

ICP standards + CNPS medium 

solution) reference value  

3.74 3.79 3.76 1.32 1.30 

measured value (n=12) 3.69 3.85 3.77 1.28 1.37 

2SD 0.02 0.02 0.02 0.01 0.00 

Measured deviation from 

reference value (%) 
-1.3 1.5 0.3 -3.4 5.7 

Standard 2d: (Merck CertiPUR 

ICP standards + glucose) 

reference value  

1.89 1.92 1.86 1.32 1.30 

measured value (n=3) 1.98 1.99 2.00 1.29 1.36 

2SD 0.01 0.01 0.01 0.01 0.00 

Measured deviation from 

reference value (%) 
5.1 3.8 7.7 -1.8 5.1 

Analysis Session 5b 

Standard 1c: (Merck CertiPUR 

ICP standards + CNPS medium 

solution) reference value  

3.74 3.79 3.76 1.32 1.37 

measured value (n=10) 3.76 3.81 3.80 1.29 1.37 

2SD 0.02 0.04 0.04 0.01 0.01 

Measured deviation from 

reference value (%) 
0.6 0.5  1.1 -2.0 5.4 

      

Standard 2d: (Merck CertiPUR 

ICP standards) reference value  
1.96 1.96 1.95 1.32 1.30 

measured value (n=3) 1.97 1.86 1.92 1.30 1.36 

2SD 0.02 0.04 0.02 0.02 0.01 

Measured deviation from 

reference value (%) 
0.4 -5.0 0.6 -0.6 5.1 

Analysis Session 6b 

Standard 1c: (Merck CertiPUR 

ICP standards + CNPS medium 

solution) reference value  

3.74 3.79 3.76 1.34 1.32 

measured value (n=8) 3.69 3.72 3.72 1.31 1.39 

2SD 0.02 0.06 0.02 0.01 0.01 

Measured deviation from 

reference value (%) 
-1.4 -1.9 -1.0 -2.6 5.1 
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Standard 2d: (Merck CertiPUR 

ICP standards) reference value  
1.96 1.96 1.95 1.32 1.30 

measured value (n=3) 1.98 1.95 1.98 1.31 1.37 

2SD 0.02 0.04 0.02 0.02 0.01 

Measured deviation from 

reference value (%) 
1.3 -0.5 1.8 -0.7 6.0 

 

 

 
Table A2: Element concentrations (µg/g) in the QC standard 1 (with CNPS medium addition) and 

QC standard 2 (with or without glucose addition) diluted from their stock solutions and measured 

in analyses sessions 2, 3, 4, 5 and 6. 

 analysis session 

 2 2, 3 3, 4, 5, 6 4, 5, 6 

Element 

concentration 

(µg/g) in 

diluted QC 

standard 1 

concentration 

(µg/g) in 

diluted QC 

standard 2 

concentration 

(µg/g) in 

diluted QC 

standard 1 

concentration 

(µg/g) in 

diluted QC 

standard 2 

Al 1.01 0.62 1.27 1.28 

C 252.35 183.94 515.62 0.00 

Ca 1.01 0.63 1.26 1.29 

Cr 1.01 0.63 1.25 1.29 

Cu 1.01 0.63 1.24 1.30 

Fe 1.01 0.62 1.25 1.29 

In 2.35 1.95 1.34 1.34 

K 4.32 3.13 4.30 6.43 

Mg 1.01 0.63 1.243 1.30 

Mn 1.01 0.63 1.24 1.30 

Na 4.39 3.16 4.36 6.45 

Ni 1.01 0.63 1.24 1.30 

P 1.46 0.00 1.70 0.00 

S 1.72 0.00 121.00 0.00 

Sc 2.34 1.31 1.32 1.32 

Si 1.02 0.64 1.26 1.30 

Sr 1.02 0.62 1.24 1.30 

Ti 0.80 0.64 1.26 1.31 

Cs 996 994 1021 1002 

HNO3 

(mol/L) 
0.35 0.35 0.35 0.34 
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Table A3: The Mg, Si and Fe concentration (µg/g) of the procedure blanks for the mixed flow 

experiments, and the medium blanks for all other experiments.  

 Medium blank Procedure blank 

 Sessiona 1 Session 2 Session 6 Session 3 Session 4 Session 5 Session 6 

Mg 

(µg/g) 
< 0.01b 

0.025 

(±0.010) 
< 0.01 

0.010 

(±0.010) 

0.009 

(±0.002)  

0.005 

(±0.002) 

0.017 

(±0.01) 

Si 

(µg/g) 

0.035 

(±0.012) 

0.078 

(±0.035) 

0.018 

(±0.017) 

0.049 

(±0.020) 

0.087 

(±0.012) 

0.057 

(±0.024) 

0.035 

(±0.05) 

Fe 

(µg/g) 
< 0.004 

0.043 

(±0.020) 
< 0.004 < 0.004 

0.003 

(±0.002) 
< 0.004 <0.004 

a Sessions refer to the different ICP-OES analysis sessions. 

b <x ‒ the value is below the ICP-OES detection limit of x 

 

 

A.2 Data of all experiments 

 

The data used for all graphs can be found on the Publica website of the BAM 

(https://opus4.kobv.de/opus4-bam/home), under the title of this study. 

 

 

A.3 Crystal orientation of FIB-foils of the long-term olivine biofilm cultivation 

experiment 

 
Table A4: Crystal orientations of each FIB-foil by analysis of the FFT images. Note that some FIBs 

from the same olivine section have a different orientation, indicating that some sections were composed 

of different olivine crystals. 

 foil n° 

Olivine section 1 2 3 

Initial olivine [012]   

ΔKppksa SAEb [121] [121]  

ΔKppks SAQc [314] [010]  

WT1d SAE [112]   

WT1 SAQ [413] [413] Xe 

WT2 SAE [010] [400]  

WT2 SAQ [121] [121] [121] 

Abiotic SAE [101]   

Abiotic SAQ [012]   
a ΔKppks ‒ the melanin-deficient mutant  

b SAE ‒ subaerial 

c SAQ ‒ subaquatic 

d WT ‒ the wild type 

e X indicates that the orientation could not be measured 

https://opus4.kobv.de/opus4-bam/home
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A.4 Surface and interface of olivine sections reacted with ΔKppks 

 

Figure A1: SEM analyses of the surface of the subaerial (A, B) and subaquatic (C, D) olivine 

sections reacted with ΔKppks by SEM analysis, after removal of the main biofilm. A grain 

boundary can be seen on the subaquatic surface (C, rectangle). Etching patterns can be seen on the 

subaerial surface (A, rectangle). Note that these patterns all have the same orientation. SEM 

magnifications also shows that the polishing lines were wider and deeper for the sections reacted with 

ΔKppks (B, D).  
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Figure A2: bright field and HRTEM analyses, respectively, of the olivine-fungus interface of the 

subaerial (A, B) and subaquatic (C, D) olivine sections. Just as was the case for the WT, the olivine 

sections which reacted with the ΔKppks were also strongly corroded (A, C). The surface was mostly 

crystalline (C) and occasionally interrupted by amorphous spots (D). FFT analysis of the crystalline 

olivine of image C and D are shown in Figure A4.  
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A.5 FFT of reported HRTEM images 

 

Figure A3: FFT of HRTEM images of (A) Figures 35A, (B) 35B and (C) 35C. 

 

 

Figure A4: FFT of the crystalline parts of HRTEM images of (A) Figure 45B, (B) Figure 45D, (C) 

Figure 45F, (D) Figure 45H, (E) Figure 45J, (F) Figure A2B and (G) Figure A2D. 
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A.6 Correlation analysis of the predictive factors of the dissolution rates of WT 

and ΔKppks 

 

Figure A5: The dependence of the dissolution rate on the A, activity of protons to the power of 

0.5 (i.e. aH+
0.5), B, biomass (g/ml) or C, grade of attachment (%) (C) grouped for batch (in black) 

and mixed flow (in grey) experiments. Each data point represents a technical replicate. For the 

biomass (B) and grade of attachment (C) only the biotic dissolution rates could be compared to one 

another. Error bars represent 2σ (except for the biomass values: 1σ) and are based on the (propagated) 

analytical uncertainty. If error bars are not visible, they are behind the symbol. The coefficient of 

determination (R²) was added for batch and mixed flow experiments and was determined without taking 

the uncertainties into account. 
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A.7 XPS spectra of Fe2p, O1s and C1s peaks 
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Figure A6: XPS spectra of Fe2p, O1s and C1s peaks of the unreacted olivine and the reacted samples from the batch (Bab2, BWT and BΔKppks) and 

mixed flow (MFab1, MFWT1, MFΔKppks1) experiments. 
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Figure A7: Comparison of the XPS spectra of Fe2p of the unreacted olivine (original olivine) and 

the reacted samples from the batch (Bab, BWTattached and BΔKppks) and mixed flow (MFab, MFWTattached, 

MFΔKppks) experiments. The vertical lines indicate the position of the Fe 2p peaks of the unreacted 

olivine. Note that the reacted samples have Fe2p peaks at higher binding energies. 
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List of abbreviations 

 

AFM    Atomic Force Microscopy 

BET    Brunauer, Emmett and Teller 

CCS    carbon capture and storage 

CIDR    coupled interfacial dissolution-reprecipitation 

CLSM    confocal laser scanning microscopy 

CNPS    Carbon, Nitrogen, Phosphorous and Sulphur  

CR    congo red 

DHN    1,8-dihydroxynaphthalene 

EDX    energy-dispersive X-ray 

EELS    electron energy loss spectroscopy 

EPS    extracellular polymeric substances 

FFe,seq     fraction of olivine-dissolved Fe which was sequestered  

FIB    focussed ion beam 

FFT     fast fourier transform 

HRTEM   high resolution transmission electron microscopy 

ICP-OES   inductively coupled plasma optical emission spectrometry 

MES    2-(N-morpholino)ethanesulfonic acid 

n.a.    not analysed 

pb    procedure blank 

PBS    phosphate buffered saline 
qPCR    quantitative polymerase chain reaction 

qs    specific consumption rate  

SAE    subaerial 

SAQ    subaquatic 

SEM    scanning electron microscopy 

sp.    species 

SSA    specific surface area 

Td    Doubling time 

TEM    transmission electron microscopy 

TFT    thioflavin T 

TOC    total organic carbon 

WT    wild type 

XPS    X-ray photoelectron spectroscopy 

µ    growth constant 

σ    standard deviation 
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