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Abstract

Free-living and mycorrhizal fungi are able to enhance the weathering of rock and other solid substrates. Deciphering the
exact mechanisms of these natural processes requires their experimental simulation. Moreover, by performing these simula-
tions with genetically amenable rock-weathering fungi, one can knock-out certain fungal traits and consequently identify their
weathering-relevant function. Here, the effect of the rock-inhabiting fungus, Knufia petricola A95, on the dissolution kinetics
of an Fe-bearing olivine (Mg; gsFeg.19510,) is investigated at 25 °C and pH 6 using reproducible batch and mixed flow exper-
iments. The availability of a melanin-deficient mutant (AKppks) of K. petricola A95, which produces more extracellular poly-
meric substances (EPS) than the wild type (WT), enables the comparative study of the role of melanin and EPS in olivine
dissolution. In abiotic dissolution experiments, the olivine dissolution rate decreased considerably over time at pH 6 but
not at pH 3.5. This inhibition of abiotic olivine dissolution at pH 6 was most likely caused by the in-situ oxidation of ferrous
Fe and/or the precipitation of ferric hydroxides at the olivine surface. In corresponding biotic experiments at pH 6, both the
wild type K. petricola and its melanin-deficient mutant AKppks solubilised and bound significant amounts of Fe released by
olivine dissolution. Fe oxidation and precipitation were thus prevented and olivine dissolution proceeded faster than in the
abiotic experiments. By sequestering Fe directly at the olivine surface, the attached wild type K. petricola cells were particu-
larly efficient at preventing the oxidation of Fe at the mineral surface: the slowdown of olivine dissolution almost completely
disappeared. The attachment capacity of these wild type cells is most likely mediated by wild type-specific EPS. Our presented
experimental systems allow the oxidation of mineral-released Fe and include a rock-inhabiting fungus, thus simulating chem-
ical, physical and biological conditions that set dissolution rates in a way that is relevant to natural ecosystems.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The involvement of fungi and lichens in rock weathering
processes at the Earth’s surface has been documented in
numerous studies (Ahmadjian and Hale, 1973; Krumbein
and Jens, 1981; Banfield et al., 1999; Adeyemi and Gadd,
2005; Bonneville et al., 2009; Cai et al., 2013). However,
the exact mechanisms of fungi-induced weathering are less
known (Hoffland et al., 2004). In general, these can be
divided into two groups: biochemical and biomechanical
mechanisms (Gadd, 2007). The former involves the excre-
tion of metal-complexing compounds (e.g. phenols, acids
or Fe-binding siderophores), the reduction of the pH and
the production of enzymes like ferric reductases (Drever
and Stillings, 1997; Vartivarian and Cowart, 1999;
Abdulla, 2009). The latter entails processes like the penetra-
tion of hyphae into minerals, the encapsulation of grains by
the cellular aggregates (i.e. the biofilm) and the splitting of
minerals through water ad- and desorption by their extra-
cellular polymeric substances (EPS) (Duane, 2006;
Bonneville et al., 2016).

Our study focusses on fungal traits, relevant to mineral
weathering, which are located at the cell surface, where
direct contact with the mineral probably occurs. In this
study we therefore address the production of melanin and
EPS, present at the outer layers of the fungal cell wall. Mel-
anin is a macromolecular black-brownish, phenol-
containing, humic acid-like pigment that can be found in
or around the cell wall of plant, animal, bacterial and fun-
gal cells (Fogarty and Tobin, 1996). Its unique properties
not only make fungal cells more resistant to various envi-
ronmental  stresses (Fogarty and Tobin, 1996;
Gorbushina, 2007; Paolo et al., 2006), they also impact
weathering. For instance, the ability of pure melanin to
selectively bind metals enables the higher metal binding
capacity of melanised fungal cells (Gadd and Derome,
1988; Siegel et al., 1990), protecting against metal toxicity
and possibly driving weathering. Furthermore, melanin’s
ability to reduce the cell wall permeability (Howard and
Ferrari, 1989; Howard et al., 1991) might enable the fungal
cell to maintain turgor pressure during water stress
(Fernandez and Koide, 2013) and to reach the pressures
required to penetrate a substrate (Howard et al., 1991;
Money and Howard, 1996). A melanised appressorium is
able to reach an elastic modulus in the range of 10—
100 MPa (Goriely and Tabor, 2006), which according to
Li et al. (2016) would be sufficient to break down silicate
minerals.

Microbial growth on surfaces (i.e. a biofilm) is charac-
terised by the formation of EPS (Flemming et al., 2016).
EPS consists of a mixture of polysaccharides, proteins,
lipids and extracellular DNA (Flemming et al., 2016). It
forms a polymer layer around the cells, provides protection
against antibiotics and desiccation, and traps nutrients
(Flemming et al., 2016; Gorbushina, 2007). EPS can accel-
erate or inhibit mineral dissolution (Tourney and Ngwenya,
2014). The accelerating effect is mostly caused by the bind-
ing of metals to EPS, the presence of organic acids and
enzymes in the EPS structure, and the pressure exerted on
the mineral surface by repeated wetting and drying cycles

(Warscheid and Braams, 2000; Tourney and Ngwenya,
2014; Hauer et al., 2015). The inhibitory effect of EPS is
thought to be caused by the formation of a protective layer
on the mineral surface, slowing down mineral dissolution
by decreasing its reactive surface area (Chen et al., 2000).

Both melanin and EPS furthermore play a role in sub-
strate adhesion (Wessels, 1996; Nakari-Setala et al., 2002;
Linder et al., 2005; Pihet et al., 2009). By attaching itself
to a mineral surface, the cell gains several advantages
(Dunne, 2002). Attachment allows cells to take up essential
nutrients directly from the mineral, leading to a higher
colonisation of minerals containing essential nutrients
(Roberts, 2004; Rogers and Bennett, 2004). Surface attach-
ment widens the scope of weathering mechanisms fungi
have at their disposal. Unattached organisms can only use
biochemical mechanisms, while attached organisms can
also apply biomechanical mechanisms. Furthermore, fungal
attachment influences the impact of the biochemical mech-
anisms; attachment has for example been shown to increase
fungal siderophore excretion (Ahmed and Holmstrom,
2015).

The mineral used in this study to investigate these fungal
weathering mechanisms is the nesosilicate olivine (Feg -
Mg, sSiO,4). Due to the availability of pure samples and
its relatively simple dissolution mechanism, olivine’s disso-
lution has been studied in varying environmental settings
(Oelkers et al., 2018). This allows a better analysis of the
effect of different conditions on the dissolution of olivine.
Its presence on Mars (Olsen et al., 2015) and its potential
role in carbon capture and storage (Schuiling and
Krijgsman, 2006; Kohler et al., 2010) have further increased
its significance. At pH <9, olivine’s abiotic dissolution is
initially incongruent (i.e. Mg is preferentially released into
the solution compared to Si) to become congruent after
some hours (Luce et al., 1972; Pokrovsky and Schott,
2000; Rosso and Rimstidt, 2000; Oelkers, 2001; Martinez
et al., 2014). The abiotic dissolution rate of olivine is depen-
dent on the pH according to r = kaj,., with a reaction order
(n) of 0.5 (Crundwell, 2014). Abiotically, etch pits are
observed on acid-reacted and not on alkaline-reacted grains
(Pokrovsky and Schott, 2000). The interdependence of
microbial growth and the dissolution rate has been investi-
gated by several studies (Bundeleva et al., 2014; Cai et al.,
2013; Garcia et al., 2013; Oelkers et al., 2015; Seiffert
et al., 2014; Shirokova et al., 2012). Two studies investi-
gated the interactions between fungi and olivine, both
observing an enhancement of olivine dissolution by fungal
growth (Cai et al., 2013; Seiffert et al., 2014). These studies
used the filamentous Aspergillus niger (Cai et al., 2013) and
the non-filamentous Knufia petricola (Seiffert et al., 2014),
two melanin-producing fungi.

The goal of this study is to investigate the effect of
Knufia petricola A95 and its melanin-deficient mutant,
K. petricola A95 AKppks, on the dissolution kinetics of
olivine at 25°C and pH ~ 6. K. petricola A95 is a rock-
inhabiting fungus belonging to the order of the Chaetothyr-
iales. These rock-inhabiting fungi can be found in nearly
every air-exposed rock ecosystem on Earth. Although K
petricola A95 does not produce hyphae, its production of
melanin, EPS and siderophores (Gorbushina et al., 2008;
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Favero-Longo et al., 2011; Breitenbach, 2018; Breitenbach
et al., 2018) makes it usable as a model for bio-weathering
studies. The melanin-deficient mutant AKppks was created
by knocking out Kppks, a gene which encodes a polyketide
synthase type I (Knabe et al., 2017). Knocking out this gene
caused at least a termination of melanin production, an
increase of EPS production and a change in the EPS com-
position (Breitenbach, 2018). Therefore, the influence of
these two fungal compounds — melanin and EPS - on oli-
vine dissolution can be investigated. However, deletion of
Kppks might have caused other phenotypic changes; this
will be discussed further.

In this study we inoculated the olivine powder with both
the wild type (WT) and the AKppks mutant in batch and
mixed flow reactors. Experimental dissolution experiments
were well-controlled, and their geochemical, mineralogical
and biological products were thoroughly analysed. Element
concentration analysis by inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES) of a time-series of
medium solution samples provided olivine dissolution rates.
Scanning electron microscope (SEM) imaging showed us
the growth behaviour of specific cultures. And X-ray pho-
toelectron spectroscopy (XPS) was used to investigate oli-
vine’s surface chemistry at a higher spatial resolution.

2. MATERIAL AND METHODS
2.1. Mineral and reacting media

The mineral used in the batch and mixed flow dissolu-
tion experiments was natural forsteritic olivine (F0o90) from
San Carlos, Arizona (WARDs Chemicals, USA). The crys-
tals were grounded with an agate mortar and pestle and the
63-125 um size fraction was separated by dry sieving. The
resulting powder was ultrasonically cleaned using acetone
and deionised water (MilliQ, Millipore) (both 3 times)
and dried at 65 °C until a stable weight was reached. The
specific surface area (SSA) of the cleaned, unreacted (fresh)
olivine powder was measured by the BET method
(ASAP2020, Micromeritics, USA) at the Bundesanstalt
fur Materialforschung und -priifung (BAM) according to
International Organization for Standardization (2014)
using krypton as an adsorptive gas. Since abiotically
reacted samples gave a similar (within error) SSA as the
unreacted fresh olivine, and since the SSA of biotically
reacted samples could not be measured (due to the presence
of cells on the mineral surface), only the SSA of the initial
fresh olivine was used to calculate the olivine dissolution
rates (Table 1). The reported uncertainties represent 2c¢
uncertainty and are based on the repeated analysis of the
same sample. Electron microprobe analysis (JXA 8200,
JEOL, USA) of the olivine, performed at Freie Universitit
Berlin according to Reed (2005), shows that this San Carlos
olivine had a chemical composition of Mg ggFeg 19S104.

The aqueous medium used in the dissolution experiment
was a minimal nutrient solution containing all essential ele-
ments except the metal(loid)s, which should be obtained by
dissolving olivine. Specifically, the nutrient medium solu-
tion (hereafter called CNPS medium) contained 298.9 uM
of Na,SO4, 173.0 uM of K,HPO4*3H,O, 9.95uM of

thiamine hydrochloride, 9.96 mM glucose*H,O and
18.50 mM of NH4NO;. For the pH-buffered experiments,
11.11mM  of the pH buffer 2-(N-morpholino)
ethanesulfonic acid hydrate (MES), set at pH 6, was added.
The medium was autoclaved (Systec VX-75, 20 min at
120 °C and 100 kPa above atmospheric pressure) without
glucose*H,O and MES buffer as both were added after-
wards using filter-sterilised stock solutions. For the batch
experiments, an extra 4.98 mM glucose*H,O was added
at day 65 to prolong the experiment. For the abiotic mixed
flow experiment at pH 3.5 (MF,y, pu 3.5), MES was added,
the pH was set at ca. 3.5 and the medium was autoclaved.

2.2. Fungal culturing and quantification

The fungal species used in this study, Knufia petricola
A95, was isolated from a marble stone surface near the
Philopappos monument in Athens, Greece by Gorbushina
et al. (2008). The wild type and melanin-deficient mutant
(K. petricola AKppks) cultures were grown in malt extract
broth (2.0 % malt extract, 0.1 % peptone from casein and
2.0 % glucose*H,0) and incubated on a rotary shaker
(100 rpm) at 25°C in darkness. Before their weekly re-
inoculation in fresh medium, cultures had to be disaggre-
gated. This 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 Laborge-
riate, Haan, Germany) (Nai et al., 2013). New cultures were
then setup by adding a hundredth volume of the disaggre-
gated, one-week old culture to fresh medium. For inocula-
tion of all conducted experiments, cells in their stationary
growth phase were disaggregated and washed: once with
5mM EDTA and once with the CNPS medium. To ensure
the same amount of starter culture was used for each repli-
cate (5 x 10" CFU 171, the cell number was quantified fast
using a hemocytometer (Hecht-Assistent, Sondheim/Rhon,
Germany), taking the average cell number from three grids.

The initial biomass was quantified as well by measuring
the dry weight of the starter culture. The final biomass was
estimated by subtracting the dry weight of the abiotic runs
(consisting of olivine) from the dry weight of the abiotic
runs (consisting of olivine and biomass). Uncertainties
(Table 1) represent 1o uncertainty and are based on the
standard deviation of the technical replicates or the analyt-
ical uncertainty (i.e. 14%), whichever was highest. The mass
of dissolved olivine was not significant compared to the
final biomass.

2.3. Experimental set-up and procedure

The set-up and procedure of the growth, acidification,
metal binding and dissolution experiments are described
here. For a more detailed description of these experiments
see Supplementary data 1.

2.3.1. Growth experiments

To characterise the growth of the wild type (WT) K. pet-
ricola and its melanin-deficient mutant (AKppks), both were
grown in batch reactors (Corning) at 25 °C for ca. 35 days.
Six biological replicates of both WT and mutant were



Table 1

Comparison between fungal-induced and abiotic olivine dissolution in batch (B) and mixed flow (MF) experiments. Experiments at pH 6 were either abiotic (ab), in the presence of the wild type of
Knufia petricola (WT) or in the presence of the AKppks mutant of K. petricola (AKppks). One additional abiotic experiment was run at pH 3.5 (ab, pH 3.5). All experiments were conducted at 25 °
C, reactors were shaken at 150 rpm and incubated under continuous light (70 pmol photons m~2s™!). Biological replicates are numbered and consist of several technical replicates of which the
means and uncertainties are shown. The nutrient solution for all these experiments was CNPS buffered with MES. Uncertainties (given in parenthesis) of biomass values represent 1o and are based
on the analytical uncertainty or the standard deviation of the technical replicates (whichever was highest). Uncertainties of SSA represent 2¢ and are based on the repeated analysis of the same
sample. Uncertainties of pH and grade of attachment values represent 2c and are based on the analytical uncertainty or the standard deviation of the technical replicates (whichever was highest
Uncertainties of the dissolution rates represent 2c and are based on the propagated analytical uncertainties associated with the parameters in Equation 1 or 2, or on the standard deviation of the
technical replicates (whichever was higher). The shown specific surface area (SSA) is of the unreacted olivine, while the shown pH values are of the fresh unreacted medium and the final reacted

medium.
Experiment ~ Number of technical Duration SSA® Biomass (g ml™') x 1073 pH Flow rate Dissolution rate ~ Grade of
replicates (days) m? g™ (ml min™) (mol s~ em™?) x  attachment
10716 (%)
Unreacted Initial Final Fresh, unreacted Final, reacted Final Final Final
medium medium

B.o’ 3 94 0.147 (£0.026) n.a.f n.a. 6.21 (+0.02) 6.20 (£0.21) 1.43 (£0.38) n.a.

Bwr* 3 94 0.147 (£0.026) n.a. 0.92 (+0.13) 6.21 (+0.02) 6.08 (£0.02) 10.4 (£2.4) 27 (£10)

BAKpkad 2 94 0.147 (£0.026) n.a. 0.501 (£0.070) 6.21 (£0.02) 5.92 (40.06) 2.70 (£0.51) 4 (+4)

MF,p 1 37 0.142 (£0.026) n.a. n.a. 5.82 (£0.02) 6.02 (£0.02)  0.0349 (4+0.0019) 3.37 (+0.76) n.a.

MF, 1> 1 36 0.142 (£0.026) n.a. n.a. 5.81 (£0.02) 5,85(40.02)  0.0378 (+0.0023) 3.15 (£0.60) n.a.

MF 13 1 42 0.110 (+0.020) n.a. n.a. 5.90 (£0.02) 5.90 (£0.02)  0.0305 (40.0028) 3.93 (+0.79) n.a.

MFwt; 3 37 0.142 (£0.026) n.a. 1.39 (£0.19) 5.82 (£0.02) 5.92 (£0.02)  0.0338 (+0.0052) 118 (£29) 27 (£12)

MFwt2 3 36 0.142 (£0.026) 0.0129 (40.0011) 0.81 (40.26) 5.93 (£0.02) 5.81 (£0.02)  0.0320 (+0.0033) 20.4 (+4.2) 6 (£2)

MFwts 1 42 0.110 (£0.020) 0.00616 (£0.00022) 0.320 (£0.045) 5.90(£0.02) 5.87 (£0.02)  0.0295 (4£0.0028) 16.8 (£3.4) 5 (£6)

MF pgppiest 3 37 0.142 (+0.026) n.a. 0.82 (+0.20) 5.82 (£0.02) 5.88 (+£0.06)  0.0313 (40.0058) 24 (£12) 4 (+4)

MF A gppics2 3 36 0.142 (£0.026) 0.0304 (+0.0037) 1.72 (£0.24) 5.81 (£0.02) 5.72 (£0.04)  0.0337 (£0.0059) 20.1 (£7.2) 5 (8)

MF A kppis3 3 42 0.110 (£0.020) 0.01789 (£0.00025) 1.44 (+0.20) 5.90 (£0.02) 5.80 (£0.06)  0.0323 (4+0.0034) 10.9 (+4.9) 5 (+6)

MFppr 35 ° 1 35 0.110 (£0.020) n.a. n.a. 2.79 (+0.02) 3.49 (£0.02)  0.0335 (40.0066) 750 (£200) n.a.

& SSA — the specific surface area, measured for the fresh unreacted olivine
® ab — abiotic control, a run without fungal inoculant

¢ WT - a run of K. petricola A95 wild type
4 AKppks — a run of K. petricola A95 AKppks
¢ ab, pH 3.5 — abiotic control at pH 3.5

T n.a. — not analysed.

L6-9L (0TOT) TST #IOY BOIWIYOOWISO)) 3 EIMWUIYOOID) /[2 13 SHLID)

6L
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grown in liquid CNPS medium, buffered at pH 6, with
25mgl~! olivine (<63 pm). At selected times, the dry
weight of the biomass was obtained by harvesting an entire
reactor flask; the biomass was separated from the solution
by centrifugation, dried at 65 °C and finally weighed. Note
that the final amount of olivine (16 mg1~") in the abiotic
reactor is insignificant compared to the final amount of
biomass.

2.3.2. Acidification experiments

To determine the acidification capacity of the WT and
mutant, both were grown in CNPS medium (pH 6.45) with-
out a pH buffer but with 0.25mg 1! olivine. The experi-
ment was run for 26 days as a technical triplicate. The pH
was measured on solution samples taken over time.

2.3.3. Metal binding experiments

To determine the metal binding capacity of both K. pet-
ricola WT and AKppks, it was impossible to use the cells
from the dissolution experiments as the cells could not be
separated from the olivine. Therefore, this experiment was
run in the absence of olivine. This required the use of a
medium with several micronutrients to allow growth and
Mg, Si and Fe at a concentration similar to those in the dis-
solution experiments. To this end, K. petricola WT and
AKppks were grown in BGIl medium (Rippka et al.,
1979) which was buffered at pH 6 using MES and supple-
mented with 10.1 mM glucose*H,0, 407 uM MgSO4*7H,-
0, 250 uM SiO; and 23 uM NH,Fe citrate. After 36 days of
growth, the metal content of the biomass was measured by
separating the biomass from the medium by centrifugation,
weighing the dry biomass and dissolving it in concentrated
acid as described in Supplementary data 1. Upon dissolu-
tion, the HNOj; solution containing the dissolved biomass
residue was analysed by ICP-OES. The aqueous Mg, Si
and Fe concentrations at the beginning and end of the
experiment was measured as well as a control. This experi-
ment provided the percentages of the total Mg, Si and Fe in
the reactors that was ultimately sequestered by the cells and
thus the metal binding capacity of both strains.

2.3.4. Dissolution experiments

Dissolution experiments were carried out in batch and
mixed flow reactor set-ups to quantify the abiotic dissolu-
tion of olivine and the effect of both the wild type fungus
and its melanin-deficient mutant on olivine dissolution.
The conditions and main results of all batch (B) and mixed
flow (MF) experiments are shown in Table 1. Mixed flow
experiments were repeated using different fungal starter cul-
tures to take biological deviations into account. Results of
each of these so-called biological replicates are given in
Table 1. These results comprise the means and uncertainties
of multiple technical replicates, i.e. runs of the same exper-
iment at the same timepoint and using the same starter cul-
ture. An additional mixed flow abiotic control run was
setup to determine the effect of an acidic pH on olivine dis-
solution (MF,, pu 35). Three additional abiotic batch
experiments were run with either MilliQ water (B,b, mq)-
unbuffered CNPS medium (B,p, unbufferea) 0 MES-
buffered CNPS medium (Bap, bufrerea) to determine the effect

of the nutrient solution components on olivine dissolution.
The results of these experiments are shown in Table D.1 of
Supplementary data 1.

The batch dissolution experiments were performed with
4 (£0.001) g of ultrasonic cleaned olivine and 400 (£0.5) ml
of the sterile CNPS nutrient solution, while the mixed flow
dissolution experiments were performed with 1 (+0.001) g
of ultrasonic cleaned olivine and 100 (£0.5) ml of the sterile
CNPS nutrient solution. As the air phase of the reactors
was in contact with the atmosphere through caps with
built-in air filters (batch) and sterile air filters (mixed flow),
oxygenated conditions are assumed in both. The reactor
flasks were incubated in a climatic chamber (LT-36VL, Per-
cival) under constant temperature (25.0 4 0.1 °C), constant
light source (70 pmol photons m~2s~') and were shaken at
150 rpm. Note that the olivine and biomass in the reactors
were not in suspension because excessive shaking is not
suitable for biological growth. The flow rate for the mixed
flow reactors was set at ca. 0.035 ml/min (see Table E.1,
Supplementary data 2), giving a turnover time of ca. 2 days
for the nutrient solution. Experiments were run until the
biotic dissolution rates reached a constant value (i.e. ca.
three months for the batch and over one month for mixed
flow reactors).

Medium samples taken from the reactors were filtered
(0.22 pm); 1 ml was used for pH measurement and 4 ml
was acidified with HNO; (Merck, suprapur® grade) to a
pH <2 and stored in acid-cleaned, polypropylene falcon
tubes at 4 °C prior to dissolved element analysis by ICP-
OES. At the end of batch and mixed flow experimental
runs, the dried biomass was weighed and samples were
taken for SEM and XPS analyses.

2.4. Solution analysis and calculation of dissolution rates

Concentrations of dissolved Mg, Si and Fe were deter-
mined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Varian 720-ES) analysis of the filtered
and acidified solution samples in the “HELGES” labora-
tory at the German Research Centre for Geosciences
(GFZ) Potsdam, Germany (von Blanckenburg et al.,
2016). For a detailed description of this method see
Schuessler et al. (2016). Details on sample preparation
and the analytical protocol used in this study are given in
Supplementary data 1. Note that the concentration values
of the unreacted medium (medium blank, Fig. B.3,
Supplementary data 1) and those of the medium flushed
through the mixed flow set-up (procedure blank, Fig. B.3,
Supplementary data 1) were subtracted from the concentra-
tion values from the batch and mixed flow samples, respec-
tively. The detection limit for Mg was 0.010 + 0.020 ppm,
for Si it was 0.043 4+ 0.022 ppm, and for Fe it was 0.004
4 0.003 ppm. The analytical uncertainty used to interpret
the sample results is conservatively estimated based on
the accuracy and the precision of the repeated measurement
of quality control standards (QC, typically close to 5% rel-
ative), or on twice the standard deviation of sample analysis
of the technical experiment replicates, whichever was
higher. Analytical results of QC standards for Mg, Fe
and Si are given in Table B.1, Supplementary data 1. For
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the Mg/Si and Fe/Si ratios, error bars in Fig. 3 represent 2c
uncertainty and are based on the combined propagated
uncertainties of Mg and Si, and Fe and Si values, respec-
tively. These (as mentioned) are based themselves on either
the analytical uncertainty or on the standard deviation of
the technical replicates, whichever was higher.

The pH of the filtered samples was measured at 25 °C
with an analytical uncertainty of 0.01 pH unit, using a
pH electrode (Blueline 25, Schott instruments) calibrated
at pH 4, 7 and 10. Uncertainties in Table 1 and error bars
in Fig. | represent 2c uncertainty and are based on the ana-
lytical uncertainty or (if higher) on the standard deviation
of the technical experiment replicates.

The olivine dissolution rate (r, mol cm > s’l) for the
batch experiments was calculated according to Daval
et al. (2011):

(1) = AlCu) m

At X Mojiyine(t) X SSA X 17 g

where 1(t) stands for the dissolution rate (mol cm™2 s™})
based on the amount of Mg in solution at time t. A(Cyg)
is the difference in molar amount of Mg between time t
and t-At (i.e. two consecutive sampling points). At stands
for the time (s) between different sampling points and
Mjivine(t) 1s the mass (g) of olivine in the bottle just before
sampling at time t. The reactors were strongly shaken dur-
ing sampling which resulted in a decrease of the mass of oli-
vine at each sampling event by 0.054 (+0.010) g (based on
repetitive sampling, n = 10). This gives an analytical uncer-
tainty for the mgpyine (t) of 1.9% (25). SSA stands for the
specific surface area of olivine at the beginning of the exper-
iment (in cm?/g as measured by BET) and Img for the sto-
ichiometric coefficient of Mg in olivine (1.86 as measured by
electron microprobe analysis).

For the mixed flow experiments the olivine dissolution
rate was calculated according to:

r(t) = Chmg(t) x q(t) 2)

Molivine X 1] Mg X SSA
where Cy, stands for the outlet Mg aqueous concentration
and q is the flow rate (1 s71), both at time t. For the mixed
flow experiment, the mass of olivine (mgyyine) 1S presumed
constant (at 1 gram) since only medium solution flows
out the reactors and only 0.2 % of the total mass of olivine
is estimated to dissolve during the runs.

Uncertainties reported with the dissolution rates in
Table 1 and the error bars in Fig. 4 represent 2c uncertainty
and are based on the combined analytical uncertainty calcu-
lated from the uncertainties of ICP-OES analysis, mjjyine (t)
(for batch), flow rate calculation (for mixed flow) and SSA
analysis (i.e. propagated through equation 1 or 2), or on
the standard deviation of the technical replicates, whichever
was higher. The uncertainties of the mass of olivine (mjiyine)
and the stoichiometric coefficient of Mg (I]y,) are estimated
at around 1% and are therefore deemed non-significant
compared to the uncertainties on the other analysis.

2.5. Solid analysis

2.5.1. Surface analysis with XPS

The chemical composition of the near surface region of
olivine and other Fe-containing minerals (as a reference)
was determined by X-ray photoelectron spectroscopy
(XPS). The XPS spectrum only probes the shallowest sur-
face layers of the mineral: 63% of the signal originates from
less than 26 A, and 95% from less than 78 A (Hochella and
Carim, 1988). A detailed description of the used method is
given in Supplementary data 1, Section C. Olivine harvested
at the end of the dissolution experiments and unreacted oli-
vine, goethite (Fe(III) oxyhydroxide), epidote (Fe(III) sili-
cate), hornblende (Fe(ILIII) silicate) and fayalite (Fe(II)
silicate) were analysed to characterise the chemical state
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Fig. 1. Temporal evolution of the pH for batch (A) and mixed flow experiments at pH 6 (B) and pH 3.5 (C) with either wild type (WT),
melanin-deficient mutant (AKppks) or abiotic conditions (ab). Error bars represent 26 uncertainty 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).
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Fig. 2. Temporal evolution of the aqueous Mg concentration (uM) (A, B, C), Si concentration (uM) (D, E, F), and Fe concentration (uM) (G,
H, I) for batch and mixed flow experiments at pH 6 and pH 3.5. Error bars represent 2¢ uncertainty 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). The Si
and Fe concentrations 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 E and H) and are therefore not discussed.

of Fe at the surface of reacted olivine. Before analysis, some
samples were ultrasonically cleaned with acetone to remove
remaining attached cells (not all cells could however be
removed). Neither ultrasonic cleaning nor autoclaving did
have an observable effect on the XPS analysis (Table D.2,
Supplementary data 1, unreacted samples).

Note that a high uncertainty of the transmission func-
tion in the energy region of the Mg peaks and the mor-
phology of the powder samples hinder a quantitative
analysis of the data. Therefore, the Mg results can only
be used relatively. However, in the present study we were
interested in the relative abundance of elements at the oli-

vine surface and their modification upon olivine dissolu-
tion. Therefore, all elemental abundances were
normalized to Si and expressed as Xeop/Xsizp. 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 posi-
tion of photoelectron peaks, especially in the case of Fe,
in order to discern a change in the oxidation state or
the appearance of a new phase. The uncertainty (2c) of
the binding energy is 0.4 eV, while the relative uncertainty
of the atomic percentages was 20% (conservative
estimate).
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Fig. 3. Temporal evolution of the aqueous Mg/Si (A, B, C) and Fe/Si (D, E, F) ratios for batch and mixed flow experiments at pH 6 and pH
3.5. Stoichiometric dissolution is illustrated by the dotted line at Mg/Si = 1.86 in A, B and C and at Fe/Si=0.19 in D, E and F. After a few
days, all experiments had a stoichiometric Mg/Si release (A, B, C). Fe/Si release was however non-stoichiometric for all experiments except the
mutant mixed flow runs at pH 6 (D, E, F). In general, the WT and the mutant generated almost stoichiometric Fe/Si ratios (D, E), indicating
their ability to keep Fe in solution. The same is true for the abiotic experiment at pH 3.5 (F). The Mg/Si and Fe/Si values of the abiotic mixed
flow experiments at pH 6 could not be calculated exactly and are therefore not given (B, E). The error bars represent 2¢ uncertainty and are
based on the combined propagated uncertainties of either Mg and Si (for Mg/Si) or Fe and Si (for Fe/Si) (if not visible they are smaller than

the symbol).

2.5.2. Dissecting microscope analysis

The grade of attachment represents the percentage of oli-
vine grains covered by a fungal biofilm (i.e. colonised
grains). It was estimated by counting the colonised olivine
grains using a dissecting microscope (Stemi 2000C, Zeiss)
and dividing this number by the total number of olivine
grains. The uncertainties reported in Fig. 4 represent 26
and are based on the standard deviation of the technical
replicates.

2.5.3. Scanning electron microscope analysis

The sample preparation used in this study for SEM
analysis follows Spurr (1969). The fresh, unreacted olivine
and solid samples taken at the end of each experiment were
subsequently fixed with glutaraldehyde and osmium tetrox-
ide and washed with phosphate-buffered saline (PBS). PBS
was exchanged for ethanol by washing the samples with
solutions with a gradual increasing ethanol concentration.

The batch samples were subsequently air-dried. The sam-
ples from mixed flow runs were dried by critical point dry-
ing (Leica EM CPD300). Samples were then fixed onto
adhesive carbon tape on a SEM sample-holder. After gold
sputtering (10-15 nm), they were analysed by SEM (FEI
X130 with wolfram cathode, Thermo Fisher Scientific) at
the BAM, Berlin to observe the growth behaviour of the
wild type and mutant.

2.5.4. Measurement of ferric hydroxide precipitates by
ultrasonic cleaning

To verify the presence of precipitated ferric hydroxides
on the olivine surface, these precipitates were removed by
ultrasonic cleaning. 1.000 g of either unreacted or abioti-
cally reacted olivine powder was ultrasonically cleaned 3
times 15 minutes with 10.0 ml of MilliQ water. The super-
natant was subsequently filtered (0.22 um), acidified
(pH < 2) and analysed by ICP-OES to measure the aqueous
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Fig. 4. The rates of abiotic and fungal-induced olivine dissolution
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).
Two WT runs in batch and mixed flow (i.e. Bwr and MFwt)
yielded a significantly higher dissolution rate than the other biotic
runs. Error bars represent 2c uncertainty and are based on the
propagated analytical uncertainties associated with the parameters
in Eq. 2 or 3 or the standard deviation of the technical replicates
whichever is higher (if not visible they are smaller than the symbol).

Fe concentration. Supernatant of unreacted and abiotically
reacted olivine which was not ultrasonically treated was
analysed as a control.

2.6. Statistical analysis

For the growth, the acidification and the metal binding
experiments, the differences between the results of the WT
and AKppks were proven significant by an unpaired two-
sample t test at p < 0.05. The differences between the disso-
lution rates of the abiotic runs, biotic unattached runs and
biotic attached runs were analysed using one-way analysis
of variance (ANOVA) together with Duncan’s multiple
range test at p <0.05.

To analyse the dependence of the dissolution rates on
the pH, biomass or grade of attachment, the rates of each
technical replicate were plotted against the activity of pro-
tons to the power of 0.5 (i.e. afi}, based on Pokrovsky
and Schott (2000)), the biomass or the grade of attachment
(%), respectively (Fig. 8). Therefore, for the dependence on
the biomass or grade of attachment the number of data
points (n) is 5 for the batch and 16 for the mixed flow exper-
imental results; while for dependence on pH, n equals 8§ and
19 for batch and mixed flow runs, respectively. From these
plots the coefficient of determination — R squared (R?) —
was determined without taking the uncertainties into
account.

3. RESULTS
3.1. Growth, acidification and metal binding experiments

The growth experiment, which comprised the inocula-
tion of the WT and the AKppks mutant in CNPS medium
with 25 mg1~! olivine, generated growth curves for both
strains (Fig. D.1, Supplementary data 1). These indicate
that the exponential growth phase lasted from day 4 to
20. Based on this exponential phase, the WT had a growth
constant (p) of 0.00170 + 0.00019 h™! while the mutant had
one of 0.00205 4+ 0.00015h~ . In general, the final biomass
of AKppks reached a significantly (p < 0.05) higher value:
the mean of the six replicates was 470 4 110 mg/l1 for
AKppks compared to 326 4= 92 mg/1 for the WT. The varia-
tion at the beginning of the experiment is likely caused by
the difficulty in estimating the starting biomass with the
hemocytometer.

The acidification experiment, constituting the growth of
the WT and mutant in unbuffered CNPS medium (pH 6.45)
with 0.25mgl1™" olivine for 26 days, showed that both
strains decreased the pH of unbuffered medium to 3.12
4 0.12 and 2.83 £ 0.06, respectively (significantly different,
p <0.05, Fig. D.2, Supplementary data 1).

Both the WT and mutant were as well able to bind
Mg, Si and Fe from a buffered nutrient solution (BGl11
medium amended with Mg, Si and Fe) without olivine
in the metal binding experiment. The Mg, Si and Fe con-
tents of WT and AKppks cells harvested from this exper-
iment are given in Table 2. The wild type cells were able
to bind significantly more Mg and Fe than the mutant.
Fe was taken up most of all: the WT and mutant had
a Fe content of 3000+1100pgg™' and 1720
+ 300 pg g~ !, respectively. However, both bound almost
all Fe initially present in the medium: 98.5% and 95.7%
for the WT and mutant, respectively (Table 2). The



R. Gerrits et al./ Geochimica et Cosmochimica Acta 282 (2020) 76-97 85

Table 2

The capacity of the wild type and melanin-deficient mutant AKppks
to bind aqueous Mg, Si and Fe. The Mg, Si and Fe content of the
fungal biomass (ug g ') and the percentages of Mg, Si and Fe
bound in the biomass (%), derived from the metal binding
experiment. Uncertainties represent 2o and are based on the
analytical uncertainty or (if higher) the standard deviation of the
technical replicates.

K. petricola WT K. petricola AKppks

Mg (ug g1 650 + 160 470 4+ 110
% Mg bound 2.5 2.8

Si(ug g™ 320 4+ 110 249 + 30
% Si bound 1.9 2.4

Fe (ng g ") 3000 + 1100 1720 + 300
% Fe bound 98.5 95.7

potential Fe binding capacity of both strains is therefore
probably higher.

3.2. Dissolution experiments

3.2.1. Attachment capacity of fungal strains

The degree to which the different WT runs attached to
the olivine varied. Estimation of the attachment by stere-
omicroscopy revealed that the cultures from batch WT
run Bwr and mixed flow WT run MFwr; had a so-called
grade of attachment (for calculation see method section)
of 27 +£10 % and 27 £ 12 %, respectively (Table 1). This
is significantly higher than the grades of attachment of
the other WT runs (i.e. MFwr, and MFwr3;) which were
546 % and 6 £2 % (Table 1). The grade of attachment
of the AKppks batch and mixed flow runs was similar and
ranged from 4 +4 % to 5 £+ 8 % (Table 1). The differences
in attachment to olivine were also apparent from visual
inspection of the reactors. The fungal cultures of runs
Bwr (Fig. D.3A, Supplementary data 1) and MFwr; grew
directly on the olivine as opposed to the other set-ups
(Fig. D.3B, Supplementary data 1 for Bagpks).

3.2.2. Evolution of biomass and pH with time

In batch experiments, the biomass concentrations of the
wild type (Bwr) and the mutant (Bak;,p«s) reached final val-
ues of 924+ 1.3 x 107™* and 5.01 £0.70 x 107* g ml™",
respectively. In the mixed flow runs the final biomasses were
1.39 +£0.19 x 1072 g ml~! for the attached WT (MFwr),
ranged from 0.32 107 to 0.81 10> g mI~"' for the unat-
tached WT (MFwro.3) and 0.82x 1073 to 1.72 x 1073 ¢
ml~! for AKppks (MFagpis) (Table 1).

The temporal evolution of the pH of batch and mixed
flow experiments is illustrated in Fig. 1. In the batch exper-
iments, the pH of the biotic set-ups slightly decreased from
6.20 (£0.02) to 6.08 (+£0.02) for the WT (Bwt) and 5.92
(£0.06) for the AKppks (Bakpprs) (Fig. 1A), even though
the medium was buffered at pH 6.2 using MES. For the abi-
otic set-up (B,p), the pH stayed constant with a final value
of 6.20 (£0.02). For the mixed flow experiments, the final
pH values of all experimental runs (MF,,, MFwt and
MF sgppis) ranged from 570 (£0.02) to 6.02 (£0.02)
(Fig. 1B), without clear differences between biotic and abi-
otic runs. The pH of the abiotic mixed flow experiment at

pH 3.5 (MF,p, pu 3.5) ranged from 4.59 (£0.02) to a final
pH value of 3.49 (+0.02) (Fig. 1C).

3.2.3. Element release from olivine with time

3.2.3.1. Mg and Si. The release of Mg and Si in the abiotic
batch experiment (B,;,) at pH 6 was non-stoichiometric dur-
ing the first two days of the experiment, with a preferential
release of Mg (Fig. 3A), and considerably slowed down
over time (Fig. 2A and D). Final Mg and Si aqueous con-
centrations in the abiotic set-up were 282 4+ 22 and 157
+ 10 uM, respectively.

In abiotic mixed flow reactors at pH 6 (MF,;), the Mg
and Si concentrations in solution also decreased consider-
ably with time to final concentrations of ~ 1 uM for Mg
and within the uncertainty of the procedure blank for Si
(Fig. 2B and E). At pH 3.5 (MF, ,n 3.5), the concentra-
tions of Mg and Si only slightly decreased to a final value
of 275 uM for Mg and ~161 puM for Si (Fig. 2C and F).
Due to the low final Si concentrations (being not signifi-
cantly different from the procedure blank), Mg/Si ratios
could not be calculated for abiotic runs at pH 6 and there-
fore aren’t reported. For the experiment performed at pH
3.5, release of Mg was almost stoichiometric (Fig. 3C).

In biotic batch runs, the aqueous Mg and Si concentra-
tions of the wild type (Bwr) started to deviate from the abi-
otic runs after 8 days and reached final Mg and Si
concentrations of 622 + 51 and 379 + 34 uM, respectively.
Mg and Si release in the mutant runs (Bagppks) Were close
to those in the abiotic runs with final Mg and Si concentra-
tion of 241 + 15 and 137 4+ 7 uM, respectively. Just as in
the abiotic batch run, olivine dissolution was initially
non-stoichiometric with respect to Mg but turned stoichio-
metric after two days (Fig. 3A).

In biotic mixed flow reactors, the Mg and Si concentra-
tions for mutant runs (MF k), and the unattached WT
runs MFwr,_; initially decreased but reached steady state
values around 7 uM for Mg and 4 uM for Si (Fig. 2B and
E). For the attached WT run MFwr;, the Mg and Si con-
centrations 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 uM, 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
(Fig. 3B).

Applying the Mg and Si concentrations of both the WT
and mutant from the metal binding experiment (Table 2) to
the final respective WT and mutant biomass in the dissolu-
tion experiments shows that ca. 6% and 1% of the olivine-
released Mg and Si, respectively, could have been seques-
tered by the cells of both strains.

3.2.3.2. Fe. The dissolved Fe concentration in the abiotic
batch experiment (B,,) reached a final value of 0.18
4+ 0.10 uM (Fig. 2G). Release of Fe in these experiments
was far from stoichiometric (Fig. 3D).

In the mixed flow reactors, the final Fe concentration
was below the ICP-OES detection limit of 0.07 uM for
the abiotic run at pH 6 (MF,, Fig. 2H), and reached
17.02+£0.31 pM for the run at pH 3.5 (MF.b, pu 3,
Fig. 2I). Due to the low final Si and Fe concentrations
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(not significantly different from the procedure blank and
below the ICP-OES detection limit, respectively), Fe/Si
could not be calculated for abiotic runs at pH 6 and there-
fore isn’t reported. Release of Fe from the dissolution
experiment at pH 3.5 was slightly non-stoichiometric
(Fig. 3F).

The aqueous Fe concentration in the batch reactors with
the mutant (Bagpyks) increased to a final value of 1.92
4+ 0.11 uM, significantly higher than for batch reactors with
the wild type (1.07 £ 0.70 pM) (Bwr, Fig. 2G). Just as in
the corresponding abiotic batch run, olivine dissolution
was far from stoichiometric with respect to Fe in the biotic
batch runs (Fig. 3D).

For the mixed flow runs, the aqueous Fe concentrations
were 1.31 £0.20 uM for the attached WT (MFwt;) and
ranged from 0.4 to 0.7 uM for the mutant and unattached
WT (MFagpps and MFwro.3). The Fe/Si ratios in these
biotic runs were still non-stoichiometric but became more
stoichiometric over time, with the mutant runs (MFagpxs)
generating the most stoichiometric Fe/Si ratios (Fig. 3E).

Based on the Fe content of both the WT and mutant
(metal binding experiment, Table 2), the final biomass of
both strains could theoretically incorporate all olivine-
released Fe (even in the case of stoichiometric dissolution).

The amount of precipitated Fe on the abiotically reacted
olivine surface was estimated by removing these precipitates
through ultrasonic treatment and subsequent analysis of
the supernatant. Abiotically reacted olivine which was trea-
ted as such delivered 0.21 pmol of Fe per gram of olivine.
This accounts for 12% of all Fe which was stoichiometri-
cally released from olivine during dissolution. Without
ultrasonication, unreacted and abiotically reacted olivine
did not deliver aqueous Fe (i.e. below the limit of detec-
tion). Analyses of the supernatant of unreacted olivine
which was ultrasonically treated did not reveal aqueous
Fe either.

3.2.4. Olivine dissolution rate as a function of time

In abiotic batch experiments, the rates of olivine dissolu-
tion at pH 6 considerably decreased with time for abiotic
runs (B,p,): the dissolution rate decreased by 4 orders of
magnitude reaching a final value of 1.43 (£0.38) x 107'°
mol cm™2 s™! (Table 1 and Fig. 4A). For the abiotic mixed
flow runs (MF,,) at pH 6, the olivine dissolution rates
exhibited a similar decrease with time as for the batch,
reaching values ranging from 3.15 x 107! to 3.93 x 107!¢
mol cm~%s~! after ~ 40 days (Table 1 and Fig. 4B). At
pH 3.5 (MF,, pu 3.5) however, the dissolution rate reached
a much higher final value of 7.5 (+2.0) x 10~'* mol cm 2
s~!' (Table 1 and Fig. 4C).

The olivine dissolution rates of the wild type and mutant
batch runs also decreased but to a smaller extent. The final
rates of the WT (Bwr) were almost four times higher than
those of the mutant (Bagps): 10.4 (£2.4) x 107" and 2.70
(£0.51) x 1071 mol cm %s~!, respectively (Table 1,
Fig. 4A). For the mixed flow, the dissolution rates of the
wild type (MFwr) and mutant (MFagj,rs) both initially
decreased and started to level off after 7 to 15 days of reac-
tion (Fig. 4B). The dissolution rates of the attached WT
(MFwr1) even started to increase again at day 7 and rates

remained stable at 118 (£29) x 107! mol cm~2~!. The
dissolution rates for the unattached WT (MFwr,.3) were
lower and ranged from 16.8 x 107'° to 20.4 x 10~'® mol
cm 2! ,while for the mutant (MF, Kppks) they ranged from
10.9 x 107! to 24 x 107! mol cm~2s~! (Table 1, Fig. 4B).
In conclusion, all biotic dissolution rates were faster
than the abiotic ones (p <0.05) and the dissolution rates
for the attached wild type (MFwri) (i.e. 118 x 107'¢ mol
em~>s™") was significantly (p <0.05) higher — by almost
one order of magnitude — than those of the unattached
WT and mutant runs.

3.2.5. XPS analysis of the olivine surface chemistry

The olivine surface compositions (Mg/Si, Fe/Si, O/Si
and C/Si) together with the binding energies for Ols,
Fe2p and Cls from XPS analyses are given in Table 3
and Table D.2 of Supplementary data 1. All corresponding
Fe2p, Ols and Cls spectra are shown in Supplementary
data 2. The abiotically reacted surface from batch (B,)
and mixed flow (MF,;,) experiments at pH 6 had a similar
Mg/Si as the unreacted olivine (Table 3). The abiotic sur-
face was however enriched in Fe (i.e. a higher Fe/Si ratio
than the unreacted olivine) and contained more oxygen
(an increased O/Si ratio). At pH 3.5, the surface did have
a significantly (p <0.05) lower Mg/Si ratio, indicating Mg
depletion. The olivine surface which reacted at pH 3.5
was as well enriched in Fe and O. The presence of the
Fe2ps/, and Fe2p,, peaks around 709.5 eV and 723.0 eV,
respectively, for the unreacted olivine agree with previously
published XPS analysis of freshly ground olivine (Seyama
and Soma, 1987) and indicate that Fe was present as
Fe®t. These Fe2ps/, and Fe2p,,, peaks are absent (or have
a lower surface area) for the abiotically reacted olivine,
indicating the oxidation of this ferrous Fe (Biesinger
et al., 2011). The Ols peak of the abiotically reacted olivine
shows a shoulder at 532.6 eV which was not observed for
the unreacted surface and indicates the presence of organic
C (Table 3). This organic C came likely from the environ-
ment during sample handling and/or from the nutrient
solution and is shown as well by the high C/Si ratios
(Table 3). The XPS spectra of abiotically reacted olivine
were compared to those of unreacted olivine, goethite (Fe
(IITHOOH), epidote (Fe(I111)Si,O;), hornblende (Fe(ILIII)
Si4O;;) and fayalitic olivine (Fe(II)SiO4) (Supplementary
data 4 and 5). The position of the main Fe2p and Ols peaks
and the presence of certain satellite Fe2p peaks of abioti-
cally reacted olivine align best with those of epidote.

The chemical composition of the olivine surface which
reacted with the attached WT, unattached WT or the
mutant was similar for the batch and mixed flow (Table 3)
but should be analysed with caution as the surface could
not entirely be cleared of cells. The Mg/Si values of the
biotically reacted olivine surface were not significantly dif-
ferent to those of the abiotically reacted surface. The Fe/
Si values of the biotic samples were significantly higher than
those of the unreacted olivine, while (occasionally) signifi-
cantly smaller than those of the abiotic samples. The O/Si
ratios for biotic samples were significantly higher than for
the abiotic samples, either indicating the presence of
remaining cells or the precipitation of ferric hydroxides.



Table 3

XPS analysis of selected samples of unreacted olivine and reacted olivine from the batch and mixed flow experiments. Before XPS analysis, samples were either ultrasonically cleaned (US) or not
(BS). The shown unreacted sample was autoclaved (AC). The shown Mg/Si, Fe/Si, O/Si and C/Si data are based on the atomic percentages and are accompanied by the propagated uncertainty
based on the 95% confidence interval. The binding energies (eV) of the Fe2p,», Fe2ps/,, Ols and Cls peaks are given together with their uncertainty of 0.4 eV. The results of the XPS analyses of all
samples are presented in Table D.2 of Supplementary data 1, while all Fe2p, Ols and Cls spectra are shown in Supplementary data 3. 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.

Batch Mixed flow
Unreacted Abiotic WT AKppks Abiotic wT2? AKppks Abiotic, pH 3.5
US, AC UsS uUsS UsS UsS UsS uUsS HS
Mg/Si 1.57 (£0.44)  1.63 (£0.46) 1.56 (40.44) 1.27 (£0.36) 1.46 (£0.41) 1.44 (£0.41)  1.49 (£0.42) 0.96 (£0.27)
Fe/Si 0.105 0.50 (+0.14) 0.40 (£0.11) 0.215 (+0.061) 0.214 (£0.061) 0.253 0.184 (+0.052) 0.40 (£0.11)
(£0.030) (40.071)
o/Si 4.4 (£1.2) 4.6 (£1.3) 9.1 (£2.6) 7.8 (£2.2) 5.4 (£1.5) 9.5 (£2.7) 8.4 (£2.4) 7.3 (£2.1)
C/si 2.08 (£0.59)  1.15 (40.32) 11.8 (£3.3) 10.1 (42.8) 3.8 (£1.1) 12.6 (£3.6) 11.5 (£3.3) 5.8 (£1.6)
Fe2ps/, 709.4 711.2 (709.3) © (709.2) (709.1) (709.0) (709.1) (709.0)
(eV) 710.9 711.4 710.6 710.9 711.1 710.7 711.7
Fe2pi)» 723.1 724.6 (722.5) (722.4) (722.8) 724.6 (723.0) (722.9) (722.1)
(eV) 724.6 724.1 724.2 724.7 724.5 725.1
Ols (eV) 531.2(532.4)  531.3 (532.6) 531.1 530.9 532.6 (534.6) 530.9 (532.2) 531.0 531.0 532.6 531.1
532.7 532.5 (532.5)
(534.4)
Cls (eV) 285.0 (285.7)  285.0(285.8) (286.9) (289.0) 284.9 286.4 (288.1) (289.8) 285.0 286.4 (288.0) (289.6) 284.9 286.4 (288.5) 285.0 285.0286.4(288.1) 285.0
(286.8) (289.1) 286.4 (288.3) 286.4
(288.4)

% The number indicates the specific WT run, WT run 2 was unattached.
® Binding energies in parenthesis indicate a shoulder or peaks with a lower surface area.
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The binding energies of the Fe2p peaks agree with those of
the abiotically reacted surface: Fe was present as Fe*>'. The
olivine surface reacted in the presence of both WT and
mutant also showed an additional Ols peak around
532.5 eV, again indicating the presence of organic C. The
presence of biomass was as well shown by the increase in
C/Si ratios and more prominent Cls peaks around
286.5 eV (Table 3).

3.2.6. Microscopical observations of the biofilm by SEM

SEM images of olivine-fungus samples taken out of the
reactors after the olivine dissolution experiments are shown
in Figs. 5 and 6. The abiotic set-ups do not show microbial
growth (Fig. 5A, D and H). The biotically reacted grains
showed the growth behaviour of the fungal cultures
(Fig. 5B, C, E, F and G): certain WT runs showed an
enhanced ability to attach to the olivine grains, confirming
the reported grades of attachment (Table 1).

In the abiotic experiments, the olivine grains at pH 6 did
not show etch pits (Fig. SAF and D), while at pH 3.5 they
did (Fig. 5H). The extensive etching patterns on the surface
of the olivine grains at pH 3.5 seem to be depended on the
crystal orientation as etching was not observed on every
surface.

Extracellular polymeric substances (EPS) were visible
around most cells and were in general thicker around the
mutant (Fig. 6B) than around the wild type -cells
(Fig. 6A). The thread-like appearance of the EPS is an arte-
fact of the sample preparation (more specifically the ethanol
dehydration) (Breitenbach, 2018). The mineral precipitates
caught in the mutants’ EPS could not be defined (Fig. 6B).

4. DISCUSSION

In our experiments, the rates of fungal-induced oli-
vine dissolution were higher than those of abiotic olivine
dissolution. To put these dissolution rates into context,
we compared them with the equations reported by
Rimstidt et al. (2012) which are based on literature data
(Fig. 7). This revealed that the abiotic dissolution rates
in batch and mixed flow runs at pH 6 were about 2.7
and 2.0 orders of magnitude lower, respectively, than lit-
erature data reported for the same pH (Fig. 7). In con-
trast, the abiotic dissolution rate measured in this study
at pH 3.5 using a mixed flow reactor is in good agree-
ment with literature data (log r of —13.1 molem™2 s~}
compared to —12.5molem™ s~! of Rimstidt et al.
(2012), Fig. 7). ICP-OES and XPS analyses showed that
the surface of the abiotically reacted olivine was
enriched in ferric Fe. We will demonstrate that this fer-
ric Fe was involved in the inhibition of olivine
dissolution.

The similarity between the olivine dissolution rate of
WT run MFwr; and the abiotic rates from the literature
(log r of —13.9 mol cm 2 s~! compared to —13.6 mol cm 2
s~!, Fig. 7) suggests that attachment of the K. petricola to
the olivine surface suppresses the dissolution
inhibition. We will further discuss the mechanisms by which
K. petricola could interact with Fe upon attachment to the
olivine, thereby reducing the inhibiting effect of ferric Fe.

4.1. Abiotic olivine dissolution

The abiotic dissolution rates at pH 6 are lower than the
rates derived from the modelling study of Rimstidt et al.
(2012) (Fig. 7). In fact, they continuously decreased over
time in both batch and mixed flow reactors (Fig. 4A and
4B) indicating the inhibition of olivine dissolution. An
important observation is that as olivine dissolution rates
decreased, olivine-released Fe kept being removed from
solution, as evidenced by the very low Fe/Si values of the
abiotic runs (Fig. 3D). XPS analyses of the abiotically
reacted olivine surface show higher Fe/Si values for the
reacted surface compared to the unreacted surface (Table 3),
indicating that released Fe precipitated on the olivine sur-
face. The shift of the Fe2p peaks to higher binding energies
upon reaction indicates that the released ferrous Fe had
oxidised and was present on the surface as ferric Fe. The
similarities between the binding energies of the satellite
Fe2p peaks and the main Fe2p and Ols peaks of the abiot-
ically reacted olivine and those of the unreacted epidote
(Supplementary data 4 and 5) suggest that the surface layer
of the reacted olivine consists of a Fe(IlI)-containing sili-
cate rather than a Fe(Ill) hydroxide. Since the adsorption
of Fe(IIl) is unlikely at pH 6 (due to its low solubility),
the observed Fe(Ill) silicate is probably formed by in-situ
oxidation of ferrous Fe which was already present in the
unreacted olivine. However, this would not explain the Fe
(IIT) enrichment of the reacted olivine surface. We therefore
cannot exclude the precipitation of a thin ferric hydroxide
layer. The precipitation of Fe(IIl) hydroxides on olivine’s
surface is supported by the presence of Fe in the super-
natant of ultrasonically cleaned, abiotically reacted olivine.

This Fe(III) enrichment of the surface layers (Table 3)
together with the decreasing and overall low olivine dissolu-
tion rates at pH 6 (Fig. 7) and the absence of Fe in solution
(Fig. 3D and E), all demonstrate that the Fe(III) enrich-
ment of the olivine surface layers caused the strong inhibi-
tion of olivine dissolution. The inhibiting effect of ferric Fe
at pH 6 is shown as well by the dissolution experiment at
pH 3.5: at this pH the olivine dissolution rate agreed with
the presented model of Rimstidt et al. (2012) (Fig. 7) while
less Fe was removed from solution (Fig. 3F). The latter is in
agreement with the slower oxidation rate of Fe(II) at lower
pH (Millero, 1985; Singer and Stumm, 1970). Based on the
aqueous Fe/Si ratio (Fig. 3F), the Fe-rich surface layer
detected at pH 3.5 by XPS measurements (Table 3) is prob-
ably not thick enough to inhibit olivine dissolution.

The remaining question is why most olivine dissolution
studies, and thus the model of Rimstidt et al. (2012), do
not show an inhibition by Fe. These studies did not report
the oxidation of Fe(II) as their experiments were performed
either for shorter reaction times; at high flow rates, result-
ing in short residence time of the fluid in the reactor; with
bubbling of N, in the fluid, removing most of dissolved
oxygen; at acidic pH; or simply using Fe-free forsterite
(Wogelius and Walther, 1991; Pokrovsky and Schott,
2000; Oelkers, 2001; Golubev et al., 2005; Hanchen et al.,
2006; Maher et al., 2016). These settings prevent significant
Fe oxidation over the course of the dissolution experiments.
In contrast, the design of both batch (open to the
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Fig. 5. The specific growth behaviour of the different K. petricola cultures and the etching patterns on the olivine shown by SEM imaging. The
fungal aggregates of wild type runs Bwr (B) and MFwr; (E) attached more to the olivine grains than the cultures of runs MFwr,3 (F) and
AKppks runs MFak,1s (G). The surface of olivine grains from experiment MF,, i 3.5 at pH 3.5 (H) was stronger etched than the surface of
abiotic olivine grains at pH ~ 6 (A, D). The smaller olivine particles which are caught in the aggregate of AKppks cells (C) can also be seen on
the abiotic olivine grains (A) and indicate that the olivine used in the batch experiments was not sufficiently cleaned before the experiment.
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Fig. 6. The extracellular polymeric substances (EPS) of the wild type (A) and melanin-deficient mutant (B) of K. petricola shown by SEM
imaging. The wild type produced a thin EPS layer (shown for MFwri, A). The mutant produces a thicker layer of EPS which covered the

entire cell aggregates (MF agpiss B). Note the WT-EPS binding the olivine grains (A) and the small mineral precipitates seen in the case of
MF appis (B, rectangle).
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Fig. 7. Olivine dissolution rates from the abiotic and biotic batch (diamonds) and mixed flow (squares) experiments plotted as a function of
pH and compared to literature data. The curve was calculated using equations reported by Rimstidt et al., (2012), which were based on

literature data. Only the mixed flow WT (MFwr;) and acidic abiotic (MF,;, pi 3.5) runs had dissolution rates near the model from Rimstidt
et al., (2012).
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Fig. 8. The dependence of the olivine dissolution rate of each technical replicate on the respective (A) activity of protons to the power of 0.5
(i.e. alf}), (B) biomass (mg/l) or (C) grade of attachment (%) grouped for batch and mixed flow experiments. The grade of attachment values
are the means of the technical replicates. All error bars represent 2o uncertainty (except for the biomass values: 1o uncertainty) and are based
on the (propagated) analytical uncertainty for the dissolution rate, alj> and biomass values. The error bars of the grade of attachment values
are based on the standard deviation of the technical replicates. If error bars are not visible they are smaller than the symbol. The coefficient of

determination (R?) is shown for batch (in black) and mixed flow (in grey) experiments and was determined without taking the uncertainties
into account.
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atmosphere) and mixed flow (open to the atmosphere and
continuous inflow of normally oxygenated solution) reac-
tors used in this study ensures oxygenated conditions as
shown by the absence of dissolved Fe in pH 6 runs. Other
studies which did allow the oxidation of Fe(II), showed as
well an inhibiting effect on olivine dissolution (Saldi et al.,
2013; Torres et al., 2019). The exception being Sugimori
et al. (2012), who showed that ferric hydroxide precipita-
tion did not affect olivine dissolution by changing the par-
tial pressure of atmospheric oxygen. In any case, we
believe that a system like ours involving slow medium flow
rates and reactors open to the atmosphere, approximates
aerated Earth surface conditions more adequately and has
merit.

The exact mechanism by which ferric Fe inhibits olivine
dissolution is less known. Schott and Berner (1983; 1985)
previously observed both the precipitation of a ferric
hydroxide and the formation of a Fe(Ill)-containing silicate
layer on reacted bronzite {(Mg, Fe),(SiO;),} and fayalite
(Fe,SiO4). They claimed that only the latter was
dissolution-inhibiting as it could not be removed by ultra-
sonic cleaning and that it was probably less reactive. A sim-
ilar process was also suggested by Welch and Banfield
(2002): the presence of ferric Fe at the surface of fayalite
would inhibit dissolution by formation of the less reactive
laihunite {(Fe(II),Mg)Fe(I1I)(SiOy),}.

A potential silica-rich surface layer, which could have
formed at the onset of dissolution due to preferential Mg
release (Fig. 3A and B), cannot explain the strong inhibi-
tion of dissolution recorded in this study. The dissolution
rate kept decreasing after day one, when stoichiometric dis-
solution had already been reached. In contrast, Fe kept
being removed from solution throughout the entire dura-
tion of the experimental runs, suggesting that Fe(III)
enrichment of the olivine surface exerted a much stronger
influence than a potential silica layer. Furthermore, unlike
in experiments like those of Daval et al. (2011), the solution
in the reactors never attained equilibrium with regard to
amorphous silica: our aqueous Si concentrations (Fig. 2D
and E) remained well below the solubility of amorphous sil-
ica of 1.93 mM (Rimstidt and Barnes, 1980).

The influence of the nutrient components of the medium
solution is as well negligible as was observed previously by
Shirokova et al. (2012). The dissolution rates of experi-
ments with MilliQ water (Bap, mq), with CNPS medium
(Bab, unbuffered) and with CNPS medium with the MES buf-
fer (Bap, bufiered) Were similar (Table D.1, Supplementary
data 1).

4.2. Biotic olivine dissolution

Both the wild type and the melanin-deficient mutant in
batch and mixed flow experiments enhanced olivine dissolu-
tion compared to the abiotic controls. The biotic dissolu-
tion rates did not keep decreasing and were higher than
the abiotic rates, indicating a lower inhibition of olivine dis-
solution. 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 (Fig. 3E) out of the biotic mixed

flow reactors ensuring olivine dissolution and preventing Fe
(IIT) enrichment of the olivine surface. Also product inhibi-
tion and a limited nutrient supply, both of which slow down
biological growth in batch reactors, are avoided in contin-
uous, mixed flow reactors (Andric et al., 2010; Khamseh
and Miccio, 2012; Picardo et al., 2013).

The biotic olivine dissolution rates diverged from the abi-
otic ones after 10 to 15 days of weathering, which correlates
with the exponential growth phase of both the wild type and
the mutant (growth experiment, Fig. D.1, Supplementary
data 1). In general, various biological mechanisms could
be involved in the observed fungal acceleration of olivine
dissolution, cellular uptake of aqueous Fe being the most
obvious. Based on the results from the metal binding exper-
iment (Table 2), both the WT and AKppks are theoretically
able to sequester all Fe released by olivine dissolution. Fungi
are as well capable of releasing a range of ligands which can
complex metals and thereby increase the mineral dissolution
rate (Wogelius and Walther, 1991; Drever and Stillings,
1997; Hoffland et al., 2004; Schmalenberger et al., 2015; Li
et al., 2016). Most of interest to this study are siderophores,
Fe-complexing ligands which K. petricola is able to produce
(Favero-Longo et al., 2011). Comparison of the genome of
K. petricola A95 to that of the filamentous fungus Aspergil-
lus fumigatus revealed that K. petricola A95 produces the
siderophore (hydro)ferricrocin. The release of such Fe-
binding ligands could prevent Fe(III)-enrichment of the oli-
vine surface. Torres et al. (2019) showed that siderophores
accelerate olivine dissolution even when the pH is buffered.

The higher amount of aqueous Fe in the biotic runs
compared to the abiotic runs (Fig. 3D and 3E) further indi-
cate the production of Fe chelators like siderophores. Apart
from bound to Fe-chelating compounds, aqueous Fe in
these biotic runs could be present as ferrous Fe when con-
ditions are sufficiently reducing (i.e. E, <0.2V at pH 6).
Both reactor types were open to the atmosphere (through
sterile filters) which would create oxygenated conditions.
Fungal respiration could, however, have caused an oxygen
depletion and more reducing conditions in the bulk fluid as
proposed previously for bacteria (Brantley et al., 2004).
Also extracellular ferric reductases or extracellular non-
protein ferric reductants could be released into the bulk
solution (Vartivarian and Cowart, 1999; Gerwien et al.,
2017). Both would reduce oxidised Fe, keeping it in
solution.

Two more comments need to be made. One, the Mg con-
tent of the biomass (based on the metal binding experiment,
Table 2) is not significant compared to the amount of Mg
released from olivine at the end of either batch or mixed
flow experiments. This means that the observed differences
in dissolution rate between the wild type, mutant and abi-
otic control were not caused by cellular Mg binding.
Two, K. petricola grows subaerially in nature while being
submerged in our dissolution experiments. This might have
created further phenotypic changes.

4.3. Fungal attachment explains biotic dissolution rates best

The rates of fungal-induced olivine dissolution were
however not similar: olivine dissolution was faster in the
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presence of the wild type than in the presence of the mutant
in both batch and mixed flow reactors (Fig. 4A and B).
Variations in the bulk solution pH and the amount of bio-
mass could explain the different olivine dissolution rate in
the presence of the wild type and mutant. The bulk solution
pH, which can decrease due to respiration and organic 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 afy}) (Pokrovsky and Schott,
2000; Crundwell, 2014). Furthermore, a lower pH can slow
down the oxidation of ferrous Fe (Singer and Stumm,
1970). Variations in biomass (Table 1) may as well have
an impact as a higher biomass is associated with a higher
binding of released Fe (Table 2). However, we did not
detect a statistically significant correlation between the dis-
solution rates and either pH (R? of 0.012 and 0.12 for batch
and mixed flow rates, respectively) or biomass (R of 0.95
and 0.032 for batch and mixed flow rates, respectively)
(see the method section for details on statistics and Fig. 8
for the plots).

Some WT mixed flow runs (i.e. MFwr,.3) showed a
lower grade of attachment and had dissolution rates com-
parable to those of the mutant runs (Fig. 4B). Therefore,
a third parameter which may explain the dissolution rates
is the grade of attachment, defined as the fraction of olivine
grains colonised by fungi. Plotting the biotic olivine disso-
lution rate against its respective grade of attachment for
each technical replicate results in a R? of 0.94 and 0.97
for batch and mixed flow, respectively (Fig. 8), indicating
correlation. We can therefore conclude that the grade of
attachment is the most predictive factor for the dissolution
rates. The positive influence of fungal attachment to the
mineral surface on mineral dissolution was previously
shown by several studies (Li et al., 2009; Ahmed and
Holmstrom, 2015; Li et al., 2016).

4.4. The cause of fungal attachment

Why does the wild type attach more to olivine than the
melanin-deficient 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 (Lehrer et al.,
1988; Caesartonthat and Epstein, 1991; Rogers and
Bennett, 2004; Tourney and Ngwenya, 2014; Cai et al.,
2018). Since the medium solution and the environmental
conditions were the same in all conducted experiments,
the origin of the different degrees of attachment is probably
biological.

The melanin layer of the cell wall plays a role in metal
adsorption and the turgor pressure, but is also hydrophobic
and might thus increase adhesion (Pihet et al., 2009). How-
ever, WT runs which did not attach as well to the olivine
were still black (i.e. produced melanin), indicating that mel-
anin is not the cause of the attachment capacities of the
WT.

The melanin-deficient mutant AKppks produces more
EPS than the wild type and its EPS has a different compo-
sition (Breitenbach, 2018). In K petricola WT, pullulan
constitutes the major part of the extracellular polysaccha-

ride fraction (Breitenbach, 2018). This extracellular
polysaccharide has an important function in the adhesion
capacity of its eponymous fungus Aureobasidium pullulans
(Bardage and Bjurman, 1998; Pouliot et al., 2005). The high
attachment capacity of the wild type might thus be caused
by its pullulan-rich EPS. AKppks, on the other hand, forms
less pullulan and more galactomannan (Breitenbach, 2018).
Polymers similar to galactomannan have so far been
described mainly in pathogenic, melanised fungi in which
they are considered to be involved in virulence (Latge
et al., 1994; Sassaki et al., 2011; Shibata and Okawa,
2011). A lower amount of the adhesive pullulan in the
mutant may have prevented it from adhering to and inter-
acting with the olivine surface. As variations in EPS com-
position are also possible without changes in the genetic
background, the observed differences in the attachment
capacity of the WT runs could be explained by a difference
in EPS composition and have to be further studied in detail.
To conclude, even though attachment is a complex process,
there are indications that differences in the EPS composi-
tion play a major role in the attachment of K. petricola to
olivine.

4.5. How fungal attachment prevents the inhibition of olivine
dissolution

Various biological mechanisms could explain how fun-
gal attachment further prevents the inhibitory effects of
Fe(II) oxidation at the surface. Starting with the production
of Fe chelators like siderophores: Ahmed and Holmstrom
(2015) observed that fungal siderophore production
increased following attachment to biotite {K(Mg, Fe)s-
AlSi;O0o(F,OH),}. A similar mechanism might be at work
in our experiments. Another option is the reuse of the Fe
chelator by cell surface ferric reductases, of which encoding
genes are present in the genome of K. petricola A95. This
reductase is part of the reductive Fe assimilation system:
it reduces chelator-complexed ferric Fe to ferrous Fe which
is then taken up by the cell (Philpott, 2006; Haas et al.,
2008). The now Fe-free chelator can be reused to transport
more Fe to the reductase. Biofilm formation enhances the
use efficiency of Fe chelators as the distance between cell
surface reductase and Fe source is reduced (Rizzi et al.,
2019). Chelators of an unattached cell would have to diffuse
much longer distances between the reductase and the oli-
vine surface. Interestingly the product of this enzymatic
reaction, ferrous Fe, is thought to bind to melanin, making
it capable to neutralise antifungal oxidants (Jacobson and
Hong, 1997). The melanin-deficient mutant would not be
able to bind this ferrous Fe, another possible cause of its
higher aqueous Fe/Si ratios (Fig. 3D and E). Another pos-
sible scenario follows from the observation from Torres
et al. (2019); they showed that only substantial (>100 uM)
siderophore concentrations impact olivine dissolution. Such
high concentrations aren’t likely to be reached in the bulk
solution. Aqueous Fe concentrations, an indicator of the
production of Fe chelators, are around 1uM (Fig. 2G
and H). Higher chelator concentrations could however be
reached within the biofilm, at the mineral surface, again
explaining the importance of fungal attachment to olivine
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dissolution. Fe could as well have precipitated in the EPS as
ferric hydroxides (Welch and Banfield, 2002; Yu et al.,
2016). This, as proposed by Rizzi et al. (2019), might pre-
vent further condensation of ferric hydroxides, helping
chelators to scavenge Fe. Apart from Fe chelator produc-
tion, O, uptake through fungal respiration may create a
local reduced environment around the cells, inhibiting Fe
oxidation at the olivine surface. This effect would as well
be stronger upon attachment. An enhancement in the pro-
duction of organic acids is unlikely as these compounds
have never been observed for K. petricola or any rock-
inhabiting fungus (Gorbushina et al., 1993; Selbmann
et al., 2005; Marvasi et al., 2012).

Fungal attachment might also be associated with a
locally reduced pH at the biofilm-olivine interface, thus
enhancing olivine dissolution. The acidification experiment
shows that both the wild type and the mutant are able to
reduce the bulk pH of unbuffered medium to ca. 3
(Fig. D.2, Supplementary data 1). This was most likely
caused by fungal respiration (i.e. production of CO,)
as organic acid production has never been observed for
K. petricola or any rock-inhabiting fungus (Gorbushina
et al., 1993; Selbmann et al., 2005; Marvasi et al., 2012).
A local decrease of the pH could impact the dissolution rate
directly by metal-proton exchange reactions or indirectly
through the reduction of the Fe(Il) oxidation rate which
prevents Fe(Ill) oxyhydroxide precipitation and the Fe
(IIT) adsorption at the mineral surface (Singer and
Stumm, 1970; Morgan and Lahav, 2007; Oelkers et al.,
2018). However, results of a study with bacteria contradict
this hypothesis: the pH inside the biofilm is only marginally
lower when the pH of the nutrient solution is buffered
(Liermann et al., 2000). Moreover, etching on the
biotically-reacted olivine surface at pH 6 was observed only
once and without connection to cell aggregates. The
abiotically-reacted olivine surface at pH 3.5 was neverthe-
less strongly etched (Fig. 5H). All this indicates that a local
pH effect is unlikely the major cause of the higher biotic oli-
vine dissolution rates.

Knocking-out the gene KpPKS might have altered the
potential production of weathering-affecting compounds
like siderophores, Fe reductases, organic acids or superox-
ides as it did for the composition of EPS. This might
explain the observed differences in fungal olivine dissolu-
tion rates but would only apply if these alterations would
correlate with the grade of attachment.

To conclude, the WT in run MFy; was able to prevent
the inhibition of olivine dissolution to the point that its dis-
solution rate (log r of —13.9) approached the abiotic rates
previously published (log r of —13.1) (reviewed by
Rimstidt et al. (2012), Fig. 7). This is mainly due to the
strong reduction of the inhibiting effect of ferrous Fe oxida-
tion, but secondary effects like pH reduction and other
complexation reactions may also play a role. Allowing
olivine-released Fe to oxidise resulted in olivine dissolution
rates that are more relevant to natural processes. Our abi-
otic dissolution rates are similar to those from a microcosm
experiment by Renforth et al. (2015), thus showing that the
mixed flow set-up offers reliable conditions for conducting
geomicrobiological research. We believe that these findings

could be generally applied to the chemical weathering of all
Fe(Il)-bearing silicate minerals like olivines, pyroxenes,
hornblende, biotite, etc., whose dissolution is inhibited by
Fe oxidation (Schott and Berner, 1983; Schott and
Berner, 1985; Santelli et al., 2001; Golubev et al., 2005;
Ahmed and Holmstrom, 2015). The effect of iron oxidation
on the reported olivine dissolution rates makes these find-
ings specifically relevant to chemical weathering under aer-
obic conditions as found in subaerial biofilms or
unsaturated soils (Scott, 1955; Neale et al., 2000). And
finally, Fe is a vital nutrient for all forms of life; bacteria
and fungi alike are known to oxidise, reduce and sequester
Fe (Delatorre and Gomezalarcon, 1994; Philpott, 2006;
Melton et al., 2014). The conditions under which one of
these microbial mechanisms gains the upper hand in min-
eral weathering should be explored in future studies. In
experiments with genetically tractable microorganisms, the
role of these different microbial traits can be singled out
to facilitate our understanding of bio-weathering processes.

5. CONCLUSION

Here we have shown that abiotic dissolution of olivine
under oxygenated conditions and low flow rates is strongly
inhibited at pH 6 but not at pH 3.5. Chemical analyses of
the reacting fluid and XPS analyses of the olivine surface
indicate that in-situ oxidation of ferrous Fe and/or ferric
hydroxide precipitation at the olivine surface lowers oli-
vine’s reactivity, causing the inhibition. This inhibition of
olivine dissolution is not as pronounced in the presence of
the wild type of the rock-inhabiting fungus K. petricola
and its melanin-deficient mutant AKppks. Both were able
to sequester important quantities of Fe and retain Fe in
solution, most likely by production of Fe chelators like
siderophores. Each process prevents in-situ ferrous Fe oxi-
dation and the inhibition of olivine dissolution. The fungal
impact on olivine dissolution was not only larger in mixed
flow reactors, but also when wild type cells were firmly
attached to the olivine surface. Once fungi were attached,
olivine dissolution was no longer inhibited. This is possibly
caused by a higher reuse of Fe chelators within the biofilm
of attached fungi, preventing the Fe(Ill)-enrichment of the
olivine surface. The fungal attachment capacity is probably
linked to the production of pullulan-rich EPS. To conclude,
our long term, biologically and geochemically controlled
mixed flow experiments allow the oxidation of ferrous Fe
and stable growth of rock-inhabiting fungi, thus establish-
ing dissolution rates more relevant to olivine weathering
at Earth surface conditions.
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