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Originality-Significance Statement

We cultivated the chemolithoautotrophic nitrate-reducing Fe(ll)-oxidizing culture KS
continuously in a chemostat for 24 days and revealed the previously undetected processes of
nitrite production and cell encrustation. We provide a new cultivation method for Fe(ll)-
oxidizing microorganisms and shed light into the mechanisms of nitrate-reducing Fe(ll)
oxidation, questioning the exclusivity of enzymatic activity of autotrophic nitrate-reducing

Fe(ll)-oxidizing microorganisms.
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Summary
Laboratory-based studies on microbial Fe(ll) oxidation are commonly performed over just a
few weeks in small volumes with high substrate concentrations, resulting in geochemical
gradients and volumetric effects caused by sampling. We used a chemostat to enable
uninterrupted supply of medium, and investigated autotrophic growth of the nitrate-reducing
Fe(ll)-oxidizing culture KS for 24 days. We analysed Fe- and N-speciation, cell-mineral
associations, and the identity of minerals. Results were compared to different batch systems
(50 and 700 ml — static/shaken). The Fe(ll) oxidation rate was highest in the chemostat with
7.57 mM Fe(ll) d, while the extent was similar (averaged 92% of all Fe(ll)). Short-range
ordered Fe(lll) phases, presumably ferrihydrite, precipitated and later goethite was detected
in the chemostat. 1 mM solid phase Fe(ll) remained in the chemostat, up to 15 uM of reactive
nitrite was measured, and 42% of visualized cells were partially or completely mineral-
encrusted, likely caused by abiotic oxidation of Fe(ll) by nitrite. Despite (partial) encrustation,
cells were still viable. Our results show that even with similar oxidation rates as in batch
cultures, cultivating Fe(ll)-oxidizing microorganisms under continuous conditions reveals
mechanistic insights on the role of reactive intermediates for Fe(ll) oxidation, mineral

formation and cell-mineral interactions.
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Introduction
Iron (Fe) is one of the most abundant elements in the environment and essential to almost all
known organisms, either as nutrient or as electron donor/acceptor (Boyd and Ellwood, 2010;
Kendall et al., 2012). Fe is commonly present as ferrous (Fe(ll)) or ferric iron (Fe(lll)) (Cornell
and Schwertmann, 2003; Kappler et al., 2021a) and redox cycling takes place abiotically (e.g.
via light or organic matter) or by microbial metabolisms (Hedrich et al., 2011; Kappler et al.,
2021b). Fe(ll)-oxidizing bacteria at circumneutral pH use Fe(ll) as an electron donor to reduce
electron acceptors such as O, CO,, or nitrate (Bryce et al., 2018). Microaerophilic Fe(ll)-
oxidizing bacteria compete with abiotic Fe(ll) oxidation at low O-concentrations (Emerson
and Moyer, 1997; Druschel et al., 2008; Maisch et al., 2019), while anaerobic phototrophic
Fe(ll)-oxidizers use light energy to reduce and fix CO, (Widdel et al., 1993; Ehrenreich and
Widdel, 1994). Finally, nitrate-reducing Fe(ll)-oxidizing (NRFeOx) bacteria couple Fe(ll)
oxidation to the reduction of nitrate (NOs’) in anoxic environments (Straub et al., 1996; Weber
et al., 2006; Roden, 2012). Over the past three decades, NRFeOx microorganisms were
intensely studied for metabolic flexibility, microbial community composition and interactions
(Straub et al., 1996; He et al., 2016), and in terms of their implications for NOs-removal in
environments impacted by N-fertilizers commonly used in agriculture (Kim et al., 2015; Ward
et al.,, 2018; Visser et al., 2021). NRFeOx microorganisms have been found in different
environments, including freshwater ponds and lakes, brackish-waters, marine sediments, and
aquifers (Hafenbradl et al., 1996; Straub et al., 1998; Finneran et al., 2002; Emmerich et al.,
2012; Melton et al., 2012; Liu et al., 2019b; Jakus et al., 2021a). NRFeOx microorganisms
stepwise reduce NOs™ to nitrogen (N2) or ammonium (NHs*). This process involves multiple
intermediates like NOy, NO, and N,O (Tiedje, 1988; Straub et al., 1996; Canfield et al., 2010;

Coby et al., 2011). The first enriched microbial consortium capable of chemolithoautotrophic
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NRFeOx (i.e. using Fe(ll) as inorganic electron donor to fix CO3), was described by Straub et al.
(1996) as the co-culture “culture KS”. Only two additional autotrophic co-cultures have been
enriched since (Huang et al., 2021b; Jakus et al., 2021b). The term “co-culture” describes a
consortium of different microorganisms, meaning it is not a pure culture. Autotrophically
grown culture KS is dominated by Gallionellaceae sp. (96%), which is considered the main
Fe(ll)-oxidizer, but also contains Rhodanobacter (1%) and Bradyrhizobium (1%) (Blothe and
Roden, 2009; He et al., 2016). Most other NRFeOx microorganisms can only be cultivated in
the presence of an additional organic substrate (Benz et al., 1998; Kappler et al., 2005; Laufer
et al., 2016; Liu et al., 2019a), as demonstrated e.g. for Acidovorax sp. BoFeN1 (Muehe et al.,
2009). There is no conclusive evidence that these microorganisms gain energy by Fe(ll)
oxidation, or if they are chemodenitrifiers (Bryce et al., 2018). This lack of evidence suggests
that Fe(ll) oxidation, at least to some extent, could be caused by abiotic side reactions with
the reactive nitrogen species (RNS) NO; and NO (Kampschreur et al., 2011), which can
abiotically oxidize Fe(ll) (Betlach and Tiedje, 1981; Klueglein and Kappler, 2013; Klueglein et
al., 2014). Exclusive oxidation of Fe(ll) by RNS is described as abiotic chemodenitrification
(Dhakal et al., 2013). Whenever RNS are present, NRFeOx microorganisms compete with
abiotic oxidation (Klueglein et al., 2014). This makes differentiating abiotic processes from
NRFeOx activity a challenging task. In order to identify, quantify, and disentangle different
Fe(ll) oxidation mechanisms, conditions must be as steady and controllable as possible.
However, common laboratory experiments studying NRFeOx are usually performed in
stationary batch systems with high substrate concentrations (10s of mM) to allow cell growth
and regular sampling without significant decrease of volume. High concentrations can lead to
toxic effects (Swanner et al.,, 2015) and usually result in rapid concentration changes of

nutrients and electron donors/acceptors during cultivation. Furthermore, the time scale of
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closed system experiments for Fe(ll)-oxidizing bacteria rarely exceed 1-2 weeks. Therefore,
these experiments are inherently limited in how much volume can be removed for
measurements, the long-term investigation of microbial activity, and how environmentally
representative they can be. Conversely, continuous cultivation using a chemostat enables
cultivation over prolonged time scales (Weusthuis et al., 1994), and provides constant supply
and steady concentrations of substrates and nutrients. Enabling the addition of fresh growth-
medium while removing waste products and metabolites should therefore allow
establishment of a steady state. Additionally, several geochemical and physical parameters
can be monitored non-invasively and controlled (pH, dissolved oxygen, and temperature). A
chemostat therefore eliminates the analytical and temporal limitations of batch experiments,
and can be used to further elucidate Fe(ll) oxidation mechanisms to better understand mineral
transformation, the fate of contaminants like NOs™ (Borch et al., 2009) and the coupling of
biogeochemical cycles (Peiffer et al., 2021). In this study, we established a chemostat
bioreactor as an alternative cultivation method and examined continuous autotrophic growth
of NRFeOx culture KS. We compared culture KS grown autotrophically in the chemostat
bioreactor in 700 ml volume for 24 days to four different batch conditions: Shaken and static
in small and large volume (25 ml and 700 ml, respectively). We measured changes in
concentrations of Fe and N species over time. We analysed biogenic Fe(lll) minerals using p-
X-ray diffraction (u-XRD), Moessbauer spectroscopy, and X-ray absorption spectroscopy (XAS),

and visualised cell-mineral-associations with scanning electron microscopy (SEM).

Materials and Methods

Bacterial strain, pre-cultivation and growth conditions
Culture KS, obtained from the culture collection of the Tuebingen Geomicrobiology Group,

was pre-grown twice for 7 days under autotrophic conditions with 10 mM Fe(ll) and 4 mM

7
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NOs™ on bicarbonate-buffered (22 mM) basal medium, as previously described (Tominski et
al., 2018). All experiments were performed with 10 mM Fe(ll) as FeCl; and 4 mM NOs™ as
NaNOs for batch system. For the chemostat, fresh medium with the same substrate

concentrations was continuously supplied (see below).

Chemicals and materials

All chemicals were at least of analytical grade. The water used was ultra-pure (Milli-Q, A10,
Merck-Millipore, Billerica, USA). Anoxic solutions were prepared by either purging with N or
N,/CO; and stored in glass containers sealed with butyl stoppers. All utensils and glassware

were sterilized by autoclaving (121°C for 20 min) or by baking in an oven (180°C for 4.5 h).

Setup of the chemostat and batch experiments

In the chemostat, culture KS was cultivated in a volume of 700 ml inside a glass vessel (New
Brunswick Scientific, USA) (Figure 1). Medium was exchanged at a rate of 15 ml-h™! (i.e. 2.1%
exchange-h?, v/v) and agitated with an impeller rotating at 50 rpm. The growth medium,
reaction chamber and waste-collection systems were interconnected and continuously
flushed with N2/CO; (90:10 v/v %) at 10 mbar overpressure, to maintain anoxic conditions and
provide inorganic carbon (Figure 1, Figure S1). Anoxia was confirmed with a dissolved oxygen
(DO) sensor (Mettler-Toledo AG, Urdorf, Switzerland) and an oxygen sensitive foil with a Fibox
3 optode oxygen measurement device (Presens, Germany). Prior to inoculating, the glass
vessel was visually inspected for brownish oxidation rings at the liquid’s surface, typically
associated with abiotic Fe(ll) oxidation. Temperature, pH, and DO were measured in-situ
(Figures S1 and S2). For pumping in and out of the reaction vessel, external peristaltic pumps
(MS-MC/CA 4, Ismatec, Germany) were used. The output was set to a slightly lower rate than
the input, to maintain constant volume despite sampling. A conductivity- activated pump was

triggered when the volume in the bioreactor reached 710 ml, decreasing it back to 700 ml.
8
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Further information on setting up the chemostat can be found in the supplementary
information (text Sl). Batch experiments were conducted in biological triplicates in liquid
volumes of either 25 ml or 700 ml. Separate triplicates of each volume were conducted for
either static or shaken (50 rpm) conditions, allowing comparison of more traditional culturing
experiments and shaken systems with the chemostat (Figure 1). An abiotic control (no bacteria
added) was performed for all batch experiments. All biotic experiments were inoculated with
1% (v/v) of a pre-grown culture KS (as described) (Tominski et al., 2018). To prevent out-
diluting the small volume of added bacteria due to the pumping in the chemostat, it was only

turned on after sampling after 24 h.

Continuous

700 ml 25 ml

Shaken

700 ml | 25 ml

Waste  Overpressure

e — >

=) External pumps ' : gas flow
Ve

==) : Chemostat pump / ¥ medium flow

Figure 1. Schematic overview of the setup of the chemostat. Arrows indicate flow of gas or
liquids. All parts were connected and inoculated under sterile conditions. The chemostat
chamber and all connected bottles were flushed with N/CO; to keep the system anoxic and

to provide inorganic carbon. Control experiments were conducted in small and big volumes

(25 ml and 700 ml medium, respectively) in static or shaken (50 rpm) conditions
9
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Geochemical analyses and Fe(ll) oxidation rates

Samples from the chemostat were transferred with syringe and needle into a sterile, anoxic
glass vial and brought into a glovebox (100% N2, MBraun Germany). Batch experiments were
sampled in the glovebox. Under anoxic conditions, 1 ml was pipetted into an Eppendorf tube
and centrifuged (minispin, Eppendorf) for 10 minutes at 13.4k rpm. The sample was split into
the supernatant and pellet for aqueous and solid phase Fe (Feaq and Fes respectively), NOs’,
and NO; analyses. For Feaq, supernatant was 10x diluted in 40 mM sulfamic acid in 1 M
hydrochloric acid (1M HClsa) to prevent Fe(ll) oxidation by RNS (Klueglein et al., 2014;
Schaedler et al., 2017). For NO3’, supernatant was 20x diluted in anoxic Milli-Q. For NOy", 750
ul were separated into a new Eppendorf tube. All samples were stored anoxically at 4°C until
measurement. The pellet was dissolved for 1 h in 1 ml of anoxic 6 M HClsa for Fes
measurements. Fe(ll) and total Fe (Fe(T)) were determined using the spectrophotometric
ferrozine assay as described by Stookey (1970) but adapted for microtiter plates (96 well assay
Plate, COStar, Kennebunk, USA). Absorbance was measured at 562 nm using a plate reader
(Multiskan™ GO Microplate Spectrophotometer, Thermo Scientific). NOs and NO; were
measured using a continuous-flow analyser (Seal Analytical; Norderstedt, Germany) with a
dialysis membrane for iron removal. Here, NOs™ is reduced to NO; with a solution of hydrazine
sulphate, and then concentrations are determined photometrically with N-1-
naphtyethylendiamin at a wavelength of 520 nm. The maximum Fe(ll) oxidation rates in batch
setups were determined from the difference between Fe(ll) concentrations across
consecutive timepoints. The calculated Fe(ll) oxidation rate in the chemostat was adjusted to
account for the continuous addition of Fe(ll) from the supply bottle containing medium, which
was continuously stirred to avoid enrichment of precipitated Fe(ll) phases (see figure S3 and

text Sl for more information).

10
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Mineralogical and microscopic analyses

For Moessbauer spectroscopy, 8 ml of sample was transferred to the glovebox. Minerals were
collected by filtration through a 0.45 um pore-size syringe filter (Millipore membrane). The
filter was then embedded between two layers of Kapton tape foil and stored frozen (-20°C)
and anoxically until analysis. Samples were inserted into a closed-cycle exchange gas cryostat
(SHI-650-5; Janis Research, USA). Spectra were collected at 77 K using a constant acceleration
drive system (WissEl, Blieskastel, Germany). Gamma radiation was emitted by a *’Co-source
embedded in a rhodium matrix. Sample spectra were calibrated against a 7-um-thick Fe(0) foil
at room temperature. The Recoil software (University of Ottawa, Canada) was used for fitting
spectra using the Voigt-based fitting model. The Lorentzian half-width-half-maximum
(HWHM) value was kept constant at 0.133 mm/s. The sample spectra were analysed with
respect to the isomer shift (8) values and the quadrupole splitting (AEq) and the Gaussian
width (standard deviation) of the AEq was used to account for line broadening until the fit was
reasonable. For u-XRD, samples were collected and air dried in an Eppendorf tube in an oven
at 27°C inside an anoxic glovebox. u-XRD was performed on the dried material using Bruker's
D8 Discover GADDS XRD2 micro-diffractometer equipped with a standard sealed tube with
Co-cathode (Co Ka radiation, A = 0.154 nm; 30 kV/30 mA). The total measurement time was
240 s at two detector positions, 15° and 40°. Phase identification was validated using Match!
software version 3.6.2.121 with Crystallography Open Database (COD-Inorg REV211633
2018.19.25). For X-ray adsorption spectroscopy (XAS), an anoxically dried sample taken after
40 days (no geochemistry measured) was diluted with polyvinylpyrrolidone and pressed into
7-mm pellets using a KBr pellet press (International Crystal). The pellet was anoxically sealed
in Kapton tape. X-ray absorption spectroscopy was performed at the Advanced Photon Source

(APS) Materials Research Collaborative Access Team (MRCAT) beamline 10-ID-B at Argonne
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National Laboratory (Segre et al., 2000). Beamline 10-ID-B employs an undulator magnet
source and a Si(111) monochromator. Spectra were collected at the Fe K-edge (7.112 keV) to
k=0-16 A, Data reduction, normalization and calibration were performed using the ATHENA
program in the Demeter software package (Ravel and Newville, 2005). The spectrum was
calibrated to a Fe reference foil spectrum collected during data collection. Linear combination
fitting (LCF) of k3 weighted Fe EXAFS spectra was performed from k=3-12 A using ferrihydrite,
siderite, goethite, and lepidocrocite spectra collected at the same beamline. Other standards
considered during fitting include a ferrihydrite-humic acid co-precipitate, a Fe(ll)-natural
organic matter co-precipitate and a Fe(lll)-citrate complex, all of which were collected
previously at various beamlines (Shimizu et al.,, 2013; Daugherty et al., 2017). This type of
fitting offers a semi-quantitative approach to understand the contribution of various Fe
phases. SIXpack (Webb, 2005) software was used to perform LCF analysis. Samples for
scanning electron microscopy were fixed in 2.5% glutaraldehyde overnight at 4°C. After
washing three times with DI-water, samples were applied to a Poly-L-Lysine coated glass slide.
Dehydration was performed on the glass slides by stepwise water replacement with increasing
concentrations of pure ethanol (30, 50, 70, 90, and 2x 100 %), followed by washing in
hexamethyldisilazane twice for 30 seconds. Samples were then mounted onto SEM aluminium
stubs using double sided spectra-carbon tape (Plano, Germany) and sputter coated with a
12 nm platinum layer (Baltec SCDOO5 sputter-coater). Micrographs were collected using a
JEOL JSM-6500F field emission SEM with a Schottky-field-emitter at a working distance of
approximately 10 mm at the Centre for Light-Matter Interaction, Sensor & Analytics (LISAY),

University of Tuebingen.
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Results and discussion

Iron(ll) oxidation and NO> production during growth of culture KS

We quantified concentrations of Fe(ll), Fe(T), as well as NOs” and NO; during autotrophic
growth of culture KS (Figure 2, Figures S4-S11). Results indicated that Fe was initially only
present as Fe(ll), with the majority (68%) as solid phase, as expected due to precipitation of
Fe(ll) minerals (siderite and vivianite) during medium preparation (Hegler et al., 2008; Miot et
al., 2009; Nordhoff et al., 2017; Tominski et al., 2018). Most importantly for the chemostat, as
the medium was pumped in two days before inoculation, the absence of Fe(lll) after 48 h
provided confirmation that the chemostat was anoxic and could be used for cultivation of
anoxic microorganisms. After a two-day lag phase after inoculation, rapid Fe(ll) oxidation
occurred. In the chemostat, no Fe(ll)aq could be measured after day 3, even though fresh
medium containing 2.8 mM Fe(ll)aq was continuously pumped in, suggesting high microbial
activity. At day 3, a low concentration of Fe(ll)s (1.88 mM) was still measured, while at day 4
the Fe(ll)s concentration decreased to 0.33 mM. This time delay between Fe(ll)aq and Fe(ll)s
consumption implies that easily accessible Fe(ll)aq was preferably oxidized. The absence of
Fe(ll)ag measured beyond day 4, despite continued addition, along with microscopy and
nitrogen speciation data (discussed below), suggest microbial activity until the end of the
experiment. The geochemical analyses of the chemostat were comparable to the results
collected from the batch experiments (25 ml/700 ml - static/shaken). Fe(ll)aq Wwas quickly
consumed (after 3 to 4 days) prior to Fe(ll)s (4 to 5 days) and Fe(ll)s (between 0.1 to 1 mM, see
figures S4-S7) remained despite available NOs (concentrations of Fe(ll)s at the end of
experiments: 50 ml, static: 1 mM, 50 ml shaken: 0.3 mM, 700 ml static: 0.7 mM, 700 m| shaken:
0.56 mM, chemostat: 1 mM). These results agree with previous studies (Blothe and Roden,

2009; Nordhoff et al., 2017; Tominski et al., 2018). We therefore hypothesize that culture KS

13
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is not capable of fully oxidizing all solid-phase Fe(ll). We were unable to identify this remaining
Fe(ll) mineral phase since neither u-XRD nor Moessbauer measurements were conclusive.
However, Tominski et al. (2018) described that culture KS was not capable of oxidizing
vivianite, and thus, we suggest that such a Fe(ll)-phosphate mineral could be the remaining
Fe(ll)s. For the chemostat, Fe geochemistry data first suggested that steady state was reached
at day 7, as we could only detect little Fe(ll)s (0.2 mM) that seemed to be constant after day
4, and additionally no Fe(ll)ag was measured. At day 14, however, more Fe(ll)s was measured
(1.24 mM), which suggests that the steady state was only achieved between days 7 to 14 in
the chemostat (Figure 2). We suggest that at this time culture KS fully adapted to the
conditions and quickly oxidized all bioavailable Fe(ll) that was pumped into the chemostat. In
all systems, the Fe(ll) oxidation occurred simultaneously with NO3™ reduction, decreasing from
approximately 4 mM to around 2 mM, and finally stabilizing at 2.2 mM for the chemostat.
NOs reduction approached the expected extent based on the stoichiometric ratio of Fe to
NOs". Fe(ll) oxidation yields 1 electron, reduction of NO3 to NO; or N2 requires 2 or 5 electrons,
respectively. Therefore, a total of 10 mM Fe(ll) (here the sum of Fe(ll)aq and Fe(ll)s) could be
oxidized by roughly 2 mM NOs", with N as product, as was shown by our data (Figure 2, Figures
S4-S11). Averaged across all performed experiments (chemostat and all batch) 2.41+0.28 mM
of NO3 was reduced. We propose an explanation for the surplus of reduced NOs", even though
some of the electrons from Fe oxidation must be used for CO;fixation: The uptake of electrons
by Fe(ll)-oxidizing bacteria can lead to an intracellular reduced redox environment (Guzman
et al., 2019), suggesting that a surplus of electrons stored in the in pre-grown cells could
explain the deviation from the expected ratio towards more NO3  reduction. Interestingly, we
detected approximately 15 uM of the reactive nitrogen species nitrite (NOy’) in the chemostat.

Formation of nitrite has, to the best of our knowledge, not been previously reported for
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culture KS. The detection of NO; occurred after the fastest rate of NOs reduction (between
day 3 and 6), when NOs was still being reduced. NO; is very reactive and will rapidly transform
to NO and NO;, and react abiotically with Fe(ll) to form N>O during chemodenitrification
(Dhakal et al., 2013; Klueglein and Kappler, 2013). We observed a slight delay between highest
NOs3™ consumption and NO; formation of approximately 3 days. We propose that this shift is
caused by NO2 consumption (biotically) and reactivity (chemodenitrification). All biotic batch
experiments showed a similar behaviour in terms of NO3™ reduction as well (Figures S8 - S11).
We detected NO in the batch experiments, showing that it was not only produced in the
continuous system. The nitrite concentration was dependent on the experimental setup and
increased in the following order (mean values + standard deviation): 50 ml static (12.5 + 3.1
uM), 50 ml shaking (18.7 + 6.2 uM), 700 ml shaking (37.5 + 12.3 uM), 700 ml static (234 +
102.4 uM) (Figures S8-S11). The highest concentration of NOy™ (234 uM) was detected in the
700-ml static bottles. We speculate that NO,” was consumed more rapidly in the well mixed
systems and the systems of small volume, since there was no (agitation) or less diffusion
limitation of substrates (small volume). In the mixed setups, all compounds were
homogeneously distributed and hence geochemical gradients not expected, that could have
hindered microbial activity and abiotic reactivity between Fe(ll) and NO;, causing

accumulation of the latter.
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Figure 2. Changes of Fe(ll)/Fe(lll) (A) and NOs/NOy (B) concentrations in the chemostat during

autotrophic cultivation of culture KS for 25 days. Fe: Circles show Fe(ll) species while squares
show Fe(lll) species for aqueous (aq - blue) and solid phase (s - grey) iron (mmol L). Error bars
represent measurement error (standard deviation) from ferrozine replicate measurements.
NOs™: black circles indicated NOs concentrations (mmol L™ - left y axis) while blue circles show

NOz concentrations (umol L™ - right y axis).

Iron(ll) oxidation rates in different cultivation conditions
The calculated Fe(ll)s oxidation rate was greater than the rate of oxidation for Fe(ll)aq in all

setups. For the chemostat the Fe(ll)sq oxidation rate was calculated at 2.36 mM d* compared
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to 5.21 mM d* for Fe(ll)s (see SI for detailed information). The total iron oxidation rate
(Fe(ll)s+ag) in the chemostat was the highest, since Fe(ll) was continuously provided. All
calculated oxidation rates are listed in table 1. We applied an unpaired t-test to determine if
there was any statistical significance in the differences between the treatments for which
multiple replicates were available (no replicates were available for the chemostat). We
observed a significant difference between the Fe(ll) oxidation rates of solid and aqueous
phases across all treatments (p=0.004). Furthermore, we observed a significant difference
between the solid phase Fe(ll) oxidation rate between different volumes (p=0.03), however
no other treatments showed any significant differences (Table S2). We however stress that
despite the difference of the oxidation rates of chemostat and batch experiments, significant

differences cannot be inferred due to the lack of replicates.

Fe(ll) oxidation (mM d)

Setup
Aqueous Fe(ll) Solid phase Fe(ll)
25 ml static 195+0.14 3.28 £+1.38
25 ml shaken 1.82+0.39 4.35 £ 0.66
700 ml static 2.57+0.41 268+1.11
700 ml shaken 2.03+0.51 2.99 £0.59
Chemostat 2.36 5.21

Table 1. Maximum iron oxidation rates calculated for aqueous iron(ll) (Fe(ll)aq) and solid phase
iron(ll) (Fe(ll)s, for 25 ml and 700 ml batch experiments (static and shaken) and the chemostat.
Errors correspond to 1 standard deviation (10) from the mean of biological replicates of the
batch experiments. Biological replicates were not available for the chemostat so no error is

reported.
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Iron mineral formation and transformation

>’Fe Moessbauer spectroscopy was used to follow changes of the oxidation state of solid Fe
phases formed in the chemostat over time in addition to providing information about the
mineral composition (Figure 3, Table S1). Results revealed that the inoculated starting sample
was almost completely dominated by Fe(ll), though the fit was incomplete without an Fe(lll)
doublet which accounted for 6.0% of the spectral area. The initial presence of a Fe(lll) phase
was caused by the inoculum, as culture KS was previously cultivated in Fe(ll)-rich medium and
transferred with oxidized Fe(lll). The initial Fe(ll) component most likely consists of a
combination of siderite (FeCOs) and vivianite (Fes3(POa4)2:8(H20)), which were expected to
precipitate immediately after addition of dissolved FeCl; to the bicarbonate- and phosphate-
containing medium, as discussed before. The precipitates in the chemostat were dominated
by Fe(lll) at day 3 (90.8% relative abundance) and the remaining 9.2% was Fe(ll). A Fe(ll)
component of up to 18.3% relative abundance was still measured at day 14. This increase of
spectral area of Fe(ll) agrees with the increased concentration of Fe(ll) measured with
ferrozine assay for this timepoint. The final sample taken after 24 days was dominated by a
superparamagnetic Fe(lll) doublet with 94.9% spectral area. The remaining 5.1%
corresponded to a Fe(ll) doublet. The detected Fe(lll) component is most likely a short range
ordered Fe(lll) (oxyhydr)oxide such as ferrihydrite, though without measuring the sample at
lower temperature confirmation is not possible. Previous investigations of culture KS in batch
systems have revealed similar mineral formation products to those reported in this study, i.e.
(short range ordered) ferrihydrite (Nordhoff et al., 2017). These similarities suggest,
unexpectedly, that the stirring and continuity of the chemostat does not lead to major
differences in mineral precipitation despite having the highest total oxidation rate. The Fe(ll)

phase could resemble vivianite, as suggested by previous reports, but this could not be
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confirmed without further measurements. Oxidized Fe(lll) minerals continuously accumulated
in the chemostat bioreactor up to concentrations of 12.5 mM, higher than the concentration
of the added medium (10 mM total Fe) (Figure 2). This increase was caused by Fe(lll)
(oxyhydr)oxide settling to the bottom of the reactor throughout the 24 day experiment during
the gentle agitation (50 rpm). Additionally, the tubing for liquid removal was placed just below
the surface of the medium, as settling of Fe(lll) led to clogging of tubing in numerous test runs.
The Fe(lll) phases accumulated at the bottom of the vessel and we consequently anticipate
that given even longer incubation time, continued addition of medium, and microbial activity,
other minerals of higher crystallinity such as goethite or lepidocrocite may form (Hansel et al.,
2003; Han et al., 2020). u-XRD patterns (Figure S12) of samples indicated the presence of
crystalline mineral reflections (20 of 36° and 53°) in all samples which most likely correspond
to dried salts from the medium as well as reflections from the sample holder (26 of 52° and
65°). The only Fe mineral detected in any of the samples was found in a sample collected from
the chemostat at day 14, with reflections most closely matching vivianite (Fig s12 - c¢), which
was to be expected as previously described. The absence of any other reflections
corresponding to Fe minerals, despite the clear abundance of solid Fe in each sample, suggests
the presence of a short-range ordered Fe mineral such as ferrihydrite, which does not typically
yield a clear diffraction pattern with the X-ray source used here (see samples 25 ml shaken (fig
s12 - a), and 700 ml shaken (fig s12 - b)). The diffractogram of the chemostat sample collected
after 24 days (fig s12 - d) exhibited reflections which most closely match being wuestite.
However, the presence of this mineral is unlikely because wuestite is typically found in more
reducing conditions (Cornell and Schwertmann, 2003) or at higher temperatures (Jette and
Foote, 1933). This additional reflection of sample taken from the chemostat at 24 days (fig s12

—d) however shows that more crystalline phases are forming over time, further confirmed by
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XAS measurements. After the final sampling of the experiment, the chemostat was still
maintained continuously for another 20 days. At day 40, a sample of the very bottom of the
bioreactor vessel was taken and prepared for XAS measurements. The results (Figures S13 and
S14) showed crystalline Fe(lll) phases: 48.7 mole% goethite and 11.6 mole% lepidocrocite.
Still, around 40 mole% of detected Fe(lll) phases were determined to be ferrihydrite in this
sample. Ferrihydrite is the primary initial product of Fe(ll) oxidation by culture KS as previously
shown (Nordhoff et al., 2017; Tominski et al., 2018). The presence of more crystalline phases
confirms mineral transformation over time in the chemostat. Previous studies have shown
that low concentrations of Fe(ll) can cause transformation to lepidocrocite and goethite
(Hansel et al., 2005). Hence a mineral transformation is likely. Since we continuously added
Fe(ll) to the chemostat, and also measured some leftover Fe(ll)s (after 24 days) we suggest

transformation to a greater extent in the chemostat than in the batch systems.
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Transmission (arb. units)

v (mm/s)
Figure 3. °’Fe Moessbauer spectra of anoxically filtered mineral precipitates formed in the

chemostat during autotrophic NRFeOx by culture KS (collected after 0, 3, 7, 14, and 24 days of

continuous cultivation in the chemostat).

Cell encrustation during autotrophic NRFeOx visualized by SEM

The interaction between Fe minerals and cells from culture KS were visualized using SEM
(Figure 4), focusing mainly on the chemostat, after confirming that cells had the same
morphology and showed the same encrustation patterns for all experiments. The micrographs
revealed that many cells were associated with Fe minerals to varying degrees (Figure S15). Of
all imaged cells (n = 78), 58% were free of iron minerals, 31% were closely associated/partly
encrusted with iron minerals, and 11% were completely encrusted with Fe minerals. Based on

the morphology of the cells, it is likely that these cells are Gallionellaceae sp. (Nordhoff et al.,
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2017). This is also supported by previous work, where Gallionellaceae sp. was reported as the
dominating species enrichment culture when grown autotrophically (Tominski et al., 2018).
Until now, the absence of encrustation by culture KS, alongside with the lack of detection of
NO2, were used to support the hypothesis of exclusively enzymatic Fe(ll) oxidation (Straub et
al., 1996; Nordhoff et al., 2017; Tominski et al., 2018). In contrast to this, we show that 42%
of all imaged cells were at least partly associated with minerals and that 11% were completely
encrusted, and therefore suggest that not all oxidation is enzymatic. Since we quantified NOy
(Fig.2 and S8-510) and saw 42% of all counted cells to be at least slightly encrusted, abiotic
oxidation of Fe(ll) (chemodenitrification) should be considered during autotrophic NRFeOx by
culture KS. These findings suggest that future research needs to account for these processes
when studying NRFeOx, especially when calculating turnover rates of Fe(ll) and NOs/NO>". In
cultures of the NRFeOx Acidovorax sp. BoFeN1, encrustation by Fe(lll) mineral precipitates
was shown to occur as a result of abiotic Fe(ll) oxidation by NO; (Klueglein and Kappler, 2013;
Klueglein et al., 2014; Schmid et al., 2014). We suggest that this abiotic oxidation due to NOy
or NO also occurred in in this study. The main Fe(ll)-oxidizer of culture KS, Gallionellaceae sp.,
is suggested to be unable to perform NO-reduction enzymatically and hence relies on other
members of the enrichment culture to perform NO-detoxification (He et al., 2016; Huang et
al., 2021a). Prolonged presence of NO, and possibly NO2, could have caused the encrustation,
which could have limited access to substrates as well as interfere with cell growth and division.
We speculate that the extent of encrustation varies depending on the age of individual cells,
the amount of RNS produced, and the abundance of flanking community members, which are
essential for RNS-removal. Additionally, intact surface areas of dead cells could serve as a
template for mineral-precipitation similar to the way that twisted stalk forming Fe(ll)-oxidizing

bacteria provide a template for mineral precipitation (Chan et al., 2011). This dead-cell-
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encrustation would, however, limit organic compounds from dead cells, that would otherwise
be available from lysed cells. If this process is happening in anoxic, NOs™-rich aquatic systems,
where Fe(ll) is oxidized, cell encrustation would effectively trap organic carbon (cells and
content) within this system. In the chemostat, even after 24 days of continuous cultivation,
geochemical measurements, fluorescence microscopy (figure S16) and SEM micrographs
(figure 4) suggested viable cells. We therefore propose that the chemostat bioreactors’ design

fulfils the requirements to study NRFeOx over extended periods of time.
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Figure 4. Scanning electron micrographs of culture KS grown autotrophically in the chemostat
under continuous cultivation. Micrographs were collected at 15 kV acceleration voltage. A, B
and C: Cells that are associated to a small extent with minerals. D, E and F: Cells that become
encrusted with iron minerals. White scale bar represents 200 nm. White arrows indicate not

encrusted cell surface and orange arrows point to different degrees of encrustation

Advantages and challenges of continuous cultivation in a chemostat

The majority of experiments that have focused on anaerobic microbial Fe(ll) oxidation were
carried out in small-volume (commonly <100 ml) batch systems. This approach is long
established and works well, but limits the ability to better understand more complex
environmental settings and possibly obfuscates more complex reaction mechanisms and
processes, for which substrate availability may be steadier, mixing may occur, or volumes and
time scales might be significantly larger. Also, introduction of sampling artefacts due to
removal of too much volume are a great concern, confining the amount of sample that should
be removed, and hence applied methods. To circumvent these limitations, we established a
chemostat for continuous cultivation of Fe(ll)-oxidizing bacteria, here for the autotrophic
NRFeOx culture KS. Compared to our experimental control setups, which represent more
conventional batch cultivation methods, and previously published data (Nordhoff et al., 2017;
Tominski et al., 2018), the chemostat showed comparable results for Fe(ll) oxidation rates and
Fe mineralogy. Compared to our performed batch experiments, the total rate Fe(ll) oxidation
was highest in the chemostat, as metabolising cells were provided with a continuous supply
of Fe(ll). This suggests the successful establishment of this anoxic incubation bioreactor to
cultivate anaerobic microbes over long time periods in well mixed steady state conditions.
Additionally, we showed mineral transformation over time during continuous cultivation of KS

in the chemostat. Ostwald ripening is a well described process for minerals and time-
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dependent ripening of ferrihydrite to more crystalline phases like goethite and Fe(ll) catalysed
transformations were previously described (Cornell and Schwertmann, 2003; Burleson and
Penn, 2006; Tomaszewski et al., 2017). This could have great influence for long term
experiments, as mineral surfaces greatly influence nutrient availability (Gu et al., 1994) and
heterogeneous Fe(ll) oxidation (Sgrensen and Thorling, 1991; Hansen et al., 1994).
Maintaining O-free conditions despite connecting multiple tubes which could have been
points of failure (Figure S1) was achieved by applying a slight overpressure and proper
attachment and sealing of all connections. High mixing velocities needed to be avoided to
ensure cell viability while homogenizing the volume as well as possible. Chemostats are built
for long term experiments, and hence performing several replicated runs for extended periods
of time is challenging, as setting up takes significantly more time than batch experiments and
is prone to difficulties. Additionally, parallel setups are only possible with multiple chemostats.
Lack of replicates is an obvious disadvantage compared to the smaller batch setups, where
multiple replicates can be easily performed in parallel. Key aspects that should be considered
when working anoxically and under sterile conditions with the chemostat are: 1) sterilization
and sterile connection of large vessels, 2) sterile addition of anoxic medium and inoculum of
bacteria, and 3) maintaining anoxic conditions during long-term cultivation and sampling.
Further details are described in the supplementary information. The chemostat setup
presented here was optimized for the cultivation of enrichment culture KS. We suggest it could
be applied for different types of Fe(ll)-oxidizing bacteria. However, predicting behaviour of
bacteria in a new cultivation vessel is uncertain, and hence we suggest performing all controls
as described here. Despite these challenges and the limited replication possibilities, the
chemostat bioreactor is a valuable tool to investigate microbial activity under continuous

conditions.
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Conclusion
We have successfully established a chemostat bioreactor system for investigating NRFeOx. By
using it, we have for the first time measured the RNS NO; in autotrophic culture KS. NO>" can
abiotically oxidize Fe(ll), possibly influencing rates and competing with the enzymatic
oxidation of Fe(ll) by culture KS. We therefore suggest that chemodenitrification should be
considered even during autotrophic NRFeOx. For future studies, we propose to carefully
follow NO2", NO, and N;O formation when studying NRFeOx, for a better understanding of
production and impact on Fe(ll) oxidation of RNS like NO,  and NO. We used SEM to show
different associations of cells with Fe minerals, including complete cell encrustation. We
propose that encrustation might be promoted by abiotic oxidation of Fe(ll) due to NO;y.
Geochemical data collected during growth of culture KS in the chemostat showed that we
successfully established an anoxic and sterile growth reactor to study NRFeOx under
continuous conditions. We showed microbial activity for at least 24 days, allowing us to better
understand processes that could be happening in a continuous and anoxic environment, that
these microbes could be inhabiting in nature. Iron oxidation rates calculated for the chemostat
were in the same order of magnitude compared to batch studies. The chemostat however
showed the highest total oxidation rate. We focused on NRFeOx culture KS, though the
chemostat system can be adapted to phototrophic Fe(ll)-oxidizers by providing a light source
as well as for microaerophilic Fe(ll)-oxidizers by bubbling a defined gas mixture into the
system. Overall, the chemostat provides a powerful tool in studying Fe(ll)-oxidizing
microorganisms in continuous cultivation with constant supply of nutrients and substrates,
which allows studying microbial activity for a prolonged time and allowed to detect so far
undescribed processes of nitrite formation and cell encrustation for chemolithoautotrophic

culture KS.
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Supplementary information

Chemostat setup

The chemostat used in this study (see reaction vessel in Fig. 1) was model
BioFlo®/CelliGen®115, Benchtop Fermentor & Bioreactor (New Brunswick, an Eppendorf
company). Manual No: M1369-0050, Revision B, June 2, 2009 (New Brunswick Scientific,
Edison, USA; software BF115 Rev B). It consists of a reaction chamber and a control unit. All

metal surfaces are 316L or 316 stainless steel. Separate parts included:

1) The reaction vessel, made from borosilicate glass, total volume of approximately 1 L.
The reaction chamber is sealed airtight with a stainless-steel head plate with ten
openings. The reaction chamber is tightly closed with a rubber seal. The reaction
chamber can be enveloped in a Peltier-element-type heating vest, for maintaining a
constant temperature. The chamber is attached to a four-footed stainless-steel holder.

2) The control unit, equipped with a touchscreen and various connection ports, allows
following and adjusting pH, dissolved oxygen concentration (DO), temperature (T),

water level and agitation.

Unless denoted otherwise, all connections for gas and medium exchange consist of stainless-
steel capillaries (I/16” outer diameter, 1.0 mm inner diameter, ref. number 7.590133
CH.211661, Ziemer Chromatography; Klaus Ziemer GmbH, Langerwehe, Germany). Two types
of tubing were used to enable pumping with peristaltic pumps. For external pumps, black
pumping tubing (ID: 0.74 mm, wall: 0.91 mm, reference 070652 — 07i / SC0257, IDEX, Health
& Science, ISMATEC®, Wertheim, Germany) was used. For the built-in pumps, yellow pumping

tubing were used (Flexible Plastic Tubing, ID: 0.8 mm, OD: 4.0 mm, wall: 1.6 mm, PharMed" -
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BPT, Saint-Gobain Performance Plastics, Charny, France). External pumps were set to
continuously pump medium in and out of the reaction vessel. Pumping in rate (15 ml h!) was
greater than pumping out (8 ml h'!) to ensure constant volume. Using the controller units’
loops option an additional pump was set to start at approximately 710 ml and reduced the

volume back to 700 ml.

All sensors were attached using mounting threads, sealed with a Teflon and rubber ring, and
additionally sealed with a Teflon thin foil (Maagtechnic, 60 g/m?, BAM Tgb. EN751-3 FRp) on
the inside of all threads. All other ports were sealed using rubber stoppers. The system was
continuously flushed with an overpressure of about 10 mbar N2/CO; (90:10, v/v). N2/CO, was
supplied from an external gas bottle (UN 1956, verdichtetes Gas, N.A.G., Westfalen AG,
Minster, Germany. To maintain sterile conditions, the gas was fed through a cotton filled glass
syringe, that was previously oven-sterilized (180°C, 4.5 h). This glass syringe was connected to
a gas splitter made of stainless steel with a Luer-lock system. All air flow was led to a Schott
bottle filled with sterilized, anoxic water. Here, all pressure will accumulate and gradually
escape. To ensure that there is an actual gas flow, bubbles of outgassing air could be seen in

the bottle (“pressure valve”).

To enable continuous supply of bacterial growth medium to the system, Schott bottles with a
volume of 2 L were chosen. Gas entered the medium bottle from the gas-splitter and then led

to i) the chemostat and ii) the waste bottle.

After sterilization of the chemostats’ reaction chamber and attaching the gas flow, the mixing
motor was set to 200 rpm to purge oxygen from the system. The sterilized, polarized and

calibrated dissolved oxygen (DO) sensor was attached.
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A 2 L Schott bottle was connected for outflow collection before autoclaving and was not
removed unless it was filled up. In that case, the bottle was replaced with another sterilized,
degassed 2 L Schott bottle. Gas flow to this waste bottle was connected from the medium
supply and the reaction vessel. Pumping from top and bottom layers of the reaction vessel
were also fed into this bottle. A single capillary was connected to the previously mentioned

pressure-valve bottle.

37



This is a pre-print submitted to Earth ArXiv and has not been peer reviewed

736
737 Figure S1: Overview of the chemostat.
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739  Figure S2: Logged data collected for temperature, pH and DO (dissolved oxygen) over time in
740  the chemostat reaction chamber.
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Figure S3: Fe(ll) oxidation in the chemostat. Oxidation rates were calculated by first
measuring the Fe(ll) concentration [Fe(ll)meas]t0and 1) in the reactor for the first two timepoints,
where no pumping was turned on yet. Then, to account for mixing (dilution) effects , the
expected Fe(ll) concentration ([Fe(ll)]expected,tix+1); i.€. what we would be expected if there was
no microbial Fe(ll) oxidation and only addition and mixing of Fe(ll) from the supplied medium
(supplied: 2.82 mM Fe(ll)ag and 7.38 mM Fe(ll)s) was calculated. The difference between
[Fe(l)meas)txe) (With x 2 1) and [Fe(l1)]expected, tix+1) thus indicated how much Fe(ll) was oxidized

microbially over a given time period.

The rate of microbial oxidation of Fe(ll) in the chemostat was therefore calculated according

to equations 1 and 2.

-+ Measured (with oxidation)

A @ Expected (only mixing)

g Start pump
E3- |
s |0 T T -
o
§ 2 -
g A[Fe(ID)]
e 1A

| I

t(0) t(1) t(2) t(3)
Time (d)

d[Fe(II)] _ [Fe(”)expected]t(x+1)_[Fe(”)meas]t(x+1)
ac At eq. 1

Where At is the difference in time between two measured points t(x+1) and t(x).

(Vchem—(RadditionAt)) Raddition4t
[Fe(ll)expected]t(x+1) =[Fe(11)meas]t(x) . adt + [Fe(H)sup] (‘1/(1; eq. 2

Vchem chem

Where V pem is the volume of the chemostat (700 ml); Ryq4ition is the flow rate of medium
supplied to the chemostat (15 ml h); [Fe(II)4,,] is the concentration of Fe(ll) added into the
chemostat by pumping (2.82 mM Fe(ll)aq and 7.38 mM Fe(ll)s respectively. Note that x > 1

(since pumping did not start until after t(1)).

The equation for the expected concentration [Fe(I)expectealt(x+1) accounts for the mixing

of Fe(ll) already present in the chemostat [Fe(II)meqslexy by medium supplied to the
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chemostat [Fe(II)g,] (constant). Medium was supplied at a pumping rate of 15 ml h™. Every
24 h, 360 ml of [Fe(II)g,,] was added to 340 ml of [Fe(II)meqs]e(x), Which remained from
the previous time point, reaching a total volume of 700 ml in the chemostat. The difference
between the measured concentration [Fe(II)yeqs]e(x+1) @and the expected concentration
[Fe(II) expectealtx+1) corresponds to the amount of Fe(ll) oxidized between t(x) to t(x+1).

Calculations were performed separately for Fe(ll)ag and Fe(ll)s.
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768  Figure S4: Batch experiments performed as control: small volume (25 ml), shaken at 50 rpm.
769 Fe(ll) (circles) and Fe(lll) (squares) measured in aqueous (grey) and solid phase (orange) during
770 cultivation of culture KS with 10 mM Fe(ll) and 4 mM of NOs™ in three bottles A, B, and C which

771 represent biological replicates. D: abiotic control.
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773 Figure S5: Batch experiments performed as control: small volume (25 ml), static.
774 Fe(ll) (circles) and Fe(lll) (squares) measured in aqueous (grey) and solid phase (orange) during
775 cultivation of culture KS with 10 mM Fe(ll) and 4 mM of NOs™ in three bottles A, B, and C which

776  represent biological replicates. D: abiotic control.
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778  Figure S6: Batch experiments performed as control: big volume (700 ml), shaken at 50 rpm.
779  Fe(ll) (circles) and Fe(lll) (squares) measured in aqueous (grey) and solid phase (orange) during
780  cultivation of culture KS with 10 mM Fe(ll) and 4 mM of NOs in three bottles A, B, and C which

781  represent biological replicates. D: abiotic control.
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783  Figure S7: Batch experiments performed as control: big volume (700 ml), static.
784  Fe(ll) (circles) and Fe(lll) (squares) measured in aqueous (grey) and solid phase (orange) during
785  cultivation of culture KS with 10 mM Fe(ll) and 4 mM of NOs in three bottles A, B, and C which

786  represent biological replicates. D: abiotic control.
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790  Figure S8: Batch experiments performed as control: small volume (25 ml), shaken at 50 rpm.
791  NOjs (black circles) and NOz (blue circles) measured in agueous phase during cultivation of
792  culture KS with 10 mM Fe(ll) and 4 mM of NOs in three bottles A, B, and C which represent
793  biological replicates. D: abiotic control. Note differences in y-axes scale to better show the

794  variance in the biological data.
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797  Figure S9: Batch experiments performed as control: small volume (25 ml), static.
798  NOjs (black circles) and NOz (blue circles) measured in agueous phase during cultivation of
799  culture KS with 10 mM Fe(ll) and 4 mM of NOs in three bottles A, B, and C which represent
800 biological replicates. D: abiotic control. Note differences in y-axes scale to better show the

801 variance in the biological data.
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804  Figure S10: Batch experiments performed as control: big volume (700 ml), shaken at 50 rpm.
805  NOs (black circles) and NO; (blue circles) measured in aqueous phase during cultivation of
806  culture KS with 10 mM Fe(ll) and 4 mM of NOs in three bottles A, B, and C which represent
807  biological replicates. D: abiotic control. Note differences in y-axes scale to better show the

808  variance in the biological data.
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811  Figure S11: Batch experiments performed as control: big volume (700 ml), static.
812  NOs (black circles) and NOy (blue circles) measured in agueous phase during cultivation of
813  culture KS with 10 mM Fe(ll) and 4 mM of NOs in three bottles A, B, and C which represent
814  biological replicates. D: abiotic control. Note differences in y-axes scale to better show the

815  variance in the biological data.
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Figure S12. u-XRD patterns for collected and oven dried minerals precipitates from (a) 25 ml
and (b) 700 ml batch experiments (both shaken), as well as chemostat samples collected at (c)
timepoint 7 (chem1) and (d) 24 days (chem2) of autotrophically growing culture KS with 10
mM Fe(ll) and 4 mM of nitrate. Noise at 2-Theta of approx. 51° and 65° is due to the sample

holder (Si-wafer). Ha: halite, Ho: sample holder, W: wuestite, V: vivianite.
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Figure S13. X-ray absorption spectroscopy analysis of collected mineral precipitate collected

from the very bottom of the chemostat bioreactor, after continuous -cultivation of

autotrophically grown culture KS for 40 days with 10 mM Fe(ll) and 4 mM of nitrate. Recorded

values and fitted data are displayed in solid and dashed lines respectively.

o

x(k)*k*

51

8 10 12



This is a pre-print submitted to Earth ArXiv and has not been peer reviewed

829  Figure S14. Composition of collected mineral precipitate sample from the very bottom of the
830 chemostat bioreactor (analysed with X-ray absorption spectroscopy), after continuous
831

cultivation of culture KS grown autotrophically for 40 days with 10 mM Fe(ll) and 4 mM of
832  nitrate.
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834  Figure S15. Relative amount of not, partially, or completely encrusted cells investigated and
835  counted with scanning electron microscopy from continuous cultivation of culture KS under
836  autotrophic conditions in the chemostat. A total of 78 cells were counted from the

837  chemostat.

60
58.0
40 4
e 31.0
20 4
11.0
0 I I |
None Party Completely
Encrustation
838
839
840

53



This is a pre-print submitted to Earth ArXiv and has not been peer reviewed

841  Figure S16. Fluorescence microscopy images of culture KS grown autotrophically with 10 mM
842  Fe(ll) and 4 mM of nitrate in the chemostat at day 24. Green colours represent live cells while
843  magenta colours show dead cells. Cells were stained with D/L stain.
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848  Table S1. Recorded values for Mdssbauer spectroscopy measured at 77 K for samples collected
849  from the chemostat during continuous cultivation of autotrophically grown culture KS with 10

850 mM Fe(ll) and 4 mM of nitrate. § — isomer shift, AEq — quadrupole splitting, 6(AEq) — standard

851  deviation of AEq, R.A. — relative spectral area, Reduced (Red.) X - goodness of fit.

Sampling Oxidation 6 AEq o(AEq) R.A. error Red.
tdeZI:/Z;nt et (mm/s)  (mm/s) (/s () (6) X
0 Fe(ll) 1.34 2.56 0.46 71.3 6.2 0.57
Fe(ll) 1.32 3.26 0.03 22.7 6.3
Fe(Ill) 0.38 0.79 017 6.0 1.9
3 Fe(ll) 1.25 3.00 0.18 9.2 1.3 0.75
Fe(lll) 0.49 0.79 0.30 90.8 1.3
7 Fe(Il) 1.23 3.09 025 7.3 21 0.69
Fe(lll) 0.49 0.80 0.31 92.7 2.1
14 Fe(ll) 1.26 2.95 0.28 18.3 4.0 0.63
Fe(lll) 0.50 0.75 029 817 4.0
24 Fe(ll) 1.15 2.84 0.13 51 29 0.60
Fe(lll) 0.49 0.82 0.33 94.9 2.9
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854  Table S2: Results of unpaired t-test for differences treatments.

Phase Comparison t df p-value

NA Agueous vs solid -3.4161 13.589 0.00434

Agueous Big vs small 1.2745 8.6747 0.2356

Aqueous Static vs shaking -1.0946 8.8422 0.3026

Solid Big vs small -2.5091 9.9184 0.03114

Solid Static vs shaking 1.7128 9.8305 0.1181
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