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Abstract
Laboratory-based studies on microbial Fe(II) oxidation are commonly per-
formed for 5–10 days in small volumes with high substrate concentrations,
resulting in geochemical gradients and volumetric effects caused by sam-
pling. We used a chemostat to enable uninterrupted supply of medium and
investigated autotrophic nitrate-reducing Fe(II)-oxidizing culture KS for
24 days. We analysed Fe- and N-speciation, cell-mineral associations, and
the identity of minerals. Results were compared to batch systems (50 and
700 mL—static/shaken). The Fe(II) oxidation rate was highest in the chemo-
stat with 7.57 mM Fe(II) d�1, while the extent of oxidation was similar to the
other experimental setups (average oxidation of 92% of all Fe(II)). Short-
range ordered Fe(III) phases, presumably ferrihydrite, precipitated and later
goethite was detected in the chemostat. The 1 mM solid phase
Fe(II) remained in the chemostat, up to 15 μM of reactive nitrite was mea-
sured, and 42% of visualized cells were partially or completely mineral-
encrusted, likely caused by abiotic oxidation of Fe(II) by nitrite. Despite (par-
tial) encrustation, cells were still viable. Our results show that even with sim-
ilar oxidation rates as in batch cultures, cultivating Fe(II)-oxidizing
microorganisms under continuous conditions reveals the importance of
reactive nitrogen intermediates on Fe(II) oxidation, mineral formation and
cell–mineral interactions.

INTRODUCTION

Iron (Fe) is one of the most abundant elements in the
earth’s crust and essential to almost all known organ-
isms (Boyd & Ellwood, 2010; Kendall et al., 2012). Fe is
commonly present as Fe(II) or Fe(III) (Cornell &
Schwertmann, 2003; Kappler, Becker, & Enright, 2021)
and redox cycling takes place abiotically (e.g. via light)
or via microbial metabolisms (Hedrich et al., 2011; Kap-
pler, Bryce, et al., 2021). Fe(II)-oxidizing bacteria, at cir-
cumneutral pH, use Fe(II) as an electron donor with O2,
CO2, or nitrate as electron acceptors (Bryce
et al., 2018). Nitrate-reducing Fe(II)-oxidizing

(NRFeOx) bacteria couple Fe(II) oxidation to the reduc-
tion of nitrate (NO3

�) in anoxic environments
(Roden, 2012; Straub et al., 1996; Weber et al., 2006).
Over recent decades, NRFeOx microorganisms have
been intensely studied for metabolic flexibility, microbial
community composition and interactions (Bryce
et al., 2018; He et al., 2016; Huang, Straub, Kappler,
et al., 2021; Jakus, Blackwell, et al., 2021; Straub
et al., 1996), and for their environmental impact in
areas affected N-fertilizer use (Kim et al., 2015; Visser
et al., 2021; Ward et al., 2018). NRFeOx microorgan-
isms have been found in different environments, includ-
ing freshwater ponds and lakes, brackish-waters,
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marine sediments, and aquifers (Emmerich et al., 2012;
Finneran et al., 2002; Hafenbradl et al., 1996; Jakus,
Mellage, et al., 2021; Liu, Chen, Luo, et al., 2019;
Melton et al., 2012; Straub et al., 1998). NRFeOx
microorganisms reduce NO3

� to nitrogen (N2) or
ammonium (NH4

+) stepwise via intermediates including
NO2

�, NO, and N2O (NO3
� ! NO2

� ! NO !
N2O ! N2) (Canfield et al., 2010; Coby et al., 2011;
Straub et al., 1996; Tiedje, 1988), whereas dissimilatory
nitrate reduction to ammonium (DNRA) does not
involve all intermediates (NO3

� ! NO2
� ! NH4

+). The
first enriched microbial consortium capable of chemo-
lithoautotrophic NRFeOx was described by Straub
et al. (1996) as the co-culture ‘culture KS’, with only
two additional autotrophic co-cultures since enriched
(Huang, Straub, Kappler, et al., 2021; Jakus, Blackwell,
et al., 2021). The term ‘co-culture’ describes a consor-
tium of different microorganisms, meaning it is not a
pure culture. Autotrophically grown culture KS is domi-
nated by Gallionellaceae sp. (96%), which is consid-
ered the main Fe(II)-oxidizer, but also contains
Rhodanobacter (1%) and Bradyrhizobium (1%)
(Blöthe & 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, Chen, Li, & Li, 2019), as demonstrated, for exam-
ple, for Acidovorax sp. BoFeN1 (Muehe et al., 2009).
Despite recent studies (Dopffel et al., 2021), there is no
conclusive evidence that these mixotrophic microor-
ganisms gain energy by Fe(II) oxidation, or if they are
chemodenitrifiers (Bryce et al., 2018). This suggests
that Fe(II) oxidation could also be caused abiotically by
reactive nitrogen species (RNS) NO2

� and NO
(Kampschreur et al., 2011), which have been shown to
oxidize Fe(II) (Betlach & Tiedje, 1981; Klueglein
et al., 2014; Klueglein & Kappler, 2013). Abiotic oxida-
tion of Fe(II) by RNS is described as chemodenitrifica-
tion (Dhakal et al., 2013). Whenever RNS are present,
NRFeOx microorganisms have to compete for
Fe(II) (Klueglein et al., 2014). This makes differentiating
abiotic from microbial activity challenging.

To identify, quantify, and disentangle different
Fe(II) oxidation mechanisms, conditions must be as
steady and controllable as possible. However, common
experiments studying NRFeOx are performed in sta-
tionary batch systems with high substrate concentra-
tions (in the order of 10s of mM) to allow cell growth
and regular sampling without significant decrease of
volume. High concentrations of substrates (i.e Fe(II))
can lead to toxic effects (Swanner et al., 2015) and usu-
ally result in rapid concentration changes during cultiva-
tion. Furthermore, time-scales of batch experiments for
Fe(II)-oxidizing bacteria rarely exceed 1–2 weeks.
Therefore, these experiments are limited concerning
removable volume, long-term investigation and environ-
mental relevance. Conversely, a chemostat enables

cultivation over prolonged time scales (Weusthuis
et al., 1994) and provides a constant supply and steady
concentrations of substrates and nutrients. Continuous
addition of medium and removal of metabolites should
therefore allow establishment of a steady state. Addition-
ally, several parameters can be monitored and con-
trolled non-invasively (pH, dissolved oxygen, and
temperature). A chemostat therefore eliminates the ana-
lytical and temporal limitations and can be used to better
understand Fe(II) oxidation mechanisms like mineral
transformation, fate of contaminants (Borch et al., 2009)
and the coupling of biogeochemical cycles (Peiffer
et al., 2021). Previous studies on Fe(II) oxidation in che-
mostats focused on acidophiles, as low pH environ-
ments prevent precipitation of Fe(III) minerals (Gahan
et al., 2010; Ojumu & Petersen, 2011).

In this study, we established a chemostat bioreactor
as cultivation method and examined growth of autotro-
phic NRFeOx culture KS. We compared culture KS
grown in the chemostat (700 mL) for 24 days to four dif-
ferent batch conditions: Shaken and static in small and
large volume (25 and 700 mL, respectively). We mea-
sured changes in concentrations of Fe and N species
over time and analysed Fe-minerals using μ-x-ray dif-
fraction (μ-XRD), Mössbauer spectroscopy, and x-ray
absorption spectroscopy (XAS), and visualized cell–
mineral-associations with scanning electron micros-
copy (SEM).

EXPERIMENTAL PROCEDURES

Bacterial strain, pre-cultivation, and
growth conditions

Culture KS, obtained from the culture collection of the
Tuebingen Geomicrobiology Group, was first grown for
7 days and then transferred to fresh medium and grown
for another 7 days, both times under autotrophic condi-
tions with 10 mM Fe(II) and 4 mM NO3

� on
bicarbonate-buffered (22 mM) basal medium, as previ-
ously described (Tominski et al., 2018). All experiments
were performed with 10 mM Fe(II) as FeCl2 and 4 mM
NO3

� as NaNO3 for batch system. For the chemostat,
the same medium was continuously supplied (see
below). All experiments were performed at 28�C and
pH 7.0. In the chemostat bioreactor, the conditions
were stable (pH ± 0.25 and T ± 0.5�C, logged data
Figure S2).

Setup of the chemostat and batch
experiments

In the chemostat, culture KS was cultivated in 700 mL
inside a glass vessel (New Brunswick Scientific, USA)
covered with a dense black cloth to prevent photo-
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oxidation of Fe(II) (Figures 1 and S1). The growth
medium, reaction chamber and waste-collection sys-
tems were interconnected and continuously flushed
with N2/CO2 (90:10 v/v %) at 10 mbar overpressure, to
maintain anoxic conditions and provide inorganic car-
bon (Figure 1, Figure S1). Oxygen was measured with
a sensor (Mettler InPro 6800 Series, Mettler-Toledo
AG, Urdorf, Switzerland, detection limit 6 ppb) and an
oxygen sensitive foil with a Fibox 3 optode oxygen
measurement device (Presens, Germany). After
medium addition, the glass vessel was visually
inspected for 48 h for precipitates in a brownish colour
that would indicate abiotic Fe(II) oxidation by O2. The
expected presence of only greyish precipitates due to
medium composition (Fe(II)-minerals) during this abi-
otic pre-incubation confirmed the absence of oxygen.
Then cells were added and to ensure that enough via-
ble cells were present despite low inoculum, the pump-
ing was started 24 h after inoculation with a low dilution
rate of 15 mL h�1. 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 rate was set slightly lower than the input. A
conductivity sensor was utilized to keep the volume
between 700 and 710 mL. Further information on set-
ting up the chemostat can be found in the supplemen-
tary information (SI). Due to the complexity of setting
up the chemostat, a single run was performed for this
study. An additional run showing reproducibility is

presented in the SI. Batch experiments were conducted
in biological triplicates in liquid volumes of either 25 mL
or 700 mL either static or shaken at 50 rpm (Figure 1).
An abiotic control was performed for all batch experi-
ments. All biotic experiments were inoculated with 1%
(v/v) of a pre-grown culture KS (as described).

Geochemical analyses and Fe(II) oxidation
rates

Samples were centrifuged in a glovebox (100% N2,
MBraun Germany) and split for measurements of the
pellet and supernatant. Fe(II) and total Fe were deter-
mined using the spectrophotometric ferrozine
assay (Stookey, 1970). NO3

� and NO2
� were measured

using a continuous-flow analyser (Seal Analytical; Nor-
derstedt, Germany). The maximum Fe(II) oxidation rates
in batch setups were determined from the difference
between Fe(II) concentrations across consecutive time-
points. The calculated Fe(II) oxidation rate in the chemo-
stat was adjusted to account for the continuous addition
of Fe(II) (Figure S3). Detailed descriptions are provided
in the SI.

Mineralogical and microscopic analyses

For Mössbauer spectroscopy, minerals were collected
by filtration through a 0.45 μm pore-size syringe filter

F I GURE 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 N2/CO2 to keep the system anoxic and
to provide inorganic carbon. Control experiments were conducted in small and big volumes (25 and 700 mL medium, respectively) in static or
shaken (50 rpm) conditions.
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(Millipore membrane) in a glovebox, embedded
between two layers of Kapton tape foil and stored fro-
zen (�20�C) and anoxically until analysis. Collected
sample spectra were analysed with respect to the iso-
mer shift (δ) values and the quadrupole splitting (ΔEQ)
and the Gaussian width (standard deviation) of the ΔEQ

was used to account for line broadening until the fit was
reasonable. For μ-XRD, samples were collected and air
dried in an Eppendorf tube in an oven at 27�C inside an
anoxic glovebox. For x-ray adsorption spectroscopy
(XAS), an anoxically dried sample taken after 40 days
(no geochemistry measured) was diluted with polyvinyl-
pyrrolidone 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
National Laboratory (Segre et al., 2000). SIXpack
(Webb, 2005) software was used to perform linear com-
bination fitting (LCF) analysis after spectral processing
(Supplementary Information S1). Samples for scanning
electron microscopy were fixed in 2.5% glutaraldehyde
overnight at 4�C. 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, Sen-
sor & Analytics (LISA+), University of Tuebingen.
Detailed descriptions available in the SI.

RESULTS AND DISCUSSION

Fe(II) oxidation and NO2
� production

during growth of culture KS

We quantified concentrations of Fe(II), Fe(T), as well as
NO3

� and NO2
� during autotrophic growth of culture

KS (Figure 2, Figures S4–S11). Results indicated that
Fe was initially only present as Fe(II), with the majority
(68%) as solid phase, as expected due to precipitation
of Fe(II) 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 2 days before inoculation, the absence of
Fe(III) thereafter confirmed anoxia. After a2-day lag
phase after inoculation, rapid Fe(II) oxidation occurred.
In the chemostat, no Fe(II)aq could be measured after
Day 3, even though fresh medium containing 2.8 mM
Fe(II)aq was continuously pumped in, suggesting high
microbial activity. At Day 3, a low concentration of
Fe(II)s (1.88 mM) was still measured, while at Day
4, the Fe(II)s concentration decreased to 0.33 mM. This
delay between Fe(II)aq and Fe(II)s consumption implies
that easily accessible Fe(II)aq was preferably oxidized.
The absence of Fe(II)aq measured beyond Day

4, despite continued addition, along with microscopy
and nitrogen speciation data (discussed below), sug-
gest microbial activity until the end of the experiment.
The aqueous chemical analyses of the chemostat were
comparable to the results collected from the batch
experiments: Fe(II)aq was quickly consumed prior to
Fe(II)s, that remained despite available NO3

� (Fe(II)s at
the end of experiments: 50 mL, static: 1 mM, 50 mL
shaken: 0.3 mM, 700 mL static: 0.7 mM, 700 mL
shaken: 0.56 mM, chemostat: 1 mM). These results
agree with previous studies (Blöthe & Roden, 2009;
Nordhoff et al., 2017; Tominski et al., 2018). We there-
fore hypothesize that culture KS is not capable of fully
oxidizing all solid-phase Fe(II). We were unable to iden-
tify this remaining Fe(II) mineral phase since neither
μ-XRD nor Mössbauer measurements were conclusive.
However, Tominski et al. (2018) described that culture
KS was not capable of oxidizing vivianite, and thus, we
suggest a Fe(II)-phosphate mineral could be the

F I GURE 2 Changes of Fe(II)/Fe(III) (A) and NO3
�/NO2

�

(B) concentrations in the chemostat during autotrophic cultivation of
culture KS for 25 days. Fe: Circles show Fe(II) species while squares
show Fe(III) species for aqueous (aq—grey) and solid phase (s—
orange) iron (mmol L�1). Error bars (not visible if smaller than
symbol) represent measurement error (standard deviation) from
ferrozine replicate measurements. NO3

�: black circles indicate NO3
�

concentrations (mmol L�1—left y axis) while blue circles show NO2
�

concentrations (μmol L�1—right y axis).
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remaining Fe(II)s. For the chemostat, Fe geochemistry
data first suggested that steady state was reached at
Day 7, as we could only detect little Fe(II)s (0.2 mM)
that seemed to be constant after Day 4, and addition-
ally no Fe(II)aq was measured. At Day 14, however,
more Fe(II)s was measured (1.24 mM), which suggests
that the steady state was only achieved between days
7 and 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(II) that was
pumped into the chemostat. It is likely that the oxidation
rates could have been even greater in the chemostat
bioreactor if more Fe(II) was provided. In all systems,
the Fe(II) 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. NO3

� reduction approached the expected
extent based on the stoichiometric ratio of Fe to NO3

�.
Fe(II) oxidation yields one electron, reduction of NO3

�

to N2 requires five electrons. Therefore, 10 mM
Fe(II) (sum of Fe(II)aq and Fe(II)s) could be oxidized by
roughly 2 mM NO3

�, as 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 that the uptake of
electrons by Fe(II)-oxidizing bacteria can lead to intra-
cellularly stored electrons and a reduced redox environ-
ment (Guzman et al., 2019) and therefore explain the
surplus of reduced NO3

�, even though some of the
electrons must be used for CO2 fixation. We propose
that electrons from dead biomass could additionally
serve as a source of electrons. Nitrate reduction with
these electrons could explain the deviation from the
expected ratio towards more NO3

� reduction. Interest-
ingly, we detected approximately 15 μM of the reactive
nitrogen species nitrite (NO2

�) in the aqueous phase of
the chemostat bioreactor. Formation of nitrite has, to
the best of our knowledge, not been previously reported
for culture KS. The detection of NO2

� occurred after
the fastest rate of NO3

� reduction (between Days
3 and 6). NO2

� is very reactive and will rapidly trans-
form to NO and NO2, and react abiotically with Fe(II) to
form N2O during chemodenitrification (Dhakal
et al., 2013; Klueglein & Kappler, 2013). We observed
a slight delay between highest NO3

� consumption and
NO2

� formation of approximately 3 days. We propose
that this shift is caused by NO2

� consumption (bioti-
cally) and reactivity (chemodenitrification). Batch exper-
iments showed a similar behaviour in terms of NO3

�

reduction (Figures S8–S11). We detected NO2
� in the

batch experiments, showing that it was not only pro-
duced in the continuous system. The nitrite concentra-
tion was dependent on the experimental setup and
increased in the following order (mean values
± standard deviation): 50 mL static (12.5 ± 3.1 μM),
50 mL shaking (18.7 ± 6.2 μM), 700 mL shaking (37.5
± 12.3 μM), 700 mL static (234 ± 102.4 μM)

(Figures S8–S11). The highest concentration of NO2
�

(234 μM) was detected in the 700-mL static bottles. We
speculate that NO2

� was consumed more rapidly in the
well-mixed systems and the systems of small volume,
since there was less diffusion limitation (agitation) of
substrates (small volume). In the mixed setups, all com-
pounds were homogeneously distributed and hence
geochemical gradients not expected, which could have
hindered microbial activity and abiotic reactivity
between Fe(II) and NO2

�, causing accumulation of the
latter. To unravel this, expression and activity levels of
nitrate and nitrite reductase could be studied in the
chemostat.

Fe(II) oxidation rates in different cultivation
conditions

The Fe(II)s oxidation rate was greater than for Fe(II)aq
in all setups. For the chemostat Fe(II)aq oxidation rate
was 2.36 mM d�1 compared to 5.21 mM d�1 for Fe(II)s
(see SI). The total oxidation rate (Fe(II)s+aq) in the che-
mostat was the highest for all experiments. All rates are
listed in Table 1. We applied an unpaired t-test to deter-
mine whether there was any statistical significance for
which multiple replicated experiments (no replicates
were available for the chemostat). Fe(II)s and Fe(II)aq
oxidation was significantly different for all treatments
(p = 0.004). Additionally, we observed a significant dif-
ference between the solid phase Fe(II) oxidation rate
between different volumes (p = 0.03) (Table S2).

Fe mineral formation and transformation

57Fe Mössbauer spectroscopy revealed that the starting
sample was dominated by Fe(II), though the fit was
incomplete without an Fe(III) doublet which accounted
for 6.0% of the spectral area (Figure 3, Table S1). This
Fe(III) originated from the inoculum. The initial
Fe(II) component most likely consisted of a combination

TAB L E 1 Maximum iron oxidation rates calculated for aqueous
iron(II) (Fe(II)aq) and solid phase iron(II) (Fe(II)s), for 25 and 700 mL
batch experiments (static and shaken) and the chemostat.

Setup

Fe(II) oxidation (mM d�1)

Aqueous Fe(II) Solid phase Fe(II)

25 mL static 1.95 ± 0.14 3.28 ± 1.38

25 mL shaken 1.82 ± 0.39 4.35 ± 0.66

700 mL static 2.57 ± 0.41 2.68 ± 1.11

700 mL shaken 2.03 ± 0.51 2.99 ± 0.59

Chemostat 2.36 5.21

Note: Errors correspond to 1 standard deviation (1σ) 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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of siderite (FeCO3) and vivianite (Fe3(PO4)2�8(H2O)),
which were expected to precipitate immediately after
addition of dissolved FeCl2 medium, as discussed
before. The precipitates in the chemostat were domi-
nated by Fe(III) at Day 3 (90.8% relative abundance)
and the remaining 9.2% was Fe(II). A Fe(II) component
of up to 18.3% relative abundance was still measured at
Day 14. This increase of spectral area of Fe(II) agrees
with the increased concentration of Fe(II) measured with
ferrozine. The final sample taken after 24 days was
dominated by a superparamagnetic Fe(III) doublet with
94.9% spectral area. The remaining 5.1% corresponded
to a Fe(II) doublet. The detected Fe(III) component is
most likely a short-range ordered Fe(III) (oxyhydr)oxide
such as ferrihydrite, though without measuring at lower
temperature confirming it is not possible. Previous
experiments with culture KS have revealed similar prod-
ucts, that is (short-range ordered) ferrihydrite (Nordhoff
et al., 2017). This suggests, unexpectedly, that the stir-
ring and continuity of the chemostat did not lead to major
differences in mineral precipitation despite having the

highest total oxidation rate. The Fe(II) phase could
resemble vivianite, as suggested by previous reports,
but this could not be confirmed without further measure-
ments. Oxidized Fe(III) minerals continuously accumu-
lated in the chemostat bioreactor up to concentrations of
12.5 mM, higher than the added concentration
(Figure 2). This increase was caused by Fe(III) (oxy-
hydr)oxide settling to the bottom of the reactor, while the
outflow tube was placed well above the mineral layer.
We anticipated that given longer incubation time, min-
erals of higher crystallinity such as goethite or lepidocro-
cite may form (Han et al., 2020; Hansel et al., 2003).
μ-XRD patterns (Figure S12) of samples indicated the
presence of crystalline mineral reflections (2θ of 36� and
53�) in all samples which most likely correspond to dried
salts from the medium and reflections from the sample
holder (2θ 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 (Figure S12C), as expected.
The absence of any other reflections corresponding to
Fe minerals suggests 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 [Figure S12A], and 700 mL
shaken [Figure S12B]). The diffractogram of sample
chem2 (Figure S13D, sample from chemostat at time-
point 24) exhibited reflections which most closely
matched wuestite. However, the presence of this mineral
is unlikely because wuestite is typically found in more
reducing conditions (Cornell & Schwertmann, 2003) or
at higher temperatures (Jette & Foote, 1933). This addi-
tional reflection of sample taken form the chemostat at
24 days (Figure S12D) shows that more crystalline
phases formed over time, further confirmed by XAS
measurements. After the final sampling of the experi-
ment, the chemostat was still maintained continuously
for another 20 days. At Day 40, a sample of the very bot-
tom of the bioreactor vessel was taken and prepared for
XAS measurements. The results (Figures S13 and S14)
showed crystalline Fe(III) phases: 48.7 mol% goethite
and 11.6 mol% lepidocrocite. Still, around 40 mol% of
detected Fe(III) phases were determined to be ferrihy-
drite in this sample (Table S14). Previous studies have
shown that low concentrations of Fe(II) can cause trans-
formation to lepidocrocite and goethite (Hansel
et al., 2005). Since we continuously added Fe(II) to the
chemostat and also measured some leftover Fe(II)s we
suggest transformation to a greater extent in the chemo-
stat than in the batch systems.

Cell encrustation during autotrophic
NRFeOx visualized by SEM

The interaction between Fe minerals and cells from cul-
ture KS was visualized using SEM (Figure 4), focusing

F I GURE 3 57Fe Mössbauer 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).
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mainly on the chemostat, after confirming that cells
showed the same 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., 2017). This is also supported by previous work,
where Gallionellaceae sp. was reported as dominating
in autotrophic conditions (Tominski et al., 2018). Until
now, the absence of encrustation by culture KS, along-
side with the lack of detection of NO2

�, was used to
support the hypothesis of exclusively enzymatic
Fe(II) oxidation (Nordhoff et al., 2017; Straub
et al., 1996; 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 NO2

�

(Figures 2 and S8–S10) and saw 42% of all counted
cells to be at least partly encrusted, abiotic oxidation of
Fe(II) (chemodenitrification) should be considered dur-
ing 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(II) and NO3

�/NO2
�. In

cultures of the NRFeOx Acidovorax sp. BoFeN1,
encrustation by Fe(III) mineral precipitates was shown
to occur as a result of abiotic Fe(II) oxidation by NO2

�

(Klueglein et al., 2014; Klueglein & Kappler, 2013;
Schmid et al., 2014). We propose that this abiotic oxi-
dation due to NO2

� or NO also occurred in in this study.
The main Fe(II)-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 for NO-detoxification (He
et al., 2016; Huang, Straub, Blackwell, et al., 2021).
Prolonged presence of NO, and possibly NO2

�, could
have caused the encrustation, possibly limiting the
access to substrates and cell growth and division. We
speculate that the extent of encrustation varies depend-
ing on the age of individual cells, the amount of RNS
produced, and the abundance of flanking community
members, which are essential for RNS removal. Addi-
tionally, intact surface areas of dead cells could serve
as a template for mineral-precipitation similar to the
way that twisted stalk forming Fe(II)-oxidizing bacteria
provide a template for mineral precipitation (Chan
et al., 2011). This dead-cell-encrustation would, how-
ever, limit organic compounds from dead cells that
would otherwise be available from lysed cells. If this
process is happening in anoxic, NO3

�-rich aquatic sys-
tems, where Fe(II) 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 micro-
graphs (Figure 4) suggested viable cells. We therefore
propose that the chemostat bioreactors’ design fulfils
the requirements to study NRFeOx over extended
periods of time.

Advantages and challenges of continuous
cultivation in a chemostat

To circumvent the limitations of small-scale batch
experiments, we established a chemostat for continu-
ous cultivation of Fe(II)-oxidizing bacteria, here for the
autotrophic NRFeOx culture KS. Compared to our
experimental control setups, representing common
batch cultivation methods, and previously published
data (Nordhoff et al., 2017; Tominski et al., 2018), the
chemostat showed comparable results for
Fe(II) oxidation rates and Fe mineralogy. The total
Fe(II) oxidation rate was highest in the chemostat, as
metabolizing cells were continuously provided Fe(II).
Additionally, we showed mineral transformation in the
chemostat. Ostwald ripening is a well-described pro-
cess for minerals and time-dependent ripening of ferri-
hydrite to more crystalline phases like goethite and

F I GURE 4 Scanning electron micrographs of culture KS grown
autotrophically in the chemostat under continuous cultivation.
Micrographs were collected at 15 kV acceleration voltage. (A–C)
Cells that are associated with a small extent with minerals. (D–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.
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Fe(II) catalysed transformations were previously
described (Burleson & Penn, 2006; Cornell &
Schwertmann, 2003; Tomaszewski et al., 2017). This
could have great influence for long-term experiments,
as mineral surfaces greatly influence nutrient availabil-
ity (Gu et al., 1994) and heterogeneous Fe(II) oxidation
(Hansen et al., 1994; Sørensen & Thorling, 1991).
Maintaining O2-free conditions despite connecting mul-
tiple tubes (Figure S1) was achieved by applying a
slight overpressure of N2/CO2 and proper attachment
and sealing of all connections. High mixing velocities
were avoided to ensure cell viability while homogeniz-
ing 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 mul-
tiple chemostats. Lack of replicates is an obvious dis-
advantage compared to the smaller batch setups,
where multiple replicates can be easily performed in
parallel. Results from an additional run are provided in
Figure S17 and Table S3, though operational differ-
ences mean that direct comparison between these data
and those reported above is not possible. Key aspects
that should be considered when working anoxically and
under sterile conditions with the chemostat are (1) steril-
ization 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. The chemostat’s bioreactor
allows to maintain, change, and automatically adjust
key parameters like pH and temperature. Additionally,
low concentrations of nutrients can be continuously
provided. Since Fe precipitates can block the tubing,
the system could be refined for even more homoge-
neousness and easier sampling. In-depth descriptions
are available in the SI. The chemostat setup presented
here was optimized for the cultivation of enrichment cul-
ture KS. We suggest it could be applied for different
types of Fe(II)-oxidizing bacteria. However, predicting
behaviour of bacteria in a new cultivation vessel is
uncertain, and hence we suggest performing all con-
trols as described here. Despite these challenges and
the limited replication possibilities, the chemostat biore-
actor is a valuable tool to investigate microbial activity
under continuous conditions. Ideally, the chemostat
could be applied for in-depth studies to obtain valuable
data such as growth yield and rate and additionally,
steady state cells would be ideal for expression
studies.

CONCLUSION

We have successfully established a chemostat bioreac-
tor system for investigating NRFeOx. By using it, we

have for the first time measured NO2
� in autotrophic

culture KS. NO2
� can abiotically oxidize Fe(II), possibly

influencing rates and competing with the enzymatic oxi-
dation. We therefore suggest consideration of chemo-
denitrification during autotrophic NRFeOx. For future
studies, we propose to carefully follow NO2

�, NO, and
N2O formation when studying NRFeOx, for a better
understanding of the production of and impact on
Fe(II) oxidation. We used SEM to show associations of
cells with Fe minerals, including complete cell encrusta-
tion. We propose that encrustation might be promoted
by abiotic oxidation of Fe(II) due to NO2

�. Geochemical
data collected during growth of culture KS in the che-
mostat showed that we successfully established a
growth vessel to study NRFeOx under continuous con-
ditions. 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(II)-oxidizers by providing a
light source and for microaerophilic Fe(II)-oxidizers by
bubbling a defined gas mixture into the system. Overall,
the chemostat is a powerful tool to study Fe(II)-
oxidizing microorganisms in continuous cultivation with
constant supply of nutrients and substrates. This
enabled studying Fe(II)-oxidizing culture KS for a pro-
longed time and allowed us to detect so far unde-
scribed processes of nitrite formation and cell
encrustation.
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