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ABSTRACT

Fe(II) oxidation coupled to nitrate reduction is a widely observed metabolism. However, to what extent the observed Fe(II)
oxidation is driven enzymatically or abiotically by metabolically produced nitrite remains puzzling. To distinguish between
biotic and abiotic reactions, we cultivated the mixotrophic nitrate-reducing Fe(II)-oxidizing Acidovorax strain BoFeN1 over a
wide range of temperatures and compared it to abiotic Fe(II) oxidation by nitrite at temperatures up to 60◦C. The collected
experimental data were subsequently analyzed through biogeochemical modeling. At 5◦C, BoFeN1 cultures consumed
acetate and reduced nitrate but did not significantly oxidize Fe(II). Abiotic Fe(II) oxidation by nitrite at different
temperatures showed an Arrhenius-type behavior with an activation energy of 80±7 kJ/mol. Above 40◦C, the kinetics of
Fe(II) oxidation were abiotically driven, whereas at 30◦C, where BoFeN1 can actively metabolize, the model-based
interpretation strongly suggested that an enzymatic pathway was responsible for a large fraction (ca. 62%) of the oxidation.
This result was reproduced even when no additional carbon source was present. Our results show that at below 30◦C, i.e. at
temperatures representing most natural environments, biological Fe(II) oxidation was largely responsible for overall Fe(II)
oxidation, while abiotic Fe(II) oxidation by nitrite played a less important role.

Keywords: Fe oxidation; nitrate reduction; biogeochemical modelling; chemodenitrification

INTRODUCTION

Iron is a highly abundant, redox-sensitive element in the Earth’s
crust that can be used by a variety of microorganisms to gain

energy (Kappler & Straub 2005; Kendall et al. 2012). Biogeochem-
ical cycling of iron between its two main redox states Fe(III)
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and Fe(II) plays a crucial role for many processes in the envi-
ronment, including greenhouse gas formation and the behav-
ior of nutrients and toxic metal(loid)s (Borch et al. 2010; Kappler
et al. 2021). At neutral pH, Fe(II) is readily oxidized by molecu-
lar oxygen, therefore the only viable pathways for microorgan-
isms to live by Fe(II) oxidation is to grow under either acidic,
microoxic or anoxic conditions (Hedrich, Schlomann and John-
son 2011). Under neutrophilic and anoxic conditions, some bac-
teria can couple Fe(II) oxidation to nitrate reduction (Straub et
al. 1996). These so-called nitrate-reducing, Fe(II)-oxidizing bac-
teria have been isolated from a variety of different environments
(Benz, Brune and Schink 1998). However, with only a few known
exceptions (He et al. 2016; Laufer et al. 2016; Huang et al. 2021;
Jakus et al. 2021), most of the strains have been shown to be
mixotrophic and require an additional carbon source such as
acetate for growth (Weber et al. 2006; Blöthe & Roden 2009; Bryce
et al. 2018).

Reactive intermediates formed during heterotrophic denitri-
fication include nitrite and nitric oxide, which are known to oxi-
dize Fe(II) abiotically (Bonner & Pearsall 1982; Sorensen & Thor-
ling 1991):

NO3
− → NO2

− → NO → N2O → N2 (1)

While generally the reaction between nitrite and Fe(II) is rela-
tively slow at neutral pH, reaction rates have shown to be sig-
nificantly faster when catalytic surfaces such as iron minerals
or cells are present (Coby & Picardal 2005; Tai & Dempsey 2009).
These abiotic reactions may play a very important role for the
metabolic functions of Fe(II)-oxidizing cultures as they could
potentially cause complete Fe(II) oxidation without any direct
enzymatic Fe(II)-oxidizing cell activity.

Ultimately, the question of whether mixotrophic nitrate-
reducing Fe(II)-oxidizing strains are indeed capable of harvesting
electrons and to gain energy from Fe(II) oxidation is still unre-
solved. Several studies have attempted to identify specific genes
or proteins for Fe(II) oxidation in mixotrophic strains but failed
to find any evidence for a cytochrome-like protein involved in
electron transfer (Beller et al. 2013; Carlson et al. 2013). Jamieson
et al. (2018) recently used process-based numerical modeling
as an alternative tool to decipher and quantify the respective
contributions of biotic and abiotic oxidation pathways of Fe(II)
and found reactions with the intermediary NO2

– to be signifi-
cant for several bacterial strains. The simulated results found
that at 25◦C, ca. 25%–40% of the overall Fe(II) oxidation could be
attributed to chemical denitrification by Fe(II), i.e. chemodeni-
trification. Similarly, Liu et al. (2019) found that chemodenitri-
fication was a significant contributor to Fe(II) oxidation within
Fe(II)-NO3 systems for strain BoFeN1 and Pseudogulbenkiania sp.
strain 2002. Importantly, Liu et al. (2019) found direct evidence
that oxidized c-type cytochromes within extracellular polymeric
substances, secreted by strains such as BoFeN1 when Fe(II) is
present, were capable of oxidizing Fe(II), thus demonstrating a
potential pathway for electron uptake. Further support for the
significance of the abiotic chemodenitrification pathway is pro-
vided by the fact that the nitrate-reducing Fe(II)-oxidizing strain
Acidovorax strain BoFeN1 is unable to oxidize Fe(II) when cou-
pled to N2O reduction (Klueglein & Kappler 2013). Fe(II) oxida-
tion coupled to N2O reduction, however, would only be expected
if Fe(II) oxidation by strain BoFeN1 was coupled to all denitrifi-
cation steps.

A metabolic oxidation of Fe(II) has been inferred for the same
strain, due to a higher cell yield when cultivated in the presence

of Fe(II) (Muehe et al. 2009). However, higher cell numbers were
also observed in the presence of Fe(III), suggesting that Fe might
act as a nutrient rather than an energy source (Klueglein & Kap-
pler 2013). Contradictory to those results, other nitrate-reducing
Fe(II)-oxidizing strains did not show higher cell numbers with
Fe(III) (Chakraborty & Picardal 2013). In a study using Acidovo-
rax strain 2AN, an enzymatic induction of Fe(II) was observed
(Chakraborty & Picardal 2013), while this was not observed in
cultures of Acidovorax ebreus (Carlson et al. 2013).

In this study, we explore the role of enzymatic activity in
Fe(II) oxidation by strain BoFeN1 through a novel combined
experimental and numerical modeling approach that exploits
two well-established (bio)geochemical relationships. First, the
rate of abiotic (chemical) reactions is known to increase log-
arithmically with increasing temperatures (T), closely follow-
ing a linear relationship between rate constant [ln(k)] and 1/T,
as described by the Arrhenius equation (Laidler 1984). Sec-
ond, microbially catalyzed reactions show a distinctly different
relationship between reaction rates and temperatures to what
would be expected from typical Arrhenius kinetics. Reaction
rates are typically fastest for a strain-specific optimal temper-
ature, while decreasing at temperatures above and below that
optimum, as described by the Ratkowsky equation (Ratkowsky
et al. 1982). Depending on the strain, cells will still be metaboli-
cally active over a broad temperature range outside their opti-
mum temperature, which is also the case for Fe(II)-oxidizers.
For example, Ahonen and Tuovinen (1989) showed that the aci-
dophilic Fe(II)-oxidizer Thiobacillus ferrooxidans is capable of oxi-
dizing iron over a temperature range from 4–38◦C, but shows
a seven-fold decrease in growth rate from the rate within the
optimal temperature range of 25–35◦C. Furthermore, Vollrath et
al. (Vollrath et al. 2013) showed that the microaerophilic Fe(II)-
oxidizer Leptrotrix cholodnii is able to compete with the abiotic
Fe(II) oxidation by oxygen at temperatures between 11◦C and
37◦C.

Here, we hypothesize that the differing temperature-
dependencies of abiotic vs. biotic reaction pathways will allow
us to more reliably determine the contribution of enzymatic
oxidation processes compared to previous studies investigating
these pathways at a single temperature. For this study, we use
the strain Acidovorax BoFeN1, which has previously been shown
to have the ability to grow in conjunction with nitrate reduc-
tion over a wide temperature range from 4◦C to 37◦C (Muehe
et al. 2009). By performing Fe(II) oxidation experiments at vary-
ing temperatures and taking into account the established tem-
perature characteristics of both pathways, we assess the vary-
ing biotic and abiotic contributions to Fe(II) oxidation at differ-
ent temperatures. The obtained experimental data were subse-
quently analyzed through a process-based modeling approach,
which provides us with a quantitative description of enzymatic
Fe(II) oxidation coupled to nitrate reduction over a broad range
of environmentally relevant temperatures.

MATERIAL AND METHODS

Source of microorganism

Acidovorax strain BoFeN1 is a chemoorganotrophic, nitrate-
reducing Fe(II)-oxidizing bacterium that was originally isolated
from Lake Constance sediments and has been kept in the
authors’ laboratory since then (Kappler, Schink and Newman
2005).
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Microbial growth media and growth conditions

For routine cultivation of strain BoFeN1, 10 mM Na-nitrate and
5 mM Na-acetate were added to a 22 mM bicarbonate-buffered
low phosphate mineral medium (pH 7.1), which was prepared
anoxically, as described earlier (Hegler et al. 2010) and incubated
at 28◦C. For the oxidation experiments in this study, media con-
taining ∼8 mM of dissolved Fe(II) were prepared as previously
described by Klueglein and Kappler (2013).

Medium pre-filtration

As standard procedure, the medium was filtered (0.22 μm) after
addition of 10 mM of Fe(II) but before addition of acetate, nitrate
or microbes. This was done to remove Fe(II) phosphate and
Fe(II) carbonate minerals, which form in the media and could
act as catalytic surfaces for the investigated reactions. For abi-
otic controls aimed at testing the effect of organic-rich nitrite-
containing culture fluids without cells, some inoculated bottles
were again sterile-filtered (0.22 μm). The only instance where
the medium was not filtered were the experiments in which the
cells were first cultured without Fe(II), and Fe(II) was added dur-
ing growth. Therefore, in these setups the neo-formed Fe(II) min-
erals could not be removed (Fig. 1).

Experimental setup—enzymatic and abiotic Fe(II)
oxidation at different temperatures under mixotrophic
conditions

To evaluate the relative importance of abiotic versus biotic reac-
tions, the capacity of BoFeN1 to grow at low temperatures in
the presence of Fe(II) while accumulating high concentrations of
nitrite was exploited. Bottles were initially filled anoxically with
25 mL of Fe(II)-containing, pre-filtered medium and amended
with anoxic 10 mM Na-nitrate and 5 mM Na-acetate. Thereafter,
the bottles were inoculated with 4% (v/v) (ca. 5×106 cells/ml) of
a four-day old pre-culture grown at 28◦C on 5 mM acetate and
10 mM nitrate. Replicate bottles were incubated at 5, 13, 20 or
28◦C in order to test the effect of temperature on BoFeN1 growth,
Fe(II) oxidation and nitrite accumulation.

Cultures incubated at 5◦C were chosen for subsequent exper-
iments due to positive growth of BoFeN1 coupled to limited oxi-
dation of Fe(II) by chemodenitrification due to the very slow abi-
otic kinetics at this low temperature..After growth of BoFeN1 for
10–15 days at 5◦C, the nitrite concentration was quantified and
replicate incubations were heated to different temperatures by
transferring the bottles into heated water baths with temper-
atures set to either 30, 40, 50 or 60◦C (enzymatic temperature
dependent Fe(II) oxidation, Fig. 1). In parallel, organo-nitrite con-
trols were set up by inoculating filtered (0.22 μm, mixed cellu-
lose esters, Millipore) aliquots of the 5◦C pre-culture into repli-
cate bottles (Fig. 1). The purpose of the organo-nitrite controls
is to investigate if culture fluids (containing extracellular organ-
ics) can influence the rate of Fe(II) oxidation and nitrate reduc-
tion.. For the abiotic Fe(II) oxidation by nitrite experiments (i.e.
chemodenitrification), sterile bottles with pre-filtered medium
were amended with different concentrations of Na-nitrite (tem-
perature dependent chemodenitrification, Fig. 1).

Experimental setup—enzymatic and abiotic Fe(II)
oxidation in the absence of organic carbon (starved
cells)

To determine enzymatic Fe(II) oxidation compared to abiotic
Fe(II) oxidation by nitrite in the absence of acetate (which leads
to heterotrophic nitrate/nitrite reduction thus further influenc-
ing Fe(II) oxidation), BoFeN1 was first cultivated without Fe(II)
but with 10 mM nitrate and 5 mM acetate at 13◦C for approx-
imately 5 days. An additional 10 mM of nitrate was added to
the bottles after complete acetate consumption. An additional
5 days of incubation proceeded to starve the cells of all available
stored carbon. No nitrite was produced under this condition—
therefore, these experiments would not have been comparable
to those where the cells were grown under mixotrophic condi-
tions at 5◦C (see previous section). Subsequently, 2 mM of nitrite
was added to all bottles to mimic biological production of nitrite,
followed by addition of ∼10 mM Fe(II).. After Fe(II) addition, a
whitish precipitate formed, indicating the formation of siderite
and vivianite, as previously described by (Kappler & Newman
2004). Bottles were then heated to 30◦C in a water bath (starved
enzymatic Fe(II) oxidation, Fig. 1). As controls (organo-nitrite
controls), a subset of bottles was sterile-filtered after Fe(II) addi-
tion and incubated at the same temperature (30◦C). Fe(II) oxida-
tion was followed over time. Once Fe(II) oxidation was complete,
nitrite and nitrate were quantified once more.

Analytical methods

For the quantification of total Fe(II), i.e. the sum of dissolved
and solid phase Fe(II), samples were diluted in 40 mM sulfamic
acid to avoid abiotic Fe(II) oxidation by nitrite during acidifica-
tion (Klueglein & Kappler 2013; Schaedler, Kappler and Schmidt
2018). A 100 μL aliquot of culture suspension was withdrawn
anoxically with a syringe and dissolved in 900 μL sulfamic acid
for 1 hour at room temperature. The ferrozine–Fe(II) complex
was quantified at 562 nm using a microtiter plate reader (Flash-
Scan 550, Analytik Jena, Germany). Each sample was measured
in triplicate. Acetate was quantified by HPLC (Class vp with
RID 10 A & DAD SPM 10 A vp detectors, Shimadzu, Japan; pre-
column: Micro guard cation H cartridge; main column: Aminex
HPX-87H Ion exclusion column 300 mm x 7.8 mm, Bio-Rad, Aus-
tria; eluent: 5 mM H2SO4 in MQ water). Cell growth in iron-free
cultures was quantified by measuring optical density (OD) at
600 nm (SPEKOL 1300, Analytik Jena, Germany) in culture tubes.
Nitrate and nitrite were quantified by a continuous flow analyzer
system containing a dialysis membrane for iron removal to pre-
vent side reactions of nitrite and nitrate during analysis (Seal
Analytical, Norderstedt, Germany). In this automated system,
nitrate is reduced to nitrite with hydrazine sulfate and quanti-
fied photometrically with N-1-naphtylethylendiamin at 550 nm.
Minerals were identified with a μ-XRD-device (Bruker D8 Dis-
cover X-ray diffraction instrument, Bruker AXS GmbH, Germany)
equipped with a Co Kα X-ray tube and operating at 30 kV/30 mA.
The EVA R© 10.0.1.0 software was used to identify the mineral
phases using the PDF-database licensed by ICDD (International
Centre for Diffraction Data).

Rate calculation and Arrhenius plot

The oxidation rates of Fe(II) by NO2
– were evaluated using a sec-

ond order and zeroth order rate equation:

d [Fe (II)] /dt = −kobs

[
Fe(II)aq

] [
NO−

2

]
(1)
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Figure 1. Schematic illustration of the experimental setup of the temperature-dependent (fully abiotic) chemodenitrification experiments (left), temperature-dependent
enzymatic Fe(II) oxidation experiments (middle), and the starved cells experiments (right).

d [Fe (II)] /dt = −kobs (2)
where kobs is the observed rate constant (L mol–1 sec–1 for Eq. 1
and mol L–1 s–1 for Eq. 2). The values for the zero-order derived
kobs were fitted into the Arrhenius equation to yield a slope to
derive the activation energy (Ea) for Fe(II) oxidation by nitrite.

k = Ae−Ea/RT (3)

where k is the reaction rate constant (mol L–1 s–1), A is the fre-
quency factor (mol L–1 s–1), R is the gas constant (J mol–1 K–1)
and T is temperature (K), respectively. An Arrhenius plot of ln(k)
against 1/T therefore yields a line with the slope -Ea/R (Ahonen
& Tuovinen 1989) where Ea is the activation energy (J mol–1).

Microscopy

For Scanning Electron Microscopy (SEM), samples containing
bacteria were centrifuged and washed with acetone once at the
end of Fe(II) oxidation. The samples were mounted on a carbon
grid; vacuum dried for several hours, coated with platinum and
examined with a LEO Modell 1450 VP at 5 kV.

Process-based biogeochemical model simulations

A process-based biogeochemical model, implemented in
PHREEQC3 (Parkhurst & Appelo 2013), was employed to inter-
pret the experimental data collected in this study. The model
was originally developed and applied to simulate the Fe(II)
oxidation behavior observed in several different incubation
studies (Jamieson et al. 2018), with each study using bacte-
ria that were identified earlier as being capable of supporting
nitrate-reducing Fe(II) oxidation. The reaction network assumed
heterotrophic nitrate reduction to nitrite (Reaction 2) and nitrite
reduction to nitrogen gas (Reaction 3).

CH3COO− + 4 NO−
3 → 4 NO−

2 + H2O + HCO−
3 + CO2 (g) (4)

3 CH3COO− + 8 NO−
2 + 8 H+ → 4 N2 (g) + 7 H2O + 3 HCO−

3

+3 CO2 (g) (5)
The biological coupling of dissolved Fe(II) oxidation to nitrate

reduction was assumed to produce nitrite (Reaction 4), while
the consumption of solid-phase Fe(II) (e.g. siderite) by bacteria

was assumed to be negligible (Weber, Picardal and Roden 2001).
Nitrite produced from these reactions was assumed to abioti-
cally react with Fe(II) to produce N2O, as per Reaction 5. The rate
of this reaction was quantified using Eq. 6 (Tai & Dempsey 2009):

2 Fe (II) + NO−
3 + 2 H+ → 2 Fe (III) + NO−

2 + H2O (6)

4 Fe (II) + 2 NO−
2 + 5H2O → 4 FeO (OH) + N2O(g) + 6 H+ (7)

d [Fe (II)]
dt

= −kab

[
Fe(II)aq

] [
NO−

2

]
(8)

where kab is the rate constant (mol–2 sec–1). A surface complex-
ation model was used to quantify the loss of dissolved Fe(II) by
adsorption onto neo-formed Fe minerals. Sorption site densities
were calculated assuming 2.00 (Mathur & Dzombak 2006) and 11
sites nm–2 (Van Cappellen et al. 1993) for goethite and siderite,
respectively. Equilibrium surface complexation constants for
Fe(II) sorption were taken from (Hinkle et al. 2015) and (Pokrovsky
& Schott 2002), respectively.

An empirical temperature-dependent growth rate constant
was incorporated into the microbial respiration rate following
the linear equation proposed by Rawkowski et al. (1983):

u = b (T − Tmin)
{
1 − exp [c (T − Tmax)]

}
(9)

where b and c were considered empirical fitting parameters in
this study. While generally b is the regression coefficient of the
square root of growth rate versus degrees Kelvin below the opti-
mal growth temperature, this data was not available. Tmin and
Tmax are the minimum and maximum temperatures, respec-
tively, at which the growth rate is zero. These were assumed to
be 1 and 40◦C based on experimental evidence acquired in this
study, and were also consistent with previous work investigat-
ing the optimal growth conditions for strain BoFeN1 (Muehe et
al. 2009).

The overall microbial respiration rate, vbio (mol L–1 s–1) is
described by:

vbio = kbio [X] uFD FA FT (10)

where kbio is a rate constant (mol (mol cells)–1 s–1), FD and FA are
unitless kinetic factors, FT is a unitless thermodynamic factor
and X is the biomass concentration (mol L–1), in accordance with
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the formulation proposed earlier by Jin and Bethke (2003). Addi-
tionally, the biomass growth was described by:

d [X]
dt

= Yvbio − De (11)

where Y is the biomass yield coefficient (mol cells per mole
acetate), vbio is the microbial respiration rate (mol L–1 s–1) and De

was an encrustation inhibition term (mol L–1 s–1) used to account
for the cells becoming heavily encrusted in Fe minerals during
incubation experiments (Jamieson et al. 2018). A factor of 10−13 g
cell–1 was used to convert from cells mL–1 to mol L–1 using the
formula for biomass given a generic formula of C5H7O2N.

Following Pantke et al. (2012), the Fe(III) produced from oxi-
dation of Fe(II) was assumed to precipitate as the mixed-valent
green rust carbonate ([Fe2+

4Fe3+
2(HO−)12]2+ · [CO2−

3·2H2O]2−)
before being further oxidized by NO2

– (Pantke et al. 2012), thereby
transforming it into the stable Fe(III) phase goethite. Alterna-
tively, goethite could precipitate directly from solution. The pre-
cipitation of goethite was assumed to be kinetically controlled
and to follow a rate law derived from transition-state-theory:

rk = kgoe (1 − �) (12)

where rk is the rate of precipitation in mol L–1 sec–1, kgoe is the
precipitation rate constant (mol L–1 s–1) and � is the saturation
ratio. The oxidation of green rust by nitrite followed an overall
first order kinetic rate law (Hansen et al. 1996):

d
[
NH+

4

]

dt
= kgr t

[
Fe(II)GR

]
(13)

where kgr t was adjusted for temperature according to (Palandri
& Kharaka 2004):

kgr t = 10log(kgrox )−( Ea
2.303×8.314 )×( 1

Tk − 1
298.15 ) (14)

where the rate constant kgrox was equal to 2.07×10–5 mol L–1

sec–1, slightly adjusted from the calibrated value reported by
Jamieson et al. (2018). The activation energy employed in Eq. 14
was 83.9 kJ mol–1 (Hansen & Koch 1998) and Tk is the tempera-
ture (K). The reduction of nitrite in this reaction was assumed to
produce ammonium (Etique et al. 2014). Additionally, the precip-
itation of siderite was included, based on previous experimen-
tal work that suggested that this mineral phase formed after the
addition of Fe(II) to the bicarbonate rich culture medium (Pantke
et al. 2012). The precipitation rate of siderite was modeled using
the reaction rate formulation presented by Sun and Nešic´ (2008),
amended with the temperature dependence term proposed by
Greenberg and Tomson (Greenberg & Tomson 1992).

rsid,ppt = kside
−�Ga

RT Ksp,T, (� − 1) (15)

where ksid is the precipitation rate constant, �Gais the surface
activation energy (73.7 kJ mol–1) and Ksp is the solubility product
that includes the effects of temperature according to the modi-
fied expression proposed by Jiang and Tosca (2020):

log Ksp,T = − 58.6989 − 0.041377T − 2.196
T

+ 24.5724 logT (16)

A full description of the development and previous applica-
tion of the biogeochemical modeling framework is provided in
Jamieson et al. (2018).

The parameterization of the biogeochemical model used in
this study was largely adapted from that used in Jamieson et
al. (2018) for strain BoFeN1, with a few minor exceptions that
were required due (i) to the introduction of new processes and
(ii) variations in the rate expressions to reflect new insights gen-
erated during this study, including the empirical temperature-
dependent growth constant, siderite precipitation, recalibrated

chemodenitrification kinetics to account for temperature effects
and data collected within this study.

The model calibration involved a total of 5 adjustable param-
eters and was performed with the software package PEST++
(Welter et al. 2015). These 5 parameters included (i) rate con-
stants for siderite precipitation, (ii) chemodenitrification, (iii)
nitrite reduction at 5◦C and 13◦C and (iv) the activation energy
for chemodenitrification. Where possible, initial parameter esti-
mates were taken from the previously published model and
adjusted to their equivalent value after including the relevant
Arrhenius terms in the rate expression. The initial estimate for
the chemodenitrification activation energy was the calculated
average derived from all triplicate experiments across all the
investigated temperature ranges. During model calibration this
parameter value could deviate by the calculated standard devi-
ation. The sum of squared residuals between 344 observations
and their associated model simulated results were used as the
objective function during the calibration procedure. Table S1
(Supporting Information) provides a summary of all employed
model parameters and initial conditions for the model simula-
tions.

RESULTS

Abiotic Fe(II) oxidation by nitrite at different
temperatures

As a first step, temperature dependent (fully abiotic) chemoden-
itrification was characterized for our specific microbial growth
medium. We measured Fe(II) oxidation by nitrite over time at
four different temperatures (30, 40, 50 and 60◦C) after addition
of three biologically relevant nitrite concentrations (2, 4 and
8 mM) to pre-filtered medium containing ∼8 mM of dissolved
Fe(II) (Fig. 2). The measured Fe(II) oxidation rates for all abiotic
and biotic experiments are presented in Table S2 (Supporting
Information). Shortly after nitrite addition to the Fe(II)-amended
medium, a green mineral phase formed, most likely the mixed
Fe(II)/(Fe(III) mineral green rust (Fig. S1, Supporting Information)
Fe(II) oxidation was very fast at higher temperatures whereby
the Fe(III) mineral goethite formed as the main reaction product
in all setups, as analyzed by XRD (Fig. S2, Supporting Informa-
tion). The apparent rates of Fe(II) oxidation by NO2

– were ini-
tially evaluated by the integrated rate equation following (Tai &
Dempsey 2009):

kobst = 1[
Fe(II)diss

]
0 − 2

[
NO−

2

]
0

Ln

[
NO−

2

]
0

([
Fe(II)diss

]
0 − x

)
[
Fe(II)diss

]
0

([
NO−

2

]
0 − 0.5x

)(17)

However, the kinetics of the set of experiments performed with
2 mM of nitrite could not be resolved using this equation as
the extent of Fe(II) loss exceeded the stoichiometric amount
that could have been oxidized based on the amount of oxidant
(i.e. nitrite) that was added. The total amount of Fe(II) lost was
between 161% and 195% of the amount of nitrite added, accord-
ing to Reaction 7 (probably due to sorption to or precipitation
at the glass wall (see discussion). Consequently, only Fe(II) data
collected either within 24 hours for experiments conducted at
30◦C or within 6 hours for all other temperatures and nitrite
concentrations were used for the determination of kobs, where
the loss of Fe(II) from processes other than chemodenitrification
are less pronounced. For all considered experiments, at least
four concentration and time data points were included in the
determination of the rate constant. The rates were observed to
be zeroth order and ranged from 54 to 2068 μM h–1 for 2 mM
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Figure 2. Results of chemodenitrification experiments (using pre-filtered medium) at either 2, 4 or 8 mM nitrite concentrations at temperatures of 5, 30, 40, 50 and 60◦C
(panels A to E). Experimental results (symbols) and simulation results (solid line) are presented for total Fe(II) concentrations. Model simulations include the loss of

Fe(II) by precipitation of siderite and sorption. (F) Arrhenius plot of abiotic Fe(II) oxidation rates by nitrite at pH 7. The slope of the regression line yields the activation
energy with Ea = 80 ± 7 kJ/mol. Data for the Arrhenius plot is taken from the linear-least squares fit of Fe(II) observations within the first 24 hrs for each experiment.
Each symbol represents the mean value of an independent experiment with duplicates conducted at different temperatures.

nitrite at 30◦C and 8 mM at 60◦C, respectively, and showed typ-
ical Arrhenius-like behavior with a linear slope for the inves-
tigated temperature range from 30–60◦C, yielding an activation
energy of 80±7 kJ/mol (Fig. 2(F)). The measured chemical reac-
tion between nitrite and Fe(II) is very slow at 5◦C (Fig. 2(A)).

Growth and Fe(II) oxidation by BoFeN1 at 5, 13, 20 and
28◦C

The experiments with BoFeN1 at 5◦C showed that the strain was
still able to grow in response to the addition of 10 mM nitrate
and 5 mM acetate (no Fe(II)), thereby reaching a maximum OD600

value of ∼0.15 at day 9 after an initial lag phase of approximately
4 days (Fig. 3E). In contrast, at the strain’s temperature optimum
of 28◦C, a max. OD600 of 0.2 was reached within ∼2 days. When
BoFeN1 was inoculated with additional 8 mM Fe(II), we observed
only very little Fe(II) oxidation at 5◦C (Fig. 3A). At 28◦C, all Fe(II)
was oxidized to Fe(III) within 5 days. Acetate consumption was
very slow at 5◦C and at the end of the experiment, i.e. after 14
days, 2.6±0.9 mM acetate remained in solution (Fig. 3). At 28◦C,
all available acetate was consumed within 2 days. Low tem-
perature setups containing Fe(II), acetate and nitrate, resulted
in the accumulation of high concentrations of nitrite of up to
3.7±0.1 mM after 14 days, while only 1.1 mM nitrite accumulated
in the cultures growing at 28◦C (Fig. 3).

Comparison of abiotic and biotic Fe(II) oxidation rates
at different temperatures

Enzymatic temperature dependent Fe(II) oxidation experiments
were compared using incubations conducted at the same tem-
peratures as the temperature dependent chemodenitrification
experiments (30, 40, 50 and 60åC after 10 to 15 days of growth
at 5åC). Fig. 4 shows the observed Fe(II) oxidation rates for
enzymatic temperature dependent Fe(II) oxidation experiments,
plotted against the chemodenitrification oxidation rates. At
50◦C and 60◦C the Fe(II) oxidation rates observed for the enzy-
matic Fe(II) oxidation experiments and the organo-nitrite con-
trol experiments were both in the range of the calculated
chemodenitrification Fe(II) oxidation rates, consistent with a
purely abiotic reaction between Fe(II) and nitrite (Fig. 4). At the
upper limit of the strain’s capability to grow (40◦C), the mea-
sured Fe(II) oxidation rates also remained in the range of the
calculated chemodenitrification rates (Fig. 4). At 30◦C, however,
the enzymatic Fe(II) oxidation experiments containing strain
BoFeN1 showed higher Fe(II) oxidation rates compared to the
organo-nitrite controls and chemodenitrification experiments
(Fig. 4). Interestingly, the oxidation rates within organo-nitrite
controls were also marginally higher than the equivalent abiotic
experiments. This could potentially have been due to promotion
of Fe(II) oxidation by the enzyme c-type cytochromes within EPS
(Liu et al. 2019) that would still have been present in solution
after sterile filtration.

However, a complicating factor in the interpretation of the
results obtained for the enzymatic Fe(II) oxidation experiment
performed at 30◦C was that significant residual amounts of
nitrate and acetate remained at the end of the 5◦C incubation
period. This leads to additional nitrite production during the
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Figure 3. Acidovorax strain BoFeN1 cultivated with 5 mM acetate, 10 mM nitrate and ∼8 mM Fe(II) at 5, 13, 20 and 28◦C in pre-filtered medium. Symbols represent the

measured data and solid lines represent the model results. Sterile controls showed no Fe(II) oxidation and no change in acetate or nitrite concentration (not shown).
Error bars respresent mean values of two independent experiments. Absence of error bars indicate error was smaller than symbol size. Optical density (OD600nm)
measurements over time of cultures of Acidovorax strain BoFeN1 cultivated with 10 mM nitrate and 5 mM acetate at 28 or 5◦C. Model results are given as biomass in

107 cells mL–1 (a factor of 10−13 g cell–1 was used to convert from cells mL–1 to mol L–1 using the formula for biomass given a generic formula of C5H7O2N). Dashed
lines represent biomass subject to encrustation whereas the solid line represents uninhibited biomass for reference. Error bars indicate standard deviation of triplates.
Absence of error bars indicate error was smaller than symbol size.

Figure 4. Measured Fe(II) oxidation rates (zero-order kobs, as provided in Table S1, Supporting Information) plotted against the nitrite concentrations evaluated in this

study at different temperatures (using pre-filtered medium). Blue squares are chemodenitrification Fe(II) oxidation rates. Green squares are oxidation rates within the
enzymatic Fe(II) oxidation cultures of Acidovorax strain BoFeN1, initially cultivated with 10 mM nitrate, 5 mM acetate and ∼ 8 mM Fe(II) for 10–15 days at 5åC before heat
treatment at 30, 40, 50 or 60åC. Red squares are organo-nitrite controls that were sterile filtered. Every symbol represents an independent experiment with triplicates

and error bars are the standard deviation.
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experiment conducted at 30◦C due to continued biological den-
itrification (Fig. 3). This was not the case for the experiments at
higher temperatures as the strain BoFeN1 is not active at tem-
peratures above 40◦C.

To minimize the impact of continuous heterotrophic denitri-
fication on the results, we starved the cells by cultivating BoFeN1
without iron at low temperatures (13◦C) until all acetate was
consumed. Subsequently, we added nitrate (10 mM) to induce
consumption of cell-stored carbon. As BoFeN1 does not accu-
mulate nitrite in the absence of Fe(II), 2 mM nitrite was added
to the cultures, which then provided BoFeN1 with additional
electron acceptor capacity (Muehe et al. 2009). After addition
of both Fe(II) and 2 mM NO2

–, the bottles were incubated at
30◦C. Once again, we observed a significantly higher Fe(II) oxi-
dation rate (Fig. 6) in the bottles containing starved cells of
strain BoFeN1 (0.46±0.25 mM/h) compared to the organo-nitrite
control bottles that were sterile-filtered (0.24±0.05 mM/h). After
55 hours, almost twice as much total Fe(II) was oxidized in the
bottles containing starved cells (7.2 mM with BoFeN1) compared
to the organo-nitrite controls (4.0 mM in sterile filtered setups). It
should be noted that in these specific bottles the medium could
not be filtered after Fe(II) addition, and we observed mineral
precipitation after Fe(II) addition, which could influence overall
reaction rates.

For all experiments, SEM imaging of BoFeN1 after Fe(II) oxida-
tion showed the formation of encrusted cells with rod-shaped,
globular and ring-shaped minerals, probably an initial formation
of green rust at 40, 50 and 60◦C (Fig. 5C, arrow and Fig. S3, Sup-
porting Information) and some poorly-crystalline-ferrihydrite-
type Fe(III) oxyhydroxides at lower temperatures and a terminal
mineral phase of more needle-like goethite at higher tempera-
tures (Pantke et al. 2012).

DISCUSSION

Temperature dependent chemodenitrification

The kinetics of abiotic Fe+2
diss oxidation by nitrite are gener-

ally well described by the second-order rate expression, Eq. 8
(Tai & Dempsey 2009; Kopf, Henny and Newman 2013). However,
apparent rate constants kobs for second-order kinetics could not
be determined for all temperature dependent chemodenitrifi-
cation experiments (Fig. S4, Supporting Information), given the
higher-than-expected loss of Fe(II). This implied the existence of
either: (i) another unknown oxidant, such as oxygen, which was
regarded as unlikely given the strict anoxic protocols; or (ii) other
sinks of Fe(II), such as Fe(II) mineral precipitation or sorption of
Fe(II) to glass walls (Notini et al., 2019). To prevent inclusion of
data that were affected by processes other than Fe(II) oxidation,
only data collected during the initial stages of the experiment
were included and fitted by a linear-least squares fit to derive
the apparent rate constants, kapp. This is in line with the findings
of Kopf, Henny and Newman (2013), who suggested that when a
strong ligand, such as citrate, was absent from a standard bicar-
bonate basal medium, the reaction between nitrite and Fe(II)
appeared zeroth-order.

The Arrhenius plot of kapp derived from linear-least squares
fits for each temperature yielded a linear relationship. The slope
of the derived curve was used to calculate an activation energy
of 80±7 kJ/mol at pH 7. This is in good agreement with the
activation energy of 72.7–94.6 kJ/mol determined earlier by Van
Cleemput and Baert (Van Cleemput & Baert 1983) for the reac-
tion between nitrite and 10–16 mM Fe(II) at pH 6. In our study, we

observed a typical Arrhenius-like behavior for the abiotic reac-
tion between nitrite and Fe(II) at neutral pH with very slow rates
at 5◦C and high rates at 30◦C–60◦C (Fig. 2). The empirical relation-
ship shows a temperature increase of 10◦C to cause a doubling
of the reaction rate.

The model-simulated results of the temperature dependent
chemodenitrification experiments were generally well repro-
duced across all temperatures and nitrite concentrations (Fig. 2).
The observed Fe(II) oxidation kinetics indicated an initial slight
lag phase before the onset of oxidation. This autocatalytic pro-
cess was documented by (Tai & Dempsey 2009) for Fe(II) oxi-
dation by nitrite in the presence of hydrous ferric oxide and
others who investigated the oxidation rates between homoge-
nous and heterogenous solutions (Jones et al. 2015). Siderite
and vivianite have been known to precipitate within this cul-
ture medium upon the addition of Fe(II) (Hohmann et al. 2010)
Assuming siderite does precipitate within this medium, and that
the rate of siderite oxidation by nitrite in our study was similar
to what was determined for higher siderite concentrations (Rak-
shit, Matocha and Coyne 2008), the rate is significantly below
the much faster reaction of Fe2+

diss oxidation by nitrite (Tai and
Dempsey 2009). For example, using the kobs determined within
each of the studies mentioned above, the apparent oxidation
rates for 1 mM of Fe(II) either as siderite or Fe2+

diss, (in the pres-
ence of hydrous ferric oxides and 0.25 mM nitrite) are 1.38 × 10–4

and 4.33 × 10–3 mM hr–1, respectively. The observed oxidation
rate for Fe2+

diss is about 30 times higher than for siderite. Conse-
quently, the impact of siderite oxidation by nitrite on the overall
total Fe(II) oxidation kinetics can safely be assumed to be negli-
gible compared to Fe2+

diss oxidation.

Influence of temperature on BoFeN1 growth
characteristics and Fe(II) oxidation

The Acidovorax strain BoFeN1 has been shown to grow even at
temperatures as low as 5◦C. It may be assumed that this psy-
chrotrophic capability is a physiological advantage that might
be attributed to the location of its original isolation, Lake
Constance, where water temperatures can fluctuate seasonally
between 4 and 24◦C. Upon cultivation at 5◦C, BoFeN1 experi-
enced robust growth, although distinct differences were appar-
ent compared to cultivations at 28◦C. During incubation with
nitrate, acetate and Fe(II), acetate consumption was slow and
nitrite accumulated to significantly higher concentrations (4 mM
at 5◦C in comparison to 1 mM at 28◦C), in addition to a longer
lag time (Fig. 3). Higher nitrite accumulation at lower temper-
atures is a common phenomenon in denitrifying communities
(Dorland & Beauchamp 1991; Gomez, Gonzalez-Lopez and De La
Rua 2009). It has previously been suggested that this could be
caused by an unbalanced nitrate/nitrite reduction due to a differ-
ing temperature sensitivity of the enzymatic denitrification step
(Betlach & Tiedje 1981; Saleh-Lakha et al. 2009). While cultivat-
ing BoFeN1 at 5◦C in the presence of Fe(II), we observed negligi-
ble Fe(II) oxidation over the entire experimental period, although
the strain was able to reduce nitrate and consume acetate. The
limited oxidation of Fe(II) at 5◦C may have several explanations.
For example, Fe(II) oxidation may have largely resulted from the
abiotic oxidation of the accumulated nitrite, which, as men-
tioned earlier, is extremely slow at 5◦C. A stepwise utilization
of acetate, and subsequent Fe(II) oxidation, as described by Kap-
pler, Schink and Newman (2005) could have led to a significantly
delayed start of Fe(II) oxidation, which was never reached in
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Figure 6. Total Fe(II) concentration in enzymatic temperature dependent Fe(II) oxidation experiments over time for Acidovorax strain BoFeN1. Initially cultivated in

Fe(II)-containing, pre-filtered medium with 10 mM nitrate and 5 mM acetate. Symbols represent the measured data and solid lines represent the model results. To
illustrate the contribution of different oxidation processes over time the enzymatic Fe(II) oxidation rate, the Fe(II) oxidation rate within the organo-nitrite control
experiments (i.e. chemodenitrification) and the overall Fe(II) oxidation rate are provided. For experiments at 40, 50 and 60◦C the biological Fe(II) oxidation rate is zero
as the strain is not metabolically active. The 30◦C starved experimental setup depicts the addition of Fe(II) after growth of BoFeN1 for 10–14 days at 13åC with nitrate

plus acetate (medium was not pre-filtered). Every symbol represents an independent experiment with triplicates and error bars are the standard deviation.

Figure 5. SEM images of encrusted cells of Acidovorax strain BoFeN1 after incubation for 1–5 days at 60◦C (A), 50◦C (B), 40◦C (C) and 30◦C (D) with accumulated nitrite
present after 10–14 days incubation at 5◦C with 10 mM nitrate, 5 mM acetate and ∼8 mM Fe(II). Arrow points to a hexogonal mineral ring. Scale bars are 1 μm.

our experiments. BoFeN1 might only be able to couple Fe(II) oxi-
dation to nitrate reduction above a specific threshold tempera-
ture. Below this threshold, decreased efficiencies and affinities
of transport proteins might limit active Fe(II) uptake (Panoff et
al. 1998; Nedwell 1999; Beales 2004). If active Fe(II) transport into

the periplasm is needed, changes in temperature could lead to a
reduced availability and oxidation. Finally, it is also possible that
the involved enzyme, probably a c-type cytochrome, is not or sig-
nificantly less active at lower temperatures. Shi et al., purified
the cytochromes OmcA and MtrC, which are involved in electron
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transfer during Fe(III) reduction in Shewanella oneidensis MR-1,
and they observed high activity at 25◦C but no activity at 4◦C
(Shi et al. 2006). Still, there are several examples of acidophilic,
microaerophilic Fe(II)-oxidizing strains and also environmental
communities where Fe(II) oxidation is possible over a wide tem-
perature range, without loss of Fe(II) oxidation activity at low
temperatures in both fresh and marine waters (Ferroni, Leduc
and Todd 1986; Ahonen & Tuovinen 1989; Cockell et al. 2011; Voll-
rath et al. 2013).

Comparison of enzymatic Fe(II) oxidation and
chemodenitrification rates

Due to numerous competing processes removing total Fe(II)
from solution, a meaningful comparison of oxidation rates
between temperature dependent: enzymatic Fe(II) oxidation,
organo-nitrite controls, and chemodenitrification experiments
(Fig. 1) was not immediately possible from the visual inspection
of the measured data alone. However, the model-based interpre-
tation can quantify the contributions of these interdependent,
competing processes on overall Fe(II) oxidation.

For enzymatic Fe(II) oxidation experiments and organo-
nitrite controls at 40, 50 and 60◦C, where BoFeN1 is inactive,
the kapp observed were similar to the kapp determined for the
chemodenitrification experiments, due to the absent contribu-
tion of biological Fe(II) oxidation and/or production of additional
nitrite (Fig. 4; Table S1, Supporting Information). These results
(Fig. 2) were reproduced in the biogeochemical modeling where
either no or negligible amounts of additional nitrite were pro-
duced and no biological oxidation of Fe(II) occurred as the maxi-
mum temperature where growth can still occur was set at 37◦C,
consistent with previously reported data on the ecophysiology
of strain BoFeN1 (Muehe et al. 2009).

The dynamics of the Fe(II) oxidation rates at temperatures
of 30–60◦C were different between the enzymatic Fe(II) oxida-
tion and organo-nitrite control experiments (Fig. 6). Firstly, no
lag phase was observed for the enzymatic Fe(II) oxidation exper-
iments at any of the investigated temperatures, in contrast to
what was observed in the chemodenitrification and organo-
nitrite control experiments. This lag phase is most noticeable
in the chemodenitrification experiments conducted at 5◦C tem-
perature, where little oxidation was observed at any of the
three nitrite concentrations used for the first 10 days (Fig. 2).
Conversely, in the enzymatic Fe(II) oxidation experiments the
observed oxidation was almost immediate after the addition of
Fe(II) and nitrite before slowing down as the reactant concen-
trations diminished. This result is counterintuitive as it would
be expected for the experiment at 30◦C, for example, that after a
temperature change of 25◦C (incubation performed at 5◦C), com-
bined with a possible Fe(II) toxicity effect (Bird, Coleman and
Newman 2013), the bacteria would require at least a brief adap-
tation period prior to generating a high metabolic activity.

At 30◦C we observed higher Fe(II) oxidation rates for the enzy-
matic Fe(II) oxidation experiments versus the organo-nitrite
controls and chemodenitrification experiments. This tempera-
ture is close to the optimum temperature for biological growth
for strain BoFeN1 and therefore any processes dependent on bio-
logical activity are enhanced. Fig. 6 shows a strong contribution
of biological oxidation to the overall Fe(II) oxidation rate (at 30◦C)
before all nitrate is consumed. Modeling estimated the overall
contribution of chemodenitrification at 30◦C to be 26%, signif-
icantly less than what was calculated for the higher tempera-
tures 40◦, 50◦ and 60◦C which were all greater than 94%. The

Figure 7. Rates of chemodenitrification and direct biological oxidation across a

temperature range of 0 to 45◦C and assuming 50 μM of NO2
–, 200 μM of NO3

– and
1 mM of Fe(II) is present in a 1 mM HCO3

– solution (ionic strength = 0.01 M) with
an initial biomass concentration of ∼1.5×106 cells mL–1 (a factor of 10−13 g cell–1

was used to convert from cells mL–1 to mol L–1 using the formula for biomass
given a generic formula of C5H7O2N).

contribution of chemodenitrification at 30◦C was similar to the
35% quantified by Jamieson et al. (2018). Across the more envi-
ronmentally relevant temperature range of 5–30◦C where strain
BoFeN1 is known to be active, simulated results for the contribu-
tion of chemodenitrification to overall Fe(II) oxidation remained
reasonably consistent between 19% and 29%. This demonstrates
biological oxidation of Fe(II) consistently contributes to overall
Fe(II) oxidation up until the temperature reaches the upper limit
of bacterial growth.

Using the biogeochemical model, the oxidation rates of
chemodenitrification and enzymatic Fe(II) oxidation were evalu-
ated across the temperature range from 5–45◦C, assuming 50 μM
of NO2

– and 200 μM of NO3
–, 1 mM of Fe(II) as an electron donor

and a biomass concentration of ∼1.5×106 cells mL–1. Fig. 7 shows
that under these conditions the enzymatic Fe(II) oxidation rate
is significantly greater than the chemodenitrification rate across
0–30◦C, and is the primary process responsible for Fe(II) oxida-
tion across this temperature range. Collecting more experimen-
tal data on Fe(II) oxidation rates within batch cultures or within
a continuous-flow setup, using environmentally relevant con-
centrations of Fe(II) and NO3

– (e.g. micromolar concentrations)
as well as several other strains would be useful to better deter-
mine the contribution of abiotic and biotic Fe(II) oxidation in the
natural environment. Further, performing these experiments at
temperatures within either ends of the spectrum where bacte-
rial growth is still possible would also provide insight into how
the contribution from each of these processes can change across
seasons within soil and sedimentary environments.

Starving the cells of acetate and internal stored carbon
yielded similar results, with higher observed Fe(II) oxidation
rates measured in enzymatic Fe(II) oxidation cultures compared
to organo-nitrite controls (Fig. 6). These observations were again
generally matched by the model simulations. We assume that
there are combined effects of a) direct enzymatic/biological Fe(II)
oxidation, which is assumed to begin immediately as no acetate
is present to act as a primary electron donor (Fig. 6), and B) the
subsequent additional Fe(II) oxidation, that occurs due to pro-
duction of nitrite from the former reaction. Additional electron
donating capacity may have been provided by organic matter
released from dying cells, although the extent of cannibalistic
behavior is not known for this specific strain. Using alternative
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options to inactivate the cells without cell lysis, e.g. with bio-
cides, was not feasible because of the high reactivity of nitrite
towards these chemicals.

Mineral formation

During both the abiotic and biotic incubations, we observed
an initial formation of green rust, as well as some poorly
crystalline-ferrihydrite-type Fe(III) oxyhydroxides, and a termi-
nal mineral phase of goethite (Pantke et al. 2012). This observa-
tion is consistent with earlier studies (Hansen, Borggaard and
Sorensen 1994; Kampschreur et al. 2011), that similarly observed
an initial green rust formation during Fe(II) oxidation by nitrite,
followed by a transformation to goethite. A striking feature was
the observed hexagonal structure of the minerals while forming
at higher temperatures, especially at 60◦C. While this is the typ-
ical crystal structure of green rust (McGill, McEnaney and Smith
1976), it was maintained during and after the transformation to
goethite (Fig. 5). Mineral encrustation of BoFeN1 cells was previ-
ously described to appear in the common needle- or globular-
like structure (Pantke et al. 2012), (Miot et al. 2011). This was
also visible in our experiments at all temperatures, with more
needle-like goethite at higher temperatures and more globular
goethite at lower temperatures (Fig. 5), indicating that encrusta-
tion may be abiotically driven by Fe(II) sorption to the cells and
subsequent oxidation by nitrite (Coby & Picardal 2005; Klueglein
& Kappler 2013).

CONCLUSIONS

Our experimental data and the corresponding process-based
model simulations demonstrate that the reaction between
nitrite and Fe(II) significantly contributes to overall Fe(II) oxi-
dation at circumneutral pH, with the contribution increasing
as the temperature increases due to the typical Arrhenius-
type behavior of this abiotic oxidation reaction. At tempera-
tures above 40◦C this Fe(II)-oxidizing strain is no longer metabol-
ically active and chemodenitrification becomes the sole pro-
cess responsible for overall Fe(II) oxidation. Acidovorax strain
BoFeN1 oxidizes Fe(II) very slowly at low temperatures, although
some growth is possible. However, increased Fe(II) oxidation
rates observed at 30◦C, when cells but no acetate were present,
indicate direct enzymatic Fe(II) oxidation by the bacteria was
occurring. Consequently, if we assume similar Fe(II) oxidation
pathways for strains or enrichments capable of chemolithoau-
totrophic growth, then these bacteria retain their growth advan-
tage for using Fe(II) as an electron donor across typical envi-
ronmental temperature ranges. This strengthens the growing
amount of evidence demonstrating the potential importance of
these bacteria in overall Fe cycling.

Future experiments with a completely different Fe(II)-
oxidizer might help to understand general (and not only
strain-specific) temperature effects. Assuming direct enzymatic
nitrate-dependent Fe(II) oxidation is possible, the cells must
compete with the abiotic oxidation of Fe(II) by nitrite, similar to
the competition between microaerophilic Fe(II)-oxidizing bacte-
ria with the abiotic oxidation of Fe(II) by oxygen. Strategies for
how different bacteria could deal with this competition between
biotic and abiotic Fe(II) oxidation in the environment have yet to
be determined.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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