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ABSTRACT Autotrophic nitrate-reducing Fe(II)-oxidizing (NRFeOx) microorganisms fix
CO2 and oxidize Fe(II) coupled to denitrification, influencing carbon, iron, and nitrogen
cycles in pH-neutral, anoxic environments. However, the distribution of electrons from
Fe(II) oxidation to either biomass production (CO2 fixation) or energy generation (nitrate
reduction) in autotrophic NRFeOx microorganisms has not been quantified. We therefore
cultivated the autotrophic NRFeOx culture KS at different initial Fe/N ratios, followed
geochemical parameters, identified minerals, analyzed N isotopes, and applied numerical
modeling. We found that at all initial Fe/N ratios, the ratios of Fe(II)oxidized to nitratereduced
were slightly higher (5.11 to 5.94 at Fe/N ratios of 10:1 and 10:0.5) or lower (4.27 to 4.59
at Fe/N ratios of 10:4, 10:2, 5:2, and 5:1) than the theoretical ratio for 100% Fe(II) oxida-
tion being coupled to nitrate reduction (5:1). The main N denitrification product was
N2O (71.88 to 96.29% at Fe/15N ratios of 10:4 and 5:1; 43.13 to 66.26% at an Fe/15N ratio
of 10:1), implying that denitrification during NRFeOx was incomplete in culture KS.
Based on the reaction model, on average 12% of electrons from Fe(II) oxidation were
used for CO2 fixation while 88% of electrons were used for reduction of NO3

2 to N2O at
Fe/N ratios of 10:4, 10:2, 5:2, and 5:1. With 10 mM Fe(II) (and 4, 2, 1, or 0.5 mM nitrate),
most cells were closely associated with and partially encrusted by the Fe(III) (oxyhydr)ox-
ide minerals, whereas at 5 mM Fe(II), most cells were free of cell surface mineral precipi-
tates. The genus Gallionella (.80%) dominated culture KS regardless of the initial Fe/N
ratios. Our results showed that Fe/N ratios play a key role in regulating N2O emissions,
for distributing electrons between nitrate reduction and CO2 fixation, and for the degree
of cell-mineral interactions in the autotrophic NRFeOx culture KS.

IMPORTANCE Autotrophic NRFeOx microorganisms that oxidize Fe(II), reduce nitrate,
and produce biomass play a key role in carbon, iron, and nitrogen cycles in pH-neutral,
anoxic environments. Electrons from Fe(II) oxidation are used for the reduction of both
carbon dioxide and nitrate. However, the question is how many electrons go into bio-
mass production versus energy generation during autotrophic growth. Here, we demon-
strated that in the autotrophic NRFeOx culture KS cultivated at Fe/N ratios of 10:4, 10:2,
5:2, and 5:1, ca. 12% of electrons went into biomass formation, while 88% of electrons
were used for reduction of NO3

2 to N2O. Isotope analysis also showed that denitrifica-
tion during NRFeOx was incomplete in culture KS and the main N denitrification product
was N2O. Therefore, most electrons stemming from Fe(II) oxidation seemed to be used

Editor John R. Spear, Colorado School of Mines

Copyright © 2023 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Andreas Kappler,
andreas.kappler@uni-tuebingen.de.

The authors declare no conflict of interest.

Received 7 February 2023
Accepted 11 February 2023
Published 6 March 2023

March 2023 Volume 89 Issue 3 10.1128/aem.00196-23 1

GEOMICROBIOLOGY

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
28

 N
ov

em
be

r 
20

23
 b

y 
13

4.
2.

10
8.

10
2.

https://orcid.org/0000-0003-1271-7028
https://orcid.org/0000-0002-3558-9500
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/aem.00196-23
https://crossmark.crossref.org/dialog/?doi=10.1128/aem.00196-23&domain=pdf&date_stamp=2023-3-6


for N2O formation in culture KS. This is environmentally important for the greenhouse
gas budget.

KEYWORDS nitrate reduction, Fe(II) oxidation, culture KS, Fe/N ratio, electron balance,
geomicrobiology, iron biogeochemistry

Microbially mediated nitrate-reducing Fe(II) oxidation (NRFO) was first described by
Straub et al. (1) more than 2 decades ago. In pH-neutral and anoxic environments, ni-

trate-reducing Fe(II)-oxidizing (NRFeOx) microorganisms are able to oxidize Fe(II) coupled
to complete or incomplete denitrification. Thus, they play vital roles in Fe-N interactions,
iron redox transformation, nitrate removal, and the formation of the greenhouse gas N2O
(2–5). Evidence suggests that these microorganisms are ubiquitous in nature, having been
found in various types of environments, such as ditches and brackish water lagoons (1),
freshwater lakes (6, 7), marine coastal sediment (8), groundwater (9), submarine hydrother-
mal systems (10), wetlands (11), sludges (12), and paddy field soils (13). NRFeOx microor-
ganisms can be classified into three different types according to the interaction between
nitrate-reducing bacteria and Fe(II) oxidation (3). The first class, autotrophic NRFeOx, use Fe
(II) as the electron donor for CO2 fixation (biomass production) and nitrate reduction
(energy generation) without amendment of organic carbon, such as enrichment culture KS
(named after the scientist that isolated it, Kristina Straub) (1, 14). The second class, mixotro-
phic NRFeOx microbes such as Acidovorax sp. strain BoFeN1 (15, 16), require an organic
substrate (e.g., acetate or lactate) in addition to Fe(II) as a cosubstrate. The third class, heter-
otrophic denitrifying bacteria (chemodenitrifiers) catalyze Fe(II) oxidation as a result of the
abiotic reaction of Fe(II) with reactive N intermediates (e.g., NO2

2 and NO), by-products of
heterotrophic denitrification. An example of the heterotrophic class is the hypersaline
enrichment culture FeN-CKL (17). The proposed reaction mechanism of NRFO is shown in
equation 1.

10Fe21 1 2NO3
2 1 24H2O ! 10Fe OHð Þ3 1 N2 1 18H1 (1)

According to the reaction above, a theoretical stoichiometric ferrous iron-to-nitro-
gen (Fe/N) ratio of 5:1 is required for the complete reduction of NO3

2 to N2 gas (1). For
autotrophic NRFeOx, the theoretical stoichiometric Fe/N mass ratio should be even
greater than 5, if the electrons needed for CO2 fixation are also considered (8). For
autotrophic NRFO, it has been proposed that electrons stemming from Fe(II) oxidation
go through the electron transfer chain for energy generation and are ultimately
accepted by carbon dioxide and nitrate (18, 19). However, the question of which frac-
tion of electrons stemming from Fe(II) oxidation go either into biomass production
(CO2 fixation) or energy generation (nitrate reduction) during autotrophic growth
remains, which is of great importance for the understanding the microbial physiology
of this metabolic type of microorganisms.

Denitrification consists of several reduction reactions in which NO3
2 is sequentially

transformed to NO2
2, NO, N2O, and finally N2 gas (20, 21). While the final (desired) product,

N2, is an inert gas, local conditions and microbial functional potential can lead to the accu-
mulation of undesirable reactive intermediates during denitrification. Incomplete denitrifi-
cation can pose an added threat to the natural environment, degrading cells themselves,
and human health (22). For example, NO2

2 can cause methemoglobinemia and respiratory
infections in humans (23); the accumulation of NO2

2 and NO has a toxic effect on cells
(24–27), while the accumulation of N2O yields potent greenhouse gas release into the
atmosphere (28, 29). Several studies reported the accumulation of reactive intermediates
during NRFO, in particular NO2

2 and N2O (30–33). For instance, one previous study demon-
strated that 41% of NO3

2 was reduced to N2O as the final denitrification product by the
autotrophic NRFeOx enrichment culture AG (Altingen Groundwater) (9). In the presence of
other microorganisms, the accumulated intermediate N compounds can be further
reduced, yielding complete denitrification in the presence of sufficient electron donors and
microbial functional potential. Moreover, reductive intermediate (e.g., NO2

2 and N2O)
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accumulation during NRFO was suggested to be related to Fe/N ratios (34, 35). Nitrous ox-
ide emissions were promoted at high Fe/N ratios (4:1 to 10:1) by the mixotrophic NRFeOx
bacterium Paracoccus denitrificans (22). The latter suggests that the Fe/N ratios may play a
critical role in regulating N2 and N2O emissions and nitrate removal during NRFO and their
subsequent undesirable environmental impacts (12). However, the metabolic performance
and community dynamics at different initial Fe/N ratios as well as the denitrification prod-
ucts of autotrophic NRFeOx (for instance, for the enrichment culture KS) remain unclear. A
better understanding of the functional potential of known NRFeOx bacteria that reduce ni-
trate in the environment is required to better predict the secondary risks associated with
reactive intermediate accumulation (22).

Culture KS is a robust chemolithoautotrophic nitrate-reducing Fe(II)-oxidizing enrich-
ment culture that stems from samples collected from a ditch in Bremen, Germany, in the
mid-1990s (1). It has been cultivated autotrophically and continuously over more than 2
decades in two different laboratories at the University of Tuebingen, Germany (culture KS-
Tueb), and the University of Wisconsin—Madison, USA (culture KS-Mad) (18, 36). Under
autotrophic conditions, these cultures perform Fe(II) oxidation coupled to nitrate reduction
immediately after inoculation and slows down after 3 days (36). It was reported that culture
KS was capable of nearly complete oxidation of uncomplexed Fe(II) with the reduction of
nitrate to N2 (1). The dominant strain in culture KS is the designated Fe(II) oxidizer belong-
ing to the family Gallionellaceae, with a flanking community including several heterotro-
phic organisms (e.g., Bradyrhizobium, Rhodanobacter, Nocardioides, and Thiobacillus) (14, 18,
19). Furthermore, the detailed composition, in particular of the heterotrophic flanking com-
munities, is dependent on the laboratory in which the culture KS was cultivated, as the
two are slightly different (KS-Tueb versus KS-Mad) (18). The relative sequence abundance
of Gallionellaceae in culture KS differs from 96% in culture KS-Tueb to 42% in culture KS-
Mad, apparently as a result of different inoculum concentrations (1% in KS-Tueb, as was
used in the present study, versus 10% in KS-Mad) (3). Over time, culture KS has sustained a
stable microbial consortium and appeared reproducible, with only slight fluctuations in the
microbial consortium composition among the different transfers under autotrophic growth
conditions (19). Based on the above-mentioned traits, the enrichment culture KS offers a
robust model microbial consortium to study autotrophic nitrate reduction coupled to Fe(II)
oxidation in an (aquatic) environment (19, 36).

In this study, we investigated the metabolic performance and electron partitioning
of the autotrophic NRFeOx culture KS, cultivated at different initial molar Fe/N ratios
(10:4, 10:2, 10:1, 5:2, 5:1, and 10:0.5). By coupling monitoring of geochemical species,
cell growth, mineral identity, cell-mineral associations, reaction modeling, and nitrogen
isotope fractionation, we aimed to quantify the degree of denitrification (in)complete-
ness, shed light on the autotrophic reaction and cell growth processes, and quantify
the electron balance between CO2 fixation (biomass production) and nitrate reduction
(energy generation). Our study provides a quantitative interpretation of the relative
distribution of electrons to biomass production versus energy generation in the auto-
trophic NRFeOx culture KS grown at different initial Fe/N ratios.

RESULTS
Kinetics of nitrate-reducing Fe(II) oxidation by the autotrophic culture KS at

different initial Fe/N ratios. The measured and simulated temporal evolution of Fe(II)
oxidation and nitrate reduction in the autotrophic culture KS at different initial Fe/N
ratios is shown in Fig. 1 and in Fig. S1 in the supplemental material. In all biotic treat-
ments, the oxidation of Fe(II) coupled to nitrate reduction was evident after 24 h of
incubation and slowed down to stop at or shortly after 96 h. Even though both Fe(II)
and NO3

2 were still present after 96 h, we did not observe any further denitrification.
The latter was captured by our model by considering a nonbioavailable fraction of Fe
(II) (37). Our reaction model was able to accurately capture the extent of Fe(II) oxida-
tion, nitrate reduction, and biomass production for the simulated Fe/N ratios (10:4,
10:2, 5:2, and 5:1). In addition, our model captured the measured accumulation of N2O,
with a slight systematic overestimation for the 10:4 and 10:2 ratios. At the end of the
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FIG 1 Simulation (lines) and experimental data (symbols) showing Fe(II), nitrate, N2O gas, TOC, and biomass concentrations for the
autotrophic NRFeOx culture KS cultivated at four initial Fe/N ratios (10:4 [A], 10:2 [B], 5:2 [C], and 5:1 [D]). Error bars represent standard
deviations of the means (n = 3).
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incubation, the maximum amount of N2O produced was observed at Fe/N ratios of
10:4 and 10:2, respectively, while a lower production of N2O was detected at Fe/N
ratios of 10:1, 5:2, and 5:1. For comparison, the N2O production at a Fe/N ratio of 10:0.5
was about 0.6 times that observed at Fe/N ratios of 10:1, 5:2, and 5:1 (Fig. S2). No N2O
was detected in all abiotic controls. Despite minor discrepancies, we were able to cali-
brate a single set of parameters to describe all experimental scenarios (Table S1).

The extent of electron acceptor and donor consumption, however, varied depend-
ing on the initial Fe/N ratios (Table 1). Averages of 9.94 mM and 10.37 mM Fe(II) were
oxidized and 2.24 mM and 2.26 mM nitrate were reduced within 168 h at Fe/N ratios of
10:4 and 10:2, respectively. At an Fe/N ratio of 10:1, culture KS consumed on average
5.63 mM Fe(II) and 1.11 mM nitrate. When cultured at Fe/N ratios of 5:2 and 5:1 culture
KS consumed an average of 4.49 mM and 4.61 mM Fe(II) and reduced 1.03 mM and
1.08 mM nitrate, respectively. Culture KS cultivated at a Fe/N ratio of 10:0.5 consumed
on average 3.21 mM Fe(II) and 0.54 mM nitrate. No further reduction of nitrate was
observed once Fe(II) oxidation stopped and vice versa (Fig. S1). At all initial Fe/N ratios,
the experimental ratios of oxidized Fe(II) to reduced nitrate were slightly higher (at
Fe/N ratios of 10:1 and 10:0.5) or lower (at Fe/N ratios of 10:4, 10:2, 5:2, and 5:1) than
the theoretical stoichiometry for 100% Fe(II) oxidation being coupled to nitrate reduc-
tion (5:1) (Table 1). Ferrous iron was not oxidized and nitrate was not reduced in the
presence of heat-inactivated cells (30 min at 80°C) in abiotic controls (Fig. S1). Furthermore,
we did not measure accumulation of NO2

2 and/or NH4
1 during any of the incubations

(Fig. S3). In the biotic treatments and abiotic controls at different initial Fe/N ratios, no
obvious changes in total Fe [Fe(tot)] concentrations were observed during the experi-
ments (Fig. S3A and D).

Concurrent with electron donor and acceptor consumption, cell density and total
organic carbon (TOC) concentrations increased in all reactors, although no organic car-
bon was amended in any setup. The accumulation of TOC was offset in time, relative
to the increase in cell density (Fig. 1), which motivated the formulation of separate cell
division (affecting cell numbers) and biomass synthesis (affecting organic carbon) reac-
tion rates in our model. (Note that the temporal offset between the increase in cells

TABLE 1 Concentrations of Fe(II) oxidized, nitrate reduced (at 168 h), and average experimental ratios at six different initial Fe/N ratios

Initial Fe/N ratio Sample ID

Concn (mM) of:
Stoichiometry of
Fe(II)oxidized/nitratereduced Avg exptl ratio Theoretical ratioaFe(II) oxidized Nitrate reduced

10:4 KS1 9.70 2.10 4.61 4.446 0.35 5:1
KS2 10.68 2.29 4.67
KS3 9.43 2.34 4.03

10:2 KS4 10.70 2.36 4.52 4.596 0.06 5:1
KS5 10.38 2.25 4.62
KS6 10.03 2.17 4.62

10:1 KS7 5.11 1.16 4.42 5.116 0.61 5:1
KS8 5.85 1.05 5.57
KS9 5.94 1.11 5.35

5:2 KS10 4.72 1.04 4.55 4.376 0.16 5:1
KS11 4.36 1.02 4.29
KS12 4.40 1.03 4.26

5:1 KS13 4.27 1.00 4.28 4.276 0.06 5:1
KS14 4.71 1.12 4.20
KS15 4.85 1.12 4.32

10:0.5 KS16 2.84 0.53 5.39 5.946 0.78 5:1
KS17 3.07 0.55 5.60
KS18 3.70 0.54 6.84

aComplete denitrification.
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and that of TOC varied between experiments and was particularly evident for the 10:4
and 5:2 ratios, ranging on the order of 10 to 20 h.) In all cases, maximum (measured)
cell densities—1.62 � 107, 1.79 � 107, 9.67 � 106, 6.51 � 106, 6.86 � 106, and
4.00 � 106 cells/mL at Fe/N ratios of 10:4, 10:2, 10:1, 5:2, 5:1, and 10:0.5, respectively
(Fig. S4A and C)—coincided with the drop in Fe(II) concentrations to the nonbioavail-
able amount and dropped in the absence of denitrification. The delayed TOC concen-
tration increase, relative to increasing cell counts, yielded average accumulations of
4.79, 4.38, 3.26, 1.85, 2.51, and 1.96 mg/L for Fe/N ratios of 10:4, 10:2, 10:1, 5:2, 5:1, and
10:0.5, respectively (Fig. S4B and D). No changes in cell numbers and TOC contents
were observed in the abiotic controls (Fig. S4).

Morphology and identity of minerals formed by the NRFeOx culture KS culti-
vated at different Fe/N ratios. At the end of the incubation, the color of the precipi-
tates present in the incubation bottles was brownish or yellowish in the microbially
active setups at Fe/N ratios of 10:4, 10:2, 10:1, and 10:0.5, while a greenish color was
observed in culture KS cultivated at Fe/N ratios of 5:2 and 5:1 (Fig. S5). In abiotic con-
trols, the color of the precipitates remained whitish-gray, which was the same as that
observed in the original medium after the addition of ferrous iron [likely due to Fe(II)
phosphate or Fe(II) carbonate precipitation].

As a consequence of Fe(II) oxidation, secondary minerals were formed in culture KS.
However, the Fe/N ratios influenced the interactions and associations of cells with the
newly formed Fe(III) minerals. Scanning electron microscopy (SEM) images showed
that most cells were closely associated with and partially encrusted by the Fe(III) pre-
cipitates at Fe/N ratios of 10:4, 10:2, 10:1, and 10:0.5, whereas fewer cells were associ-
ated with and encrusted by Fe(III) minerals at Fe/N ratios of 5:2 and 5:1 (Fig. 2).
Furthermore, structural fibrils, possibly an extracellular polymeric substance (EPS), were
potentially excreted by the cells when cultivated at Fe/N ratios of 5:2 and 5:1, and
these fibrils were closely associated with minerals formed during Fe(II) oxidation (Fig.
S6). X-ray diffraction (XRD) patterns showed that the dominant Fe(III) precipitates pro-
duced by the autotrophic NRFeOx culture KS were poorly crystalline at all Fe/N ratios
(Fig. S7). The energy dispersive X-ray analysis (EDX) spectra collected from the surfaces
of the biogenic iron oxidation products mainly revealed the presence of C, O, Fe, Na,
Al, Si, P, and K (Fig. S8). The high proportion of Si and O is caused by the background
of the glass slides used to fix the samples for analysis, while Na and K are likely residues
from the culture medium.

Community composition of the autotrophic NRFeOx culture KS cultivated at
different initial Fe/N ratios. Six separate clone libraries were established from KS cul-
tures grown at the different initial Fe/N ratios (Fig. S9). Three different operational taxo-
nomic units (OTUs; 97% 16S rRNA gene similarity cutoff) were distinguished in the clone
libraries. All clone libraries were dominated by OTU 1 (Gallionella sp., 96.17 to 97.79% simi-
larity), which accounts for more than 80% relative 16S rRNA gene sequence abundance at
all Fe/N ratios. OTU 1 also showed 96.25% and 96.08% similarity to the iron-oxidizing bac-
teria Ferriphaselus sp. and Sideroxydans sp., respectively. In addition to the designated Fe(II)
oxidizer Gallionella sp., less abundant heterotrophic organisms, such as Rhodanobacter
denitrificans (OTU 2) at Fe/N 10:2 and 10:0.5, Bradyrhizobium liaoningense (OTU 3) at Fe/N
5:1 were also detected (Fig. S9). OTU 2 and OTU 3 were 95.36 to 99.49% and 99.45% similar
to Rhodanobacter denitrificans and Bradyrhizobium liaoningense, respectively.

Quantification of N2O and N2 using N isotope-labeled nitrate. In our setups
amended with 15NO3

2, on average, 9.83, 5.24, and 5.44 mM Fe(II) were oxidized and
2.10, 1.11 and 1.09 mM 15NO3

2 were reduced at Fe/15N ratios of 10:4, 5:1, and 10:1 (Fig.
S10), yielding ratios of Fe(II)oxidized to nitratereduced of 4.37 to 4.97 (Table S2). At the end
of the incubation, the amount of 15N2O produced was consistent with unlabeled
groups (Fig. 3). Geochemical analyses and 15N isotope results showed that the main
denitrification product was 15N2O at the end of the experiment, which accounted for
72.55 to 95.83%, 71.88 to 96.29%, and 43.13 to 66.26% of the reduced NO3

2 at Fe/15N
ratios of 10:4, 5:1, and 10:1, respectively (Fig. S11). No nitrate reduction to 15N2 was reli-
ably detected in culture KS at these three initial Fe/15N ratios (Fig. 3). The values of the
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unlabeled NO3
2 controls (at hours 0, 72, and 168) showed good agreement with the

corresponding biotic and labeled samples (Fig. 3). No 15N2O or 15N2 production was
detected in any of the abiotic controls (at hours 0, 72, and 168).

DISCUSSION
Initial Fe(II)/NO3

2 ratios impact the physiology of autotrophic NRFeOx culture
KS. The absolute concentration of Fe(II) and/or the initial ratio of electron donor [Fe(II)]
versus electron acceptor (nitrate) (initial Fe/N ratio) are expected to regulate the meta-
bolic performance of the nitrate-reducing Fe(II) oxidation process by the autotrophic
culture KS. Our results showed that indeed, the values of oxidized Fe(II), reduced ni-
trate, and cell growth varied in culture KS cultivated at six different initial Fe/N ratios
(Fig. 1 and Fig. S1). The experimental ratios of oxidized Fe(II) to reduced nitrate in all
treatments were slightly higher (average, 5.11 to 5.94 at Fe/N ratios of 10:1 and 10:0.5)
or lower (average, 4.27 to 4.59 at Fe/N ratios of 10:4, 10:2, 5:2, and 5:1) than the theo-
retical stoichiometry for 100% Fe(II) oxidation being coupled to nitrate reduction (5:1),
but the ratio was still close to this 5:1 ratio (Table 1). In a previous study, similar ratios
of oxidized Fe(II) to reduced nitrate were reported in culture KS, where the authors
measured ratios of 4.25 to 4.8 when 10 mM Fe(II) and 4 mM nitrate were added initially
(19, 36). In fact, the theoretical stoichiometry should be greater than 5 in autotrophic
NRFeOx microorganisms, because the electrons stemming from Fe(II) oxidation are, in
addition to nitrate reduction, also used for biomass production (CO2 fixation) (8, 14).

FIG 2 Scanning electron micrographs of cells in the autotrophic NRFeOx culture KS cultivated at
different initial Fe/N ratios after 96 h of cultivation. Arrows indicate cells; boxes indicate structural
fibrils which were potentially excreted by the cells.
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However, the experimental ratios of oxidized Fe(II) to reduced nitrate in other autotro-
phic NRFeOx microorganisms were actually lower than 5, such as in culture BP (ratio of
3.4) (38), culture AG (ratio of 3.57) (9), and a marine sediment microcosm (ratio of 3.57
to 4.55) (8). We suggest two possible explanations for these observations. First, incom-
plete reduction of nitrate to intermediate N compounds such as NO or N2O could lead
to a decreased value for the ratio of Fe(II)oxidized to nitratereduced. Second, traces of or-
ganic carbon were present as a background contaminant in Milli-Q water used for
preparation of cultivation medium. On one hand, this carbon may serve as electron do-
nor [in addition to the Fe(II)] to reduce nitrate by heterotrophs, and this in turn will
lower the ratio of oxidized Fe(II) to reduced nitrate. On the other hand, traces of or-
ganic carbon can be used as a carbon source to produce additional cells. A previous
study from our lab calculated that 1 mg/L of dissolved organic carbon in Milli-Q water
could in theory lead to the production of ca. 2.5 � 106 cells/mL (19). Therefore, it has
to be considered that a fraction of the cells may not be produced via CO2 fixation but
may instead arise by using the traces of organic carbon from the water.

Despite both Fe(II) (e.g., ca. 5.6 mM at an Fe/N ratio of 10:1) and NO3
2 (e.g., ca.

2.2 mM at an Fe/N ratio of 10:4) being still present after 96 h, we did not observe any
further Fe(II) oxidation and denitrification in culture KS. This observation was captured
by our model and can be ascribed to a nonbioavailable fraction of Fe(II), i.e., Fe(II)
phases that cannot be oxidized physiologically or thermodynamically by culture KS. It
was suggested previously (37) that limited solubility of Fe(II) minerals could result in
limited access of the cells to these minerals, preventing oxidation of the solid Fe(II).

We did not detect any quantifiable accumulation of nitrite during NRFO in our KS-
inoculated batch experiments (Fig. S3B and E). This suggests that the second denitrifi-
cation step is nonlimiting and that nitrite is quickly (relative to N2O production) further
reduced either by the cells or by an abiotic reaction of the nitrite with Fe(II). The trans-
fer of NO2

2 and NO between the cells in culture KS would explain why nitrite is

FIG 3 Time course changes of 15N2O (A to C) and 15N2 (D to F) concentration in the gas phase by the autotrophic
NRFeOx culture KS at three initial Fe/15N ratios. C, control; NA, natural abundance.
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efficiently reduced and does not accumulate (18). Furthermore, the absence of
detected nitrite suggests the absence of a significant extent of abiotic Fe(II) oxidation
by nitrite under autotrophic conditions (39). Alternatively, the competition for nitrite
(and other N species) among the various strains could promote more efficient denitrifi-
cation without nitrite accumulation and thus prevent abiotic Fe(II) oxidation (39). We
have therefore omitted abiotic Fe(II) oxidation as a process contributing to nitrogen
species reduction in our reaction model.

Influence of initial Fe(II) concentrations on Fe(III) minerals formed and cell-min-
eral interactions. At the end of our Fe(II) oxidation incubations, we observed visual
differences between the colors of the mineral precipitates as a function of their initial
Fe(II) concentration. Experiments at 10 mM were characterized by orange-brown pre-
cipitates, whereas those at 5 mM showed the formation of light green-brown minerals
(Fig. S5). We hypothesize that the differences are driven by the initial proportions of
vivianite, siderite, and dissolved Fe21 in the freshwater mineral medium. During the
preparation of the medium, the addition of Fe(II) led to the formation of a white-gray
Fe(II)-rich precipitate, i.e., a mixture of poorly crystalline vivianite and siderite, stem-
ming from the added Fe(II) and the phosphate (4.4 mM) and bicarbonate (22 mM),
respectively, present in the mineral medium (15). Due to the presence of only low lev-
els of dissolved phosphate after Fe(II) addition and the resulting Fe(II) mineral precipi-
tation (less than 100 mM dissolved phosphate was measured in the 0.22-mm-filtered
supernatant [Biao Wan, personal communication]) in all treatments, we hypothesize
that almost all initial phosphate in the medium reacted with the added Fe(II) and
formed vivianite (confirmed by MINEQL geochemical calculations [data not shown]).
Therefore, in the 10 mM Fe(II) setups, approximately 4.3 mM vivianite plus a mixture of
5.7 mM dissolved Fe21 and additional siderite existed in the medium, while in the
5 mM Fe(II) setups, the medium contained about 4.3 mM vivianite plus a mixture of
0.7 mM dissolved Fe21 and additional siderite. At the end of Fe(II) oxidation, the initial
whitish-gray precipitates became progressively brown-yellowish or greenish due to
the oxidation of different proportions of Fe(II)-containing minerals in the medium, and
the extent of the brown-yellowish color was further dependent on the concentrations
of the remaining dissolved Fe21 (Fig. S5). That means that the largest portion of the
poorly crystalline Fe(II)-phosphate (i.e., vivianite) that was present initially was progres-
sively oxidized to poorly crystalline Fe(III) phosphate and Fe(III) oxyhydroxides; the rest
probably remained as (a small amount of) poorly crystalline Fe(II) phosphate (40).

When comparing the different setups with different concentrations of Fe(II) and ni-
trate, we found that the Fe/N ratios played a minor role in influencing the identity of
microbially formed iron(III) minerals. Poorly crystalline minerals were the main Fe(III)
phases produced by culture KS cultivated at all six initial Fe/N ratios (Fig. S7). The mor-
phology of the spheroidal biogenic iron oxidation products was similar to that of ferri-
hydrite (41), as supported by the SEM-EDX results (Fig. S8). In contrast to our results,
Cheng et al. (22) found that Fe/N ratios can play a critical role in Fe(III) mineral forma-
tion. In their pure-culture experiments with the mixotrophic NRFeOx bacterium
Paracoccus denitrificans, they found that easily reducible oxyhydroxides (e.g., ferrihy-
drite) were the main Fe(III) minerals produced during NRFeOx at Fe/N ratios of 1:1 to
2:1, whereas goethite and ferrihydrite were both formed at Fe/N ratios of 3:1 to 10:1
(22). This difference could be due to the specific microbial strain in the experiments,
that is, the enrichment culture KS versus a pure culture, nutrition modes (e.g., autotro-
phic versus mixotrophic), and/or the growth conditions (e.g., differences in pH, temper-
ature, and presence of cell-derived organic matter) during NRFeOx (2, 42). Another
possible reason for the presence of goethite in the mixotrophic culture could be the
occurrence of abiotic Fe(II) oxidation induced by NO2

2 (the reactive intermediate prod-
uct of nitrate reduction) during NRFeOx (6, 39, 43), which has been shown to produce
goethite (32), whereas for KS, the absence of nitrite accumulation suggests that chemi-
cal Fe(II) oxidation by nitrite plays a negligible role in this culture.

In addition to the effects on Fe mineralogy, we were interested in whether the Fe(II)
concentrations also influenced the interactions and associations between cells and the
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newly formed Fe(III) minerals in culture KS. We found that the cells were closely associ-
ated with and partially encrusted by biogenic Fe(III) minerals at 10 mM Fe(II), whereas
most cells were able to avoid encrustation and/or association with minerals at 5 mM
Fe(II) (Fig. 2). The dependence of cell encrustation on Fe(II) concentrations and the lack
thereof at lower Fe(II) concentrations were observed previously for the mixotrophic
NRFeOx Acidovorax sp. strain 2AN (44). Most mixotrophic and some autotrophic
NRFeOx bacteria face encrustation by Fe(III) minerals (2, 15, 17, 45), which may hinder
the diffusion of nutrients and metabolites to the cells and waste products away from
cells (41, 46).

Several possible mechanisms have been suggested as strategies used by cells to avoid
encrustation, such as cell surface charge modification (41), excretion of Fe(III)-complexing
ligands (47), and maintaining a slightly acidic microenvironment around Fe(II)-oxidizing cells
(48). For the cells present in culture KS cultivated with 10 mM Fe(II), a certain fraction of
them could not avoid the encrustation (and/or association with minerals). In contrast, we
observed structural fibrils (mostly like EPS) closely associated with the Fe(III) minerals formed
in culture KS cultivated with 5 mM Fe(II) (Fig. S6), which is consistent with a previous study
(39). It has been suggested that EPS is produced as a stress reaction to protect the cells from
encrustation (49). Thus, excretion of EPS could be a strategy for preventing encrustation and
directing mineral formation away from the cells (50–53). Our data suggest that the extent of
cell-mineral associations depends on Fe(II) concentrations in the autotrophic NRFeOx culture
KS, and thus, the cells may develop different mechanisms to avoid cell encrustation.

Abundance of the genus Gallionella. The variations in initial Fe/N ratios had little
effect on the community composition of the autotrophic NRFeOx enrichment culture KS.
Our clone library analysis revealed that the genus Gallionella (family Gallionellaceae) was
the dominating microorganism in culture KS at all initial Fe/N ratios tested here (Fig. S9).
This suggests that the observed dominance of the family Gallionellaceae is a consequence
of its chemolithoautotrophic lifestyle; that is, Gallionella can utilize dissolved inorganic car-
bon to build biomass (54), while the heterotrophic flanking community members depend
on existing organic carbon in the growth medium. The experiments outlined here were
not amended with organic carbon; thus, any organic carbon would have been a by-prod-
uct of activity by members of the Gallionellaceae. Therefore, our experimental setup hin-
dered the activity and kept the abundance of strains that require organic carbon low.

Incomplete denitrification and formation of N2O in culture KS. Our KS cultivation
experiments with 15N-nitrate revealed that the denitrification process in the autotro-
phic NRFeOx culture KS is not complete at Fe(II)/nitrate ratios of 10:4, 5:1, and 10:1,
even when the electron donor, i.e., Fe(II), is present in excess compared to the electron
acceptor (i.e., nitrate). The main product of denitrification in culture KS was N2O, while
an almost negligible amount of N2 was detected at the end of incubation (Fig. 3), dem-
onstrating incomplete nitrate reduction. We attributed this incompleteness to a lack of
genes coding for nitric oxide and nitrous oxide reductase in the family Gallionellaceae
(the main contributor in culture KS), which are needed to reduce NO further to N2 (18).
While the flanking community strains theoretically can further reduce the N2O to N2,
the lack of organic carbon (which was not amended and the only source was the or-
ganic carbon provided by the CO2-fixing Gallionellaceae) probably explains why N2O
and not N2 was the main end product. However, in the first study mentioning KS, this
culture was reported to conduct complete denitrification and produce N2 as the final
product (1). This is likely because the heterotrophic flanking community (e.g.,
Bradyrhizobium sp., and Rhodanobacter sp.) in culture KS possesses all the reductases
necessary for complete denitrification. The 1996 culture (and the current KS-Mad cul-
ture) likely contained a higher abundance of heterotrophic strains than the culture in
the current study. Future research should aim to determine whether N2O or N2 is the
final product of denitrification in culture KS-Mad.

Given the environmental importance of N2O for the greenhouse gas budget, it is
important to know how the Fe/N ratio controls the denitrification products (particularly
N2O emissions) during NRFO. Our geochemical analyses and 15N isotope results
showed that initial Fe(II) and nitrate values (i.e., the combination of both, the ratio, and
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the absolute concentrations) play a key role in regulating N2O emissions (Fig. S2; Fig.
3). First, the maximum amount of N2O was produced at Fe/N ratios of 10:4 and 10:2,
while it generally showed a decreasing tendency at higher Fe/N ratios of 10:1 to 10:0.5
(Fig. S2). This suggests that the critical ratio (5:1) of donor to acceptor [Fe(II) to nitrate]
played a key role in controlling the amount of N2O production. Second, the N2O pro-
duction at Fe/N ratios 10:4 and 10:2 was twice as high as at Fe/N ratios of 5:2 and 5:1,
suggesting that the absolute concentrations had an influence on the concentrations of
the denitrification products as well.

It must also be noted that 4.17 to 27.45%, 3.71 to 28.12%, and 33.74 to 56.87% of the
added 15NO3

2 were removed (not present as 15N-nitrate anymore at the end) but not
recovered as 15N2O or 15N2 during autotrophic nitrate-reducing Fe(II) oxidation at Fe/15N
ratios of 10:4, 5:1, and 10:1, respectively (Fig. S11). Several processes could explain the fate
of the missing nitrate: e.g., (i) nitrate may have been stored inside microbial cells or maybe
also used as the N source for assimilation; (ii) nitrate could have been converted to NH4

1

(dissimilatory nitrate reduction to ammonium [DNRA]), or (iii) nitrate could have been
incompletely reduced to intermediate products such as NO. However, a rough calculation
(see the supplemental material) showed that it is unlikely that a substantial amount of ni-
trate was removed by intracellular storage (55–57). Second, quantification of dissolved
NH4

1 showed that its overall concentration did not increase during the incubation (Fig.
S3C and F), eliminating the possibility of DNRA taking place in culture KS. Finally, we saw
that NO accumulated only at very low nanomolar levels (data not shown) in culture KS.
Therefore, except for small analytical deviations during nitrate quantification in the micro-
bial experiments, we cannot currently fully explain the reasons for the missing nitrate.
Nevertheless, and most importantly, our findings indicated that denitrification during ni-
trate-reducing Fe(II) oxidation was incomplete in culture KS and the main N denitrification
product was N2O at the end of the experiment.

Electron balance. Rather than simulating a single growth rate for KS, we formu-
lated separate cell division and biomass synthesis (driven by uptake of dissolved inor-
ganic carbon [DIC]) rates in our reaction model (see Materials and Methods), guided by
the observation that cell counts consistently increased before the measured increase
in TOC. The latter suggests that culture KS cells multiply (divide) during nitrate reduc-
tion coupled to Fe(II) oxidation and that only thereafter do the newly produced daugh-
ter cells consume DIC [also coupled to Fe(II) oxidation] to produce more biomass. Our
formulation accurately captured the increasing cell numbers during the incubations as
well as the timing of the production of TOC. Considering both processes separately
allowed us to track the allocation of electrons [that could stem only from Fe(II) in our
setup] for both processes throughout the experiment. The cumulative proportion of
electron uptake by either division or carbon assimilation and the electron consumption
rate are presented as a function of time in Fig. 4. Our model clearly shows the effect of
elevated Fe(II) concentrations on electron uptake. Both cell division and growth are
delayed in the 10 mM Fe(II) incubations, relative to the timing in the 5 mM Fe(II) incuba-
tions, highlighting the effect of Fe(II) inhibition on the denitrification processes. Moreover,
this model predicts that the partitioning of electrons between the energetic reaction and
biomass buildup is consistent irrespective of the starting Fe(II) concentration and the Fe/N
ratio. On average, our model, based on the concentration-time series measured, predicts
that ca. 88% and 12% of the electrons are allocated to nitrate reduction and carbon assimi-
lation, respectively. While our results are most likely relevant for environments with limited
dissolved organic carbon (DOC), they are consistent with previously reported observations
of 15% of electrons used for carbon fixation in autotrophic NRFeOx cultures (8) and 10% to
20% in other chemolithoautotrophs (58–61).

Conclusions and outlook. Our study provides a quantitative interpretation of the rela-
tive distribution of electrons to either biomass production or energy generation in the auto-
trophic NRFeOx culture KS, in which, on average, 12% of electrons went into biomass for-
mation, while 88% of electrons were used for reduction of NO3

2 to N2O. Based on this, it
would be interesting to see whether the ratio of 12% versus 88% of electrons distributed to
biomass formation and energy generation also holds true for the KS culture (KS-Mad) from
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Eric Roden’s lab (which has a different community composition and in particular a different
content of the flanking community, which is able to reduce N2O to N2) and what these
ratios look like for the other existing autotrophic cultures in general. Additionally, in the
environment, at least small amounts of DOC are around in addition to Fe(II) and DIC.
Further experiments are necessary to identify whether in such a case nitrate-reducing Fe(II)-
oxidizing systems such as culture KS use more electrons from Fe(II) oxidation toward energy
generation and/or use the DOC for biomass generation. Finally, it is also important to know
whether the variation of the Fe(II) sources [with different redox potential of the electrons
from the different Fe(II) compounds] would change the ratio of electron distribution in the
autotrophic NRFeOx cultures; e.g., if electrons can be used to produce more energy
because of a more favorable redox potential, then theoretically, fewer electrons [less
Fe(II)] are needed for energy generation and more biomass can be produced.

MATERIALS ANDMETHODS
Source of microorganisms and microbial growth medium. Culture KS (culture KS-Tueb, referred to

here as culture KS) is a chemolithoautotrophic, nitrate-reducing Fe(II)-oxidizing enrichment culture that was
originally isolated from a ditch in Bremen, Germany, and has been cultivated in our laboratory for several
years. Before the experiments, culture KS was cultivated in an anoxic bicarbonate-buffered (22 mM) fresh-
water mineral medium modified from the work of Ehrenreich and Widdel (62). The freshwater mineral me-
dium (pH 6.8 to 7.0), containing 0.6 g/L KH2PO4, 0.3 g/L NH4Cl, 0.5 g/L MgSO4�7H2O, and 0.1 g/L CaCl2�2H2O,
was autoclaved and cooled. Filter-sterilized non-chelated trace element mixture SL10 (1 mL/L), 7-vitamin solu-
tion (1 mL/L), and selenite-tungstate solution (1 mL/L) were added (63). Serum bottles (100 mL) were filled
anoxically with 50 mL of the above-mentioned medium. The bottles were sealed with butyl rubber stoppers
and crimped with aluminum caps, and the headspace was flushed with N2-CO2 (90:10 [vol/vol]) gas. For rou-
tine cultivation of culture KS, 10 mM FeCl2, 4 mM NaNO3 and 1% (vol/vol) inoculum were added to the fresh-
water mineral medium under autotrophic conditions and incubated in the dark at 28°C. After Fe(II) addition,
a whitish-gray precipitate formed in the medium, suggesting the formation of siderite and vivianite due to
the phosphate and bicarbonate present in the medium (15).

Experiment setups and chemical analyses. To investigate the relative contributions of electrons to
CO2 fixation and nitrate reduction as well as the metabolic performance of autotrophic NRFeOx culture KS
grown at different initial Fe/N ratios, 12 batch treatments were conducted as follows (Fig. S12A and B). Six bi-
otic treatments were set up with FeCl2 and NaNO3 concentrations of 10 and 4 mM, 10 and 2 mM, 10 and
1 mM, 5 and 2 mM, 5 and 1 mM, and 10 and 0.5 mM, resulting in initial Fe/N ratios of 10:4, 10:2, 10:1, 5:2, 5:1,
and 10:0.5, respectively. Although the Fe(II):nitrate ratios of 10:4 and 5:2 represented the same ratio of electron
donor to electron acceptor, the absolute concentrations of the substrates were different (in the case of the ra-
tio 10:4, twice as high as at the ratio of 5:2) and, as we observed in the results, had a different influence on
NRFeOx performance (the denitrification products) in our experiments. Therefore, six different initial Fe/N
ratios were chosen for this study. After this step, the bottles were inoculated with 1% (vol/vol) (0.5 mL of each
bottle, ca. 3.5 � 105 cells/mL initially in the freshly inoculated bottle) of a 120-h old preculture grown at 28°C
on 10 mM FeCl2 and 4 mM NaNO3. Simultaneously, six sterile setups (killed cells) with the same Fe/N ratios
were used as abiotic treatments. Killed cells were obtained by heating in a water bath at 80°C for 30 min. All
trials were conducted in triplicate, and samples were incubated at 28°C in the dark.

FIG 4 Cumulative relative proportion of electron uptake during all Fe/N (10:4, 10:2, 5:2, and 5:1) incubations, for
electrons used in cell division (Div) (that is, the reduction of NO3

2 to N2O) and electrons used in growth (Grw).
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At 0, 24, 48, 72, 96, 120, 144 and 168 h, samples (0.7 mL) were taken from the serum bottles in an anoxic
glove box (100% N2) using a syringe with a needle through the butyl-rubber stopper. Thereafter, the samples
were used to quantify the concentrations of Fe(II), Fe(tot), NO3

2, NO2
2, and N2O, as well as cell numbers (Fig.

S12C). For N2O quantification, 0.3 mL headspace gas of each serum bottle was sampled using a Hamilton sy-
ringe and transferred into 22-mL vials previously flushed with helium. The N2O concentration was measured
by a gas chromatograph with a pulsed discharge detector (PDD). The back PDD used was a Molsieb5a 30-m
by 0.53-mm-inner-diameter (ID) instrument, and the front PDD was a TG BondQ1 30-m by 0.25-mm-ID
instrument. For quantification of Fe(II) and Fe(tot) concentrations, we used the revised ferrozine protocol for
nitrite-containing samples as described earlier (43, 64). The purple ferrozine-Fe(II) complex was quantified at
562 nm using a microtiter plate reader (FlashScan 550; Analytik Jena, Germany). All ferrozine measurements
were done in triplicate. For NO3

2 and NO2
2 measurements, samples were centrifuged at 13,400 � g for

5 min to remove cells and minerals and were diluted with anoxic Milli-Q water before analysis (Fig. S12C).
The concentrations of NO3

2, NO2
2, and NH4

1 were quantified by using a flow injection analysis (FIA) system
(3-QuAAtro; Bran1Lübbe, Norderstedt, Germany). The system was equipped with a dialysis membrane for Fe
removal to prevent side reactions during analysis. A 0.3-mL sample suspension was used for cell counts. Prior
to cell counts, a mineral dissolution step was conducted (38). Then, cells were stained with BacLight Green
stain (Thermo Fisher Scientific), and cell numbers were determined in triplicate with an Attune NxT flow cy-
tometer (Thermo Fisher Scientific) with the instrument setup adapted from the procedure described previ-
ously (38). For quantification of TOC contents, 12 batch treatments were prepared in parallel as described
above (Fig. S12C). At each sampling point, samples (1.5 mL) were taken from the serum bottle under sterile
conditions and were diluted with medium if necessary. Prior to analysis, the sample was acidified with 50 mL
of 2 M HCl and flushed with O2 to remove inorganic and purgeable organic carbon. Each TOC sample was
measured in triplicate as the nonpurgeable organic carbon. The nonpurgeable organic carbon in 100 mL of
sample was analyzed by combustion at 750°C and detection by nondispersive infrared absorption selective
for CO2 (Multi N/C analyzer 2100S; Analytik Jena GmbH).

DNA extraction, PCR amplification, and clone library construction. Genomic DNA from the
enrichment culture KS cultivated at six Fe/N ratios (ca. 120 h old, stationary phase) was extracted with a
DNeasy UltraClean microbial kit (Qiagen, Germany) according to the manufacturer’s instructions. The
16S rRNA gene of the extracted DNA was amplified with the general primers 341f (59-CCTACGGGAGGC
AGCAG-39) and 907r (59-CCGTCAATTCCTTTRAGTTT-39) (65). PCR amplification was performed in a 25-mL
reaction mixture containing 1 mL of DNA template (1 to 20 ng/mL), 5 mL of 5� Go Taq reaction buffer,
1 mL of MgCl2 (Promega), 0.5 mL of deoxynucleoside triphosphate (dNTP) mix (New England Biolabs),
0.5 mL of each primer, 0.125 mL Go Taq polymerase (Promega), and 16.375 mL of double-distilled water.
Conditions for the PCR program were as follows: initial denaturation at 95°C for 5 min; 25 cycles of dena-
turation at 95°C for 30 s, annealing at 45°C for 30 s, and extension at 72°C for 90 s; and the final elonga-
tion step at 72°C for 8 min 30 s. The triplicate PCR products were purified with the Wizard SV gel and
PCR clean-up system (Promega, USA). The quality and quantity of cleaned PCR products were checked
with an Agilent 2100 bioanalyzer system (Agilent, USA). To obtain a detailed identification of microbial
community members of culture KS cultivated at different initial Fe/N ratios, small clone libraries contain-
ing 16S rRNA fragments were constructed. The resulting purified PCR products were ligated into the
pDrive vector system (Qiagen, Germany). Then the ligation products were transformed into Escherichia
coli DH5a competent cells, and the transformed cells were spread on LB (with ampicillin, isopropyl-b-D-
thiogalactopyranoside [IPTG], and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside [X-Gal]) agar plates
for blue-white screening. The white colonies of each constructed gene library were randomly selected,
PCR screened, and sent for sequencing of the 16S rRNA gene insert to GATC Biotech (Constance,
Germany). Forward and reverse reads were assembled and trimmed using the BioEdit program (DNAStar
software). The sequences after trimming (;550 bp) were aligned and analyzed with the reference
sequences in the NCBI GenBank database and with type strains of validly named species retrieved from
EzBioCloud (http://www.ezbiocloud.net/).

XRD, SEM, and EDX. Suspended mineral precipitates (approximately 20 mL) of enrichment culture
KS cultivated at different initial Fe/N ratios were withdrawn with sterile syringes and were centrifuged at
13,400 � g for 10 min in an anoxic glove box (100% N2). The supernatant was discarded, and the precipi-
tates were dried anoxically for several days in the glove box. The minerals in the precipitates were ana-
lyzed with an X-ray diffractometer (Bruker D8 Discover with general area detector diffraction system
(GADDS), XRD2 method) using Co Ka filtered radiation (l = 0.17903 nm) at parameters of 30 kV and
30 mA. The precipitate samples were scanned between 10° and 65° 2u using a step size of 0.05°. The
obtained data were analyzed with the software Match! (version 3.6.2.121) to identify the mineral phases.

SEM was used to visualize the cell-mineral interactions during nitrate-reducing Fe(II) oxidation by enrich-
ment culture KS cultivated at different initial Fe/N ratios. Culture suspension (1 mL per sample) was with-
drawn with a syringe in the glove box (100% N2) after 120 h of cultivation. Outside the glove box, each sam-
ple (900 mL) was fixed with 2.5% glutaraldehyde (100 mL) and left at 4°C overnight. Stepwise dehydration
was performed by an ethanol dilution series (30% ethanol for 5 min, 75% ethanol for 5 min, 95% ethanol for
5 min, and 100% ethanol for 30 min twice) before incubation in hexamethyldisilazane (HMDS; Sigma-Aldrich,
St. Louis, MO, USA) (66). The samples were coated with an ;8-nm Pt layer using a BAL-TEC SCD 500 sputter
coater before imaging. The micrographs of cells and precipitates were collected at the Tübingen Structural
Microscopy Core Facility, University of Tübingen, using a Zeiss Crossbeam 550L FIB-SEM (working distance,
4.0 mm; acceleration voltage, 2.00 kV). For each setup, more than 20 cells were analyzed and a representative
scanning electron micrograph was selected for presentation. The elemental composition of the resulting pre-
cipitates was further examined by an Oxford EDX detector (UltimMax 100) (working distance, 5.0 mm; accel-
eration voltage, 20 kV) and AZtecEnergy Advanced software.
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15N isotope experiments. To analyze the gaseous products of nitrate reduction coupled to Fe(II) ox-
idation during growth of the autotrophic NRFeOx enrichment culture KS, an isotopic tracing experiment
with 15N-labeled NaNO3 was performed. The experimental setup was run using the same medium, sub-
strate, and inoculum volume (1% [vol/vol]), except that the medium was amended with 15N-labeled
NaNO3 and the incubation volume was reduced by half (50 mL to 25 mL) (Fig. S13A). For the isotopic
tracing experiments with 15N-labeled NaNO3, only three batch treatments were conducted, with Fe/15N
ratios of 10:4, 5:1, and 10:1. Additionally, two sets of controls were run. In one set (abiotic control), micro-
bial activity was inhibited by heating in a water bath at 80°C for 30 min. A second control (unlabeled
control) was prepared using unlabeled NaNO3 to reveal the natural abundance (NA) of isotopes. The sac-
rificial sampling method was used in the labeled experiment, and all setups were run in triplicate. At
each sampling point (all the biotic samples at 8 time points, abiotic samples at 3 time points [0, 72, and
168 h], and samples from unlabeled incubations at 3 time points [0 h, 72 h, and 168 h]), the bottles were
sacrificed, and the entire volume of the headspace (25 mL) was withdrawn from each bottle using a
Hamilton gas-tight syringe and injected into a crimped serum vial with a rubber butyl stopper that had
been prefilled with He (Fig. S13B). Hence, all N2O and N2 in the headspace of these vials stemmed from
the experimental bottles, and there was no dilution of N2 from the atmosphere. The samples were fur-
ther analyzed using gas chromatography-mass spectrometry (GC-MS). The kinetic experiments with 15N-
labeled NaNO3 were set up in parallel (Fig. S13C) and were done as described above. Therefore, besides
15N2 and

15N2O, Fe(II), Fe(tot),
15NO3

2, and 15NO2
2 were also analyzed (Fig. S13D).

The detailed procedures of GC-MS analysis, quantification of N2 from denitrification, and quantifica-
tion of N2O from denitrification were performed as reported previously (9). Briefly, quantification of N2

and N2O was performed on an Agilent 7890A GC coupled to an Agilent 5975C quadrupole MS in elec-
tron impact mode. Signals at m/z 28, 29, and 30 (for N2) and m/z 44, 45, and 46 (for N2O) were acquired
in selected ion monitoring (SIM) mode with a dwell time of 100 ms for each signal. All MS parameters
were obtained by standard autotuning using perfluorotributylamine (PFTBA) at m/z 69, 219, and 502. The
calculation of the partial pressure of N2O (in pascals) is shown in the next section. The concentrations of N2

and N2O from denitrification were evaluated following the equations proposed by Jakus and colleagues
(9). Finally, the nitrogen transformed from NaNO3 to both N2 and N2O was calculated as follows:

p Ntrans: to N2ð Þ ¼ 2 � ½30N2�denitrification
NaNO3½ � � 100 (2)

p Ntrans: to N2Oð Þ ¼ 2 � ½N2O�
NaNO3½ � � 100 (3)

where [30N2]denitrification and [N2O] refer to the amount of substance formed by denitrification and [NaNO3]
refers to the initial amount of NaNO3 added to the medium.

Numerical modeling. For quantification of the electron balance between biomass production (CO2 fixa-
tion) and energy generation (nitrate reduction) by autotrophic NRFeOx culture KS cultivated at different initial
Fe/N ratios, we formulated a reaction model to fit the kinetic results collected from our incubation experi-
ments. The denitrification process is a chain of reactions starting with the reduction of nitrate and with the
final product of dinitrogen (NO3

2!NO2
2!NO!N2O!N2). Based on our observations that no NO2

2 accumu-
lated in our batch experiments as a reactive intermediate and that no labeled 15NO3

2 was reduced to N2, we
formulated a denitrification model that considered a single reduction step from nitrate to nitrous oxide
(NO3

2!N2O). We decoupled the energy and growth metabolisms by distinguishing between cell division
and biomass synthesis, the latter referring to the formation of new biomass after the cells had divided.

rdiv ¼ mmax
CNO3

2

CNO3
2 1 KNO3

2

� �
CFe21

CFe21 1 KFe21

� �
KI;Fe21

CFe21 1 KI;Fe21

 !
X (4)

Equation 4 was used to calculate the rate of cell division, rdiv (cells per liter per hour), in which mmax

(per hour) is the maximum specific growth rate constant, CNO3
2 and CFe21 (millimolar units) are the aque-

ous (bioavailable) concentrations of nitrate and ferrous iron, KNO3
2 and KFe21 (millimolar units) are their

respective half-saturation constants, KI;Fe21 (millimolar units) denotes the inhibition concentration of
Fe(II), and X (cells per liter) is the cell density. The third term in brackets in equation 4 is an inhibition
term that captures the well-documented inhibition of microbial growth rates in the presence of high
concentrations of Fe(II) (39). Bioavailable Fe(II) was computed as the difference between the actual avail-
able amount and a threshold concentration (CFe21 ¼ CFe21

tot 2 CFe21
thresh) (37), based on the observation

that Fe(II) was not fully consumed in any of the experiments.
We formulated a rate of biomass synthesis, rupt (millimoles of C per liter per hour), where newly di-

vided daughter cells take up inorganic carbon and reduce it to form organic biomass (their own cell
structure), coupled to the oxidation of Fe(II):

rupt ¼ kuptX
CFe21

CFe21 1 KFe21
upt

 !
(5)

in which kupt (millimoles of C per cell per hour) is the carbon uptake rate constant per cell and KFe21
upt

(millimolar units) denotes the half-saturation constant for Fe(II) oxidation coupled to inorganic carbon
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reduction to biomass. The density of cells changes as a function of cell division and decay (decay rate
coefficient is denoted by kdecay [per hour]), whereas the uptake rate influences the amount of TOC, that
is, organic biomass:

dX
dt

¼ rdiv 2 kdecayX (6)

dTOC
dt

¼ rupt (7)

The division and biomass synthesis reactions yield the following system of governing equations for
concentration and partial pressure changes of chemical species in the aqueous and gaseous phases,
respectively:

dCFe21

dt
¼ 2

rdiv
Y

1 4rupt (8)

dCNO3
2

dt
¼ 2

1
4
rdiv
Y

(9)

dCN2O

dt
¼ 1

8
rdiv
Y

2 l CN2O 2
pN2O

RT
H

� �
(10)

dpN2O

dt
¼ Vw

Vg
l

pN2O

RT
2

CN2O

H

� �
RT 2 fdilksamplepN2O (11)

The rate expressions in equations 8 to 11 are multiplied by their corresponding stoichiometric coeffi-
cients. The yield coefficient, Y, is expressed per unit of electron donor [cells per mole of Fe(II)]. Nitrous
oxides are modeled as a volatile compound that can partition between aqueous and gaseous phases. The
partitioning was achieved via first-order linear driving force mass transfer approximation, where pN2O is the
partial pressure of N2O (pascals), l (per hour) is the first-order exchange coefficient, and H, R (joules per
mole per Kelvin), and T (Kelvin) are the Henry’s law coefficient for N2O, the ideal gas constant, and tempera-
ture, respectively (H = Caq/Cg). The dilution of partial pressure driven by periodic sampling events was
accounted for via a first-order sampling rate, ksample (per hour), scaled by the fraction of gas exchanged at
each sampling event, fdil (67). The system of equations was solved in Matlab using the integrated ode-
solver function ode15s. Parameter estimation was performed by fitting all experiments jointly using the
trust region-reflective algorithm (68), minimizing the sum of squared error between measured data and
model output. For a summary of model parameter values, the reader is referred to the supplemental mate-
rial. Note that the highest Fe/N ratios, 10:1 and 10:0.5 (in particular the data obtained with 0.5 mM nitrate),
were not simulated, because these low-nitrate-concentration processes were not reflected by our model
simulation. As a result, our reaction model for Fe(II) oxidation, nitrate reduction, and biomass production
was successfully simulated at four Fe/N ratios (10:4, 10:2, 5:2, and 5:1).

Data availability. All sequencing data obtained from the clone library have been deposited in the
GenBank database under the accession numbers ON799274 to ON799332.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3.2 MB.
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