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ABSTRACT Most described nitrate-reducing Fe(II)-oxidizing bacteria (NRFeOB) are
mixotrophic and depend on organic cosubstrates for growth. Encrustation of cells in
Fe(III) minerals has been observed for mixotrophic NRFeOB but not for autotrophic
phototrophic and microaerophilic Fe(II) oxidizers. So far, little is known about cell-
mineral associations in the few existing autotrophic NRFeOB. Here, we investigate
whether the designated autotrophic Fe(II)-oxidizing strain (closely related to Gallion-
ella and Sideroxydans) or the heterotrophic nitrate reducers that are present in the
autotrophic nitrate-reducing Fe(II)-oxidizing enrichment culture KS form mineral crusts
during Fe(II) oxidation under autotrophic and mixotrophic conditions. In the mixed
culture, we found no significant encrustation of any of the cells both during au-
totrophic oxidation of 8 to 10 mM Fe(II) coupled to nitrate reduction and during cul-
tivation under mixotrophic conditions with 8 to 10 mM Fe(II), 5 mM acetate, and 4
mM nitrate, where higher numbers of heterotrophic nitrate reducers were present.
Two pure cultures of heterotrophic nitrate reducers (Nocardioides and Rhodanobac-
ter) isolated from culture KS were analyzed under mixotrophic growth conditions.
We found green rust formation, no cell encrustation, and only a few mineral parti-
cles on some cell surfaces with 5 mM Fe(II) and some encrustation with 10 mM
Fe(II). Our findings suggest that enzymatic, autotrophic Fe(II) oxidation coupled to
nitrate reduction forms poorly crystalline Fe(III) oxyhydroxides and proceeds without
cellular encrustation while indirect Fe(II) oxidation via heterotrophic nitrate-reduction-
derived nitrite can lead to green rust as an intermediate mineral and significant cell en-
crustation. The extent of encrustation caused by indirect Fe(II) oxidation by reactive ni-
trogen species depends on Fe(II) concentrations and is probably negligible under
environmental conditions in most habitats.

IMPORTANCE Most described nitrate-reducing Fe(II)-oxidizing bacteria (NRFeOB) are
mixotrophic (their growth depends on organic cosubstrates) and can become en-
crusted in Fe(III) minerals. Encrustation is expected to be harmful and poses a threat
to cells if it also occurs under environmentally relevant conditions. Nitrite produced
during heterotrophic denitrification reacts with Fe(II) abiotically and is probably the
reason for encrustation in mixotrophic NRFeOB. Little is known about cell-mineral as-
sociations in autotrophic NRFeOB such as the enrichment culture KS. Here, we show
that no encrustation occurs in culture KS under autotrophic and mixotrophic condi-
tions while heterotrophic nitrate-reducing isolates from culture KS become en-
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crusted. These findings support the hypothesis that encrustation in mixotrophic cul-
tures is caused by the abiotic reaction of Fe(II) with nitrite and provide evidence
that Fe(II) oxidation in culture KS is enzymatic. Furthermore, we show that the ex-
tent of encrustation caused by indirect Fe(II) oxidation by reactive nitrogen species
depends on Fe(II) concentrations and is probably negligible in most environmental
habitats.

KEYWORDS nitrate-dependent Fe(II) oxidation, cell-mineral aggregates, green rust

Nitrate-reducing Fe(II)-oxidizing bacteria (NRFeOB) have been found in soils, fresh-
water, brackish water, and marine environments (1–9). They link the nitrogen,

carbon, and Fe cycles and potentially play a major role in Fe cycling. The products of
microbial Fe(II) oxidation coupled to nitrate reduction are Fe(III) minerals and dinitro-
gen or intermediates of the denitrification pathway, e.g., NO2

�, NO, and N2O (10–12).
Most described NRFeOB require an organic cosubstrate to allow for their continuous
cultivation and continuous oxidation of Fe(II) to Fe(III) (1, 2, 6, 9–11, 13–20). Therefore,
they are frequently referred to as mixotrophic NRFeOB.

Despite the relatively large number of described mixotrophic NRFeOB, examples of
autotrophic NRFeOB are rare. The enrichment culture KS described by Straub et al. (10)
was the first described NRFeOB culture capable of autotrophic growth by Fe(II) oxida-
tion coupled to nitrate reduction that can be maintained continuously under chemo-
lithoautotrophic conditions. Since then, only a few pure cultures capable of autotrophic
nitrate-reducing Fe(II) oxidation (NRFeO) have been described in the literature (4, 5, 8,
10, 21–28). However, the ability for continuous Fe(II) oxidation and growth under
autotrophic conditions over several generations has not yet been shown for all of these
cultures. In the environment, the existence of autotrophic NRFeOB in marine sediments
has been demonstrated recently (29).

The autotrophic culture KS is dominated by a strain belonging to the family of
Gallionellaceae (closely related to Sideroxydans lithotrophicus ES-1 and Gallionella cap-
siferriformans ES-2). This strain, here referred to as Gallionellaceae sp., was designated
the autotrophic Fe(II) oxidizer in the culture (30). In the culture used in this study, it
accounts for 96% of the total community under autotrophic growth conditions with
Fe(II) and nitrate (31). In another version of culture KS from a different laboratory, which
also has different community members, Gallionellaceae sp. accounts for only 42% of the
total community under autotrophic conditions (31). It has to be taken into account,
however, that this culture has been transferred with a 10% inoculum for years while
ours was transferred with a 1% inoculum, also for years (31). Previous studies found
evidence that the remainder of the community in culture KS consists of strains that are
not capable of autotrophic NRFeO but are heterotrophic nitrate reducers (10, 30).
However, a recent metagenomic study also found genes for CO2 fixation in the genome
of these strains (31). In our autotrophically grown culture, these additional strains are
Rhodanobacter sp. (1%), Bradyrhizobium sp. (1%), Nocardioides sp. (�1%), Polaromonas
sp. (�1%), and Thiobacillus sp. (�1%) (31). Culture KS can also be cultivated under
mixotrophic growth conditions with Fe(II), nitrate, and acetate. In this case, the relative
abundance of the Bradyrhizobium sp. increases to a maximum of 83% while the relative
abundance of Gallionellaceae sp. decreases to ca. 4 to 13% (although the absolute cell
numbers of the Gallionellaceae sp. remain the same under mixotrophic as under
autotrophic growth conditions while the cell numbers of the other heterotrophic
strains increase under mixotrophic conditions [C. Tominski, A. Kappler, and S. Behrens,
unpublished data]).

Under autotrophic conditions, culture KS can oxidize free, dissolved Fe(II), i.e., Fe2�,
almost completely [�90% of 10 mM Fe(II)] and reduces nitrate to N2 (31). In addition,
it can oxidize poorly soluble Fe(II)-bearing minerals (10, 32, 33). So far, all attempts to
obtain a pure culture of the Fe(II)-oxidizing Gallionellaceae sp. strain have failed. Despite
the sequence similarity to Gallionella lithotrophicus ES-1 and Gallionella capsiferrifor-
mans ES-2, microaerophilic Fe(II) oxidation by culture KS could not be demonstrated so
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far (30). Although potential mutual dependencies between the different bacterial
strains in culture KS are not fully understood, recent metagenomics analyses suggest a
dependence of Gallionellaceae sp. on the other bacteria for complete denitrification to
N2 (31).

Similarly to other Fe(II)-oxidizing cultures growing at neutral pH, culture KS faces the
problem that the Fe(III) produced by microbial Fe(II) oxidation is poorly soluble at
neutral pH. Therefore, neutrophilic Fe(II)-oxidizing bacteria are thought to need a
means to dispose their metabolic product to avoid cell encrustation in Fe minerals,
which is expected to be harmful to cells (34). We are interested in determining whether
cells get encrusted or not, in particular because it has been suggested that encrustation
could hinder metabolism, e.g., the uptake of substrates and/or nutrients and the efflux
of metabolites, possibly leading to cell death (35). Furthermore, metabolic inactivity as
a result of encrustation has been reported (3). While autotrophic phototrophic and
autotrophic microaerophilic Fe(II)-oxidizing bacteria can prevent encrustation (36–38),
tight surface coverage of mixotrophic NRFeOB cells is frequently observed in batch
cultures (3, 9, 35, 39). Klueglein et al. (35) observed encrustation of the NRFeOB
Acidovorax sp. strain BoFeN1 and Pseudogulbenkiania sp. strain 2002 cultivated with
Fe(II), nitrate, and acetate. Fe(II) oxidation and encrustation also occurred in cultures of
the two ordinary heterotrophic denitrifying bacterial strains Paracoccus denitrificans
ATCC 19367 and P. denitrificans Pd 1222 under the same growth conditions. Accumu-
lation of up to 1 mM nitrite in all of these cultures is thought to be responsible for
abiotic Fe(II) oxidation that causes cell encrustation. These findings raise the questions
of (i) to what extent Fe(II) oxidation is observed in cultures of mixotrophic NRFeOB due
to enzymatic Fe(II) oxidation, (ii) to what extent it is caused by abiotic Fe(II) oxidation
by reactive nitrogen species, and (iii) whether autotrophic NRFeOB also become
encrusted in Fe(III) minerals. In order to answer these questions, in particular the third
question, the goal of the present study was to determine if any cell encrustation occurs
in the culture KS during autotrophic nitrate-reducing Fe(II) oxidation. The second goal
of the study was to find out whether under mixotrophic growth conditions [with Fe(II),
acetate, and nitrate] any of the heterotrophic nitrate reducers in the culture KS become
encrusted in Fe(III) minerals, e.g., as a consequence of abiotic Fe(II) oxidation by reactive
nitrogen species.

RESULTS
Fe(II) oxidation, nitrate reduction, and acetate consumption. Culture KS was

cultivated under autotrophic and mixotrophic growth conditions. Under autotrophic
conditions (Fig. 1A), culture KS oxidized Fe(II) almost completely (7.1 mM of 8.2 mM, i.e.,
87%) and reduced 1.6 mM of 3.4 mM nitrate (47%) within 4 days. The majority of the
Fe(II) oxidation and nitrate reduction occurred during the exponential growth phase
within the 3rd day of incubation, and only small amounts of Fe(II) were oxidized
afterward. Under mixotrophic growth conditions (Fig. 1B), 7.2 mM of 9.9 mM Fe(II)
(73%) was oxidized within 7 days. At the same time, 2.8 mM nitrate (100%) and 1.7 mM
of 4.5 mM acetate (38%) were consumed. In contrast to autotrophic growth conditions,
under mixotrophic conditions significant Fe(II) and nitrate consumption started later (3
days after inoculation) and proceeded over a longer period of time. The majority of
Fe(II) and nitrate was consumed between 3 and 7 days after inoculation. Cell counts in
combination with fluorescence in situ hybridization analysis (data not shown) revealed
that under autotrophic growth conditions the total cell numbers increased from 1 �

105 cells/ml to 2 � 107 cells/ml with up to 97.5% of the cells represented by the
designated Fe(II)-oxidizing Gallionellaceae sp. at the end of Fe(II) oxidation. In contrast,
under mixotrophic conditions total cell numbers increased from 1 � 105 cells/ml to 1 �

108 cells/ml with only 10% of the cells represented by Gallionellaceae sp. while the
remaining 90% were cells from the heterotrophic community (Bradyrhizobium [83%],
Rhodanobacter, and Nocardioides).

In addition to the mixed culture KS that contained several strains, a Nocardioides
strain and a Rhodanobacter strain, which were both isolated from culture KS, were
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cultivated individually. These two strains did not grow individually under autotrophic
conditions with Fe(II) and nitrate (Tominski et al., unpublished), but they grew and
showed Fe(II) oxidation under mixotrophic growth conditions. Both isolates were
cultivated in mixotrophic setups either with 10 mM Fe(II) or with 5 mM Fe(II) (Table 1).
In addition, these setups contained 5 mM acetate and 4 mM nitrate. We found that after
14 days the Nocardioides sp. culture oxidized 1.8 mM of 5.6 mM (32%) and 4.4 mM of
9.3 mM (47%) Fe(II) and the Rhodanobacter sp. culture oxidized 1.5 mM of 5.3 mM (28%)
and 4.3 mM of 9.6 mM (45%) Fe(II). The Nocardioides strain accumulated up to 2.1 mM
nitrite in the presence of 5 mM Fe(II) and up to 0.6 mM nitrite in the presence of 10 mM

FIG 1 Concentrations of Fe(II), nitrate, and nitrite in culture KS cultivated under autotrophic (A) and
mixotrophic (B) growth conditions. Acetate consumption is shown for mixotrophic conditions (B).

TABLE 1 Nitrate and acetate consumption, oxidation of Fe(II), and nitrite accumulation by
Nocardioides sp. and Rhodanobacter sp. isolated from enrichment culture KS

Initial mixture, species, and day of expt

Concn (mM)

Nitrate Acetate Fe(II) Nitrite

5 mM Fe(II), 5 mM acetate, 4 mM nitrate
Rhodanobacter sp.

Day 0 4.1 4.8 5.3 0
Day 7 1.2 2.4 4.4 0.6
Day 14 0 2.0 3.8 0

Nocardioides sp.
Day 0 4.1 5.1 5.6 0
Day 7 1.0 4.5 4.6 0.2
Day 14 0.3 3.7 3.8 2.1

10 mM Fe(II), 5 mM acetate, 4 mM nitrate
Rhodanobacter sp.

Day 0 3.9 5.6 9.6 0
Day 7 2.3 4.8 8.3 0
Day 14 0.3 2.8 5.3 1.0

Nocardioides sp.
Day 0 4.3 5.8 9.3 0
Day 7 2.9 5.3 7.9 0.6
Day 14 0.5 3.9 4.9 0.7
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Fe(II). The Rhodanobacter strain accumulated up to 0.6 mM nitrite in the presence of 5
mM Fe(II) and up to 1.0 mM nitrite in the presence of 10 mM Fe(II). Surprisingly, nitrite
was still detected at the end of the incubation, although it is expected to react further
with Fe(II), maybe because of a limited protonation of the NO2

�, which then forms
HNO2, which decays to the relevant Fe(II) oxidants NO and NO2 (40). Bradyrhizobium sp.
was also isolated from culture KS but did not grow under mixotrophic or autotrophic
conditions.

Cell-mineral associations. We used confocal laser scanning microscopy (CLSM) in
combination with different extracellular polymeric substance (EPS)- and DNA-staining
fluorescent dyes to determine the associations of cells with minerals and to determine
the presence of EPSs that have been observed in cultures of other Fe(II)-oxidizing
bacteria previously (35, 41). CLSM allows for the investigation of hydrated samples and
avoids changes and artifacts introduced by sample preparation (such as drying) for
electron microscopy, therefore providing a better preservation of cell-mineral associa-
tions. We first analyzed culture KS under autotrophic growth conditions (Fig. 2). The
signal of the DNA-binding dye showed that most cells are closely associated with
mineral particles which are visualized by their reflection of the laser light. The signal of
the lectin conjugate that binds to EPS was colocalized with the reflection signal of the
minerals, suggesting that EPS is associated with the mineral particles formed during
Fe(II) oxidation. The signal of the lectin conjugate was also colocalized with some cells
that were associated with mineral particles. Associations of cells with mineral and EPS
were judged based on individual slices (thickness of the optical section, 1.163 �m) of
the three-dimensional (3D) data sets from which the projections shown in Fig. 2 to 4
were created. We considered cells that had a lateral distance of less than 2 �m from EPS
or minerals to be associated. Based on slice thickness, the distance in z was 1.163 �m
or less. When we analyzed culture KS growing under mixotrophic growth conditions,
we observed a higher number of cells associated with mineral particles (Fig. 2) than
under autotrophic conditions. The fraction of “planktonic” cells that were not associ-
ated with mineral particles (Fig. 5) was also higher under mixotrophic conditions. Many
of these mineral-associated cells had a different morphology than those observed
under autotrophic growth conditions. The association of EPS with minerals appeared to
be similar to that observed under autotrophic growth conditions.

Finally, we analyzed the individual Nocardioides sp. and Rhodanobacter sp. isolated
from culture KS by microscopy under mixotrophic growth conditions. Fluorescence
microscopy images (Fig. 5) present an overview of all cells, both free and mineral
associated, while CLSM images show the association of cells, minerals, and EPS in detail
(Fig. 3 and 4). We first cultivated these two strains individually under the same
mixotrophic growth conditions as culture KS [10 mM Fe(II), 5 mM acetate, 4 mM nitrate].
We found that the majority of cells in both the Nocardioides sp. and Rhodanobacter sp.
cultures were free and not associated with mineral particles (Fig. 5). However, the few
mineral particles that were present had bacteria and also EPS associated with them (Fig.
3 and 4). We also cultivated these two individual pure cultures mixotrophically with
lower Fe(II) concentrations [5 mM Fe(II), 5 mM acetate, 4 mM nitrate] since the high
Fe(II) concentrations used for cultivation of culture KS could potentially have had toxic
and inhibitory effects that decreased in culture KS (which contained all members of the
enrichment) when sufficient Fe(II) was oxidized over time. In the presence of 5 mM
Fe(II), we found more cells for each of the individual Nocardioides sp. and Rhodano-
bacter sp. strains than in the 10 mM setup (Fig. 5), and similarly to the incubations with
10 mM Fe(II), the few mineral particles present had bacteria and EPS associated with
them (Fig. 3 and 4).

Cell encrustation. We used scanning electron microscopy (SEM) to determine
whether cell surfaces were covered with Fe minerals, i.e., whether the cells were
encrusted in Fe(III) minerals. For the enrichment culture KS, we screened ca. 100 cells
under autotrophic conditions and ca. 200 cells under mixotrophic conditions (due to
the higher cell numbers under mixotrophic conditions). For the isolated Nocardioides
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and Rhodanobacter strains, we analyzed ca. 50 cells under mixotrophic conditions for
each isolate and for each Fe(II) concentration [5 mM Fe(II) and 10 mM Fe(II)].

The surfaces of individual cells (ca. 1.4 �m long) observed in culture KS cultivated
under autotrophic growth conditions were smooth and free of mineral particles

FIG 2 CLSM images of enrichment culture KS grown under autotrophic conditions (4 days of incubation)
(A to D) and mixotrophic conditions (7 days of incubation) (E to H). (A and E) DNA was stained with Syto
9 (green). (C and G) EPS was stained with a peanut agglutinin (PNA)-Alexa Fluor 647 conjugate (red). (D
and H) Minerals were visualized by their reflection of the laser (cyan). (B and F) Overlays of the individual
channels. Bars, 10 �m.
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(Fig. 6A, C, and E and 7). A few encrusted cell-shaped structures were found but could
not unambiguously be identified as microbial cells. In culture KS cultivated under
mixotrophic growth conditions, we found cells with different morphology and size in
addition to those observed under autotrophic conditions. This was in accordance with

FIG 3 CLSM images of Nocardioides sp. isolated from enrichment culture KS. Mixotrophic conditions with
5 (A to D) or 10 (E to H) mM Fe(II) (14 days of incubation). (A and E) DNA was stained with Syto 9 (green).
(C and G) EPS was stained with a PNA-Alexa Fluor 647 conjugate (red). (D and H) Minerals were visualized
by their reflection of the laser (cyan). (B and F) Overlays of the individual channels. Bars, 10 �m.
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the increase in cell numbers of heterotrophic nitrate-reducing strains caused by the
presence of the organic substrate (Fig. 6B, D, and F). The surfaces of these cells were
also not covered with Fe mineral particles. The surfaces of some bacteria under these
mixotrophic conditions appeared rougher than the smooth surfaces of other cells in the
same culture, but we observed the same morphology when we cultivated culture KS

FIG 4 CLSM images of Rhodanobacter sp. isolated from enrichment culture KS. Mixotrophic conditions
with 5 (A to D) or 10 (E to H) mM Fe(II) (14 days of incubation). (A and E) DNA was stained with Syto 9
(green). (C and G) EPS was stained with a PNA-Alexa Fluor 647 conjugate (red). (D and H) Minerals were
visualized by their reflection of the laser (cyan). (B and F) Overlays of the individual channels. Bars, 10 �m.
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under purely heterotrophic conditions (5 mM acetate and 4 mM nitrate [see Fig. S1 in
the supplemental material]). We also confirmed the absence of Fe mineral particles on
the cell surfaces under autotrophic and mixotrophic conditions using backscattered
electron (BSE) imaging on the scanning electron microscope (SEM) (Fig. S2). We further
analyzed the cell surfaces in pure cultures of the Nocardioides sp. and Rhodanobacter
sp., which were isolated from culture KS and cultivated under mixotrophic growth
conditions in setups with 5 and 10 mM Fe(II) (Fig. 8). At a 5 mM Fe(II) concentration, we
found some mineral particles on most cells of the Nocardioides sp. (Fig. 8A to D) and on
some cells of the Rhodanobacter sp. (Fig. 8G to J). At 10 mM Fe(II), we found that cells
of both strains (Nocardioides and Rhodanobacter) were covered with some mineral

FIG 5 Fluorescence microscopy overview images showing distribution of “planktonic” and mineral-associated cells. DNA was stained with
Syto 9 (green). (A and B) Culture KS under autotrophic (4 days of incubation) (A) and mixotrophic (7 days of incubation) (B) conditions.
(C and D) Nocardioides sp. under mixotrophic conditions (14 days of incubation) with 5 (C) and 10 (D) mM Fe(II). (E and F) Rhodanobacter
sp. under mixotrophic conditions (14 days of incubation) with 5 (E) and 10 (F) mM Fe(II). Bars, 10 �m.
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particles and we also frequently observed more heavily encrusted cells (50 to 60% [Fig.
8E, F, K, and L]). We confirmed the presence of Fe mineral particles on cell surfaces of
the Nocardioides sp. and Rhodanobacter sp. using BSE imaging on the SEM (Fig. S2).

Mineralogy. We used Mossbauer spectroscopy to identify the Fe minerals formed
in culture KS under autotrophic and mixotrophic growth conditions (Fig. 9A and C) and
also in pure cultures of Nocardioides sp. and Rhodanobacter sp. isolated from culture KS
cultivated under mixotrophic growth conditions (Fig. 9B and D). Since we used unfil-
tered medium to be able to compare our results to previous studies of culture KS, we
observed precipitation of the Fe(II) phosphate mineral vivianite upon addition of Fe(II)
to the growth medium in all cases [stemming from the added Fe(II) and phosphate
present in the growth medium] (Fig. 9). Since the vivianite formed during preparation
of the medium before the cells are added and therefore was present in all experiments,
i.e., in the KS cultures as well as in the experiments with the individual cultures, we do
not expect this to influence the results. Since there was less Fe(II) oxidation in the
Rhodanobacter and Nocardioides cultures, the spectra show a higher relative amount of

FIG 6 SEM images of culture KS grown under autotrophic conditions (4 days of incubation) (A, C, and E) and mixotrophic conditions (7
days of incubation) (B, D, and F). White arrows indicate cells. Bars, 10 �m.
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vivianite than that in culture KS. Furthermore, we identified a short-range ordered Fe(III)
mineral phase which was most likely ferrihydrite in culture KS under both autotrophic
and mixotrophic growth conditions at the end of Fe(II) oxidation in addition to vivianite
(Fig. 9, left). In the pure cultures of the Nocardioides sp. and Rhodanobacter sp. strains,
green rust was formed under mixotrophic growth conditions when ca. 4.4 mM and 4.3
mM amounts of the initially present 9.3 and 9.6 mM concentrations were oxidized to
Fe(III), respectively (Fig. 9B and D).

DISCUSSION
EPS production and cell-mineral associations. We found EPS closely associated

with the Fe minerals formed in all analyzed cultures. Similar observations were made for
the autotrophic phototrophic Fe(II) oxidizers Rhodovulum iodosum (41) and Rhodobac-
ter ferrooxidans SW2 (42) and for the mixotrophic nitrate-reducing Fe(II)-oxidizing
Acidovorax strain BoFeN1 (35, 39). It has been suggested that EPS is produced as a stress
reaction to bind toxic Fe(II) which was present at high concentrations in our cultures or
to protect the bacterial cells from encrustation (35).

Under autotrophic growth conditions, most cells present in our culture KS (approx-
imately 96%) belong to Gallionellaceae sp., the designated autotrophic Fe(II) oxidizer,
while the other strains account for 4% (31) (Tominski et al., unpublished). Under these
autotrophic growth conditions, most of the cells were associated with mineral particles
(but not encrusted [see below]). Similar associations were observed for the nonencrust-
ing autotrophic phototrophic Fe(II)-oxidizing bacteria (41, 43) as well as for encrusting
cells of the mixotrophic nitrate-reducing Fe(II)-oxidizing strain Acidovorax sp. BoFeN1
(35, 39). For culture KS under mixotrophic growth conditions, we observed an increase
in the number of cells associated with mineral particles and in the distinguishable cell
morphologies of these cells compared to those under autotrophic conditions. The
number of “planktonic” cells that were not associated with minerals also increased
under mixotrophic compared to autotrophic conditions, due to growth and thus an
increasing abundance of heterotrophic strains from 4% under autotrophic conditions to
80 to 95% under mixotrophic conditions (Tominski et al., unpublished). Catalyzed
reporter deposition fluorescence in situ hybridization analyses showed that the Gallio-
nellaceae sp. maintains the same morphology under the two growth conditions (To-
minski et al., unpublished). This suggests that under mixotrophic growth conditions
cells of the other heterotrophic strains are also associated with mineral particles.

FIG 7 Helium ion microscopy images of culture KS under autotrophic conditions (4 days of incubation). Samples were
prepared either with hexamethyldisilazane (HMDS) (A) or by critical point drying (CPD) (B). White arrows indicate cells. Bars,
200 nm.
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Metabolic interactions between the cells of the other heterotrophic strains and cells of
the Gallionellaceae sp. strain could be one reason for their association with mineral
particles, but these heterotrophic cells could also be simply associated with the mineral
surface due to electrostatic interactions or because of access to mineral-associated
nutrients, e.g., phosphate or trace metals (44).

Insights from the absence of cell encrustation into mechanisms of nitrate-reducing
Fe(II) oxidation in the autotrophic culture KS. Despite the observed cell-mineral
associations, during autotrophic growth of culture KS, we did not observe any cells that
were encrusted in Fe minerals. This is in contrast to the reported heavy encrustation
of mixotrophic nitrate-reducing Fe(II)-oxidizing bacteria and heterotrophic nitrate-
reducing bacteria in the presence of high Fe(II) concentrations (3, 13, 38, 39). For most
of these cultures that show encrustation, it has been suggested that abiotic oxidation
of Fe(II) by accumulated nitrite formed during nitrate reduction is responsible for at
least some, if not all, of the Fe(II) oxidation (35, 40). No accumulation of nitrite was

FIG 8 SEM images of Nocardioides sp. (A to F) and Rhodanobacter sp. (G to L) isolated from culture KS grown under mixotrophic conditions
(14 days of incubation) with 5 (A to D and G to J) or 10 (E, F, K, and L) mM Fe(II). Black arrows indicate encrusted cells. Bars, 10 �m.
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observed in culture KS during autotrophic growth (10). Since culture KS can be
cultivated continuously under autotrophic conditions with Fe(II) and nitrate without
organic cosubstrates, Fe(II) oxidation has to be enzymatic and coupled via nitrate
reduction to energy generation. Therefore, an explanation for the absence of encrusted
cells in culture KS during autotrophic growth, similarly to autotrophic phototrophic and
microaerophilic Fe(II) oxidizers, is that a controlled enzymatic Fe(II) oxidation and Fe(III)
release mechanism prevents encrustation. Such a mechanism could allow the bacteria
to prevent Fe(III) precipitation adjacent to the cell, while the abiotic oxidation of Fe(II)
by nitrite observed for mixotrophic and heterotrophic nitrate reducers (35) does not
allow control over the location of Fe(III) precipitation and even takes place in the
periplasm, where the nitrite is present (45). It has to be noted, however, that encrus-
tation has also been observed in some bacteria that were reported as autotrophic
nitrate-reducing Fe(II) oxidizers, but it remains unclear whether these strains are indeed
autotrophic (19, 20, 22, 46).

Dependency of encrustation on Fe(II) and nitrite concentrations. The low abun-
dance (ca. 4%) of the other strains present in culture KS compared to the dominating
Gallionellaceae sp. (96%) under autotrophic conditions and the strong increase of their
abundance (80 to 95%) under mixotrophic growth conditions suggest that they carry
out heterotrophic and potentially also mixotrophic nitrate reduction with acetate and
acetate/Fe(II), respectively. Therefore, encrustation of these strains in the presence of
high Fe(II) concentrations (10 mM) under mixotrophic conditions, caused by nitrite

FIG 9 Mossbauer spectra of the minerals formed by culture KS under autotrophic (A) and mixotrophic (C) conditions and by Nocardioides sp. (B) and
Rhodanobacter sp. (D) under mixotrophic conditions.
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formed during heterotrophic nitrate reduction, as reported by Klueglein et al. (35),
seemed likely. Surprisingly, we did not observe such encrustation of any cells, and no
nitrite accumulation was observed in mixotrophic incubations of culture KS (Tominski
et al., unpublished). In contrast, in mixotrophic pure cultures of the Nocardioides sp. and
Rhodanobacter sp. (isolated from culture KS), nitrite accumulated and mineral-covered
cell surfaces and encrusted cells were frequently observed in the presence of 10 mM
Fe(II). The smaller amount of mineral particles on the cell surfaces of the isolates at 5
mM than at 10 mM Fe(II) suggests that the extent of encrustation caused by indirect
Fe(II) oxidation by reactive nitrogen species during heterotrophic nitrate reduction
does depend on Fe(II) concentrations as suggested before (3). The absence of nitrite
and therefore the absence of uncontrolled abiotic Fe(II) oxidation in culture KS under
mixotrophic conditions could prevent encrustation. However, it remains unclear why
nitrite does not accumulate in culture KS under mixotrophic conditions despite the
high abundance of heterotrophic nitrate reducers, in contrast to mixotrophic incuba-
tions of pure cultures of the Nocardioides sp. and Rhodanobacter sp. and other nitrate
reducers (35).

Possible metabolic interactions between different strains in culture KS. Meta-
bolic interactions between the several bacterial strains present in culture KS could
prevent accumulation of nitrite and promote complete denitrification under both
mixotrophic and autotrophic Fe(II)-oxidizing growth conditions. A recent metagenomic
study of culture KS (31) found all genes necessary for complete denitrification in both
Rhodanobacter sp. and Bradyrhizobium sp., while in Gallionellaceae sp. only genes for
the reduction of nitrate to nitrite and nitrite to nitric oxide were found. Therefore, the
Gallionellaceae sp. could depend on the other strains for complete denitrification under
autotrophic and also mixotrophic Fe(II)-oxidizing conditions to avoid potential toxic
effects of accumulating nitric oxide (47). However, this would require the transfer of
nitric oxide through the Fe(II)-containing growth medium, since the cells of Gallionel-
laceae sp. outnumber other bacteria under autotrophic conditions. A transfer of nitric
oxide would on the one hand explain why we did not detect any accumulating nitrite
under both autotrophic and mixotrophic conditions in culture KS, in contrast to the
pure cultures of the Nocardioides sp. and Rhodanobacter sp. under mixotrophic condi-
tions. On the other hand, it would also explain the absence of abiotic Fe(II) oxidation
under these conditions, since oxidation of Fe(II) by free nitric oxide depends on the
availability of mineral surfaces as catalyst, and therefore, in particular, in the beginning
of nitrate reduction and Fe(II) oxidation, the abiotic reaction does not play an important
role.

Additionally, it is possible that the competition among the several strains in culture
KS promotes more efficient denitrification without accumulation of nitrite. It has also
been suggested previously that Gallionellaceae sp. could supply the other bacteria with
organic substrates under autotrophic conditions in the form of released EPS (31). The
detection of EPS in this study confirms this possibility of cross-feeding between the
Fe(II) oxidizer and the heterotrophs. Finally, the fact that isolation of the Gallionellaceae
sp. from culture KS as an autotrophic Fe(II)-oxidizing pure culture was, so far, not
possible, strongly argues for some dependencies between bacterial strains in culture KS
for nitrate-reducing Fe(II) oxidation. While the underlying mechanism is not fully clear,
it appears that the presence of several bacterial strains in culture KS promotes deni-
trification without accumulation of nitrite and thus prevents abiotic Fe(II) oxidation and
cell encrustation.

Formation of green rust or ferrihydrite depending on Fe(II) oxidation mecha-
nisms. Ferrihydrite was shown to be formed as the Fe(III) mineral product by au-
totrophic microaerophilic (48) and autotrophic phototrophic (41, 49, 50) Fe(II) oxidizers.
In some cases, this initial ferrihydrite formation was followed by slow, Fe(II)-induced
goethite formation (51), whereas in the mixotrophic nitrate-reducing Fe(II) oxidizer
BoFeN1, where Fe(II) is probably oxidized by the nitrite formed during heterotrophic
nitrate reduction, green rust as an intermediate and goethite as a final product have
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been described (9, 40, 45, 52, 53). It has also been demonstrated that direct abiotic
oxidation of Fe(II) by nitrite can produce green rust (54). We observed a similar green
rust formation in the present study in mixotrophic pure cultures of Nocardioides sp. and
Rhodanobacter sp. isolated from culture KS, where nitrite accumulated and Fe(II) was
oxidized incompletely (28 to 45% only), probably abiotically by the formed nitrite.
Minerals of a greenish color were also observed previously by others in pure cultures
of other isolates from culture KS that were not capable of autotrophic Fe(II) oxidation
coupled to nitrate reduction, even though the identity of these minerals was not
determined (30). Therefore, almost complete Fe(II) oxidation and formation of ferrihy-
drite in culture KS under autotrophic conditions are another hint of enzymatic Fe(II)
oxidation. It is possible that Fe(II) is also mainly oxidized by enzymatic Fe(II) oxidation
coupled to nitrate reduction by the Gallionellaceae sp. under mixotrophic conditions,
since formation of ferrihydrite and almost complete Fe(II) oxidation were also observed
under these conditions. In summary, these data suggest that incomplete Fe(II) oxida-
tion and the formation of green rust as an intermediate [followed by goethite formation
as final Fe(III) product] point toward a nonenzymatic Fe(II) oxidation by nitrite while
rapid, almost complete Fe(II) oxidation under anoxic conditions with ferrihydrite as final
Fe(III) product suggests an enzymatic Fe(II) oxidation.

Environmental significance of encrustation. Nitrate-reducing bacteria face en-
crustation in Fe(III) minerals in the presence of Fe(II), as discussed in detail by Klueglein
et al. (35). Since most studies with nitrate-reducing bacteria that encrust in Fe(III)
minerals were conducted using batch cultures with Fe(II) concentrations in the high (5
to 10) millimolar range (3, 9, 22, 35, 39, 46), an open question is whether such a cell
encrustation also occurs in the environment where lower Fe(II) concentrations (micro-
molar concentrations of tens to hundreds) are common. We found that encrustation
did not occur in pure cultures of Nocardioides sp. and Rhodanobacter sp. when we
simply lowered the Fe(II) concentrations from 10 mM to 5 mM. A dependence of
encrustation on Fe(II) concentrations and its disappearance at lower Fe(II) concentra-
tions have also been shown for Acidovorax sp. strain 2AN (3). This indicates that
encrustation is potentially negligible in environments that do not have elevated Fe(II)
concentrations. In environments with elevated Fe(II) concentrations, bacteria encrusted
in Fe minerals have been found (19, 20, 55–57). In anoxic environments, the abiotic
oxidation of Fe(II) by metabolic products of denitrifying bacteria or by O2 under
microoxic conditions can potentially contribute to encrustation of microbial cells.
However, neither high concentrations of nitrite nor encrusted bacteria were detected
in culture KS under mixotrophic conditions with high Fe(II) concentrations, where many
heterotrophic and potentially mixotrophic nitrate-reducing bacteria are present. This
indicates that interactions occurring in a mixed bacterial community, in which bacteria
are frequently found in the environment, can prevent nitrite accumulation and encrus-
tation even in the presence of high Fe(II) concentrations. However, accumulation of
nitrite can also occur in environmental microbial communities (58–61). In environments
with elevated Fe(II) concentrations, this could lead to encrustation. Nevertheless, in
most sedimentary or soil environments no elevated Fe(II) concentrations occur and the
accumulating nitrite will not lead to encrustation, but it will affect the biogeochemical
Fe cycle via the abiotic reaction of nitrite with Fe(II).

MATERIALS AND METHODS
Source of microorganisms. The chemolithoautotrophic nitrate-reducing Fe(II)-oxidizing enrichment

culture KS (10) was provided to Andreas Kappler by Kristina Straub in 2005 and has been maintained as
a growing autotrophic culture in our laboratory since then. The enrichment culture was originally
obtained from a freshwater sediment in Bremen, Germany.

Microbial growth medium and growth conditions. Bacteria were grown in 22 mM bicarbonate-
buffered anoxic freshwater mineral medium (pH 7.0, headspace N2/CO2, 90:10 [vol/vol]) as described in
reference 43, modified from the method described in reference 62. For cultivation of culture KS under
autotrophic growth conditions, the medium was amended with 8 to 10 mM Fe(II) chloride as electron
donor and 4 mM sodium nitrate as electron acceptor as described in reference 10. For mixotrophic
growth conditions, 8 to 10 mM Fe(II) and 4 mM nitrate plus 5 mM sodium acetate were used as an
additional electron donor. Medium was inoculated with 1% (vol/vol) of a preculture of culture KS grown
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under autotrophic conditions and incubated in the dark at 28°C. The Nocardioides and Rhodanobacter
strains were isolated from the enrichment culture KS using different solid oxic media and a heterotroph-
ically (5 mM acetate and 4 mM nitrate) grown preculture (Tominski et al., unpublished). Both strains were
cultivated under mixotrophic growth conditions in anoxic medium amended with 5 or 10 mM Fe(II), 5
mM acetate, and 4 mM nitrate. Cultures were inoculated with 1% (vol/vol) of a preculture grown under
heterotrophic conditions (5 mM acetate and 4 mM nitrate) and incubated in the dark at 28°C.

Quantification of Fe(II), acetate, and nitrate. Acetate was quantified by high-performance liquid
chromatography as described previously (63), with an 0.25 mM detection limit. An automated
continuous-flow injection analyzer (FIA) system (Seal Analytical, Germany) was used for photometric
quantification of nitrate and nitrite. The system contains a dialysis membrane to remove iron and prevent
side reactions of nitrate and nitrite during analysis. Hydrazine sulfate was used to reduce nitrate to nitrite,
which is quantified photometrically with N-1-naphthyl ethylenediamine at 550 nm (40). Fe was quantified
in microtiter plates with the spectrophotometric ferrozine assay (64) using a revised protocol for
nitrite-containing samples (40). One hundred microliters of culture suspension was withdrawn anoxically
and acidified in 900 �l of 40 mM sulfamic acid for 1 h at room temperature. Acidification in sulfamic acid
stabilizes Fe(II) and reacts with the present nitrite that otherwise would cause additional abiotic Fe(II)
oxidation. The ferrozine-Fe(II) complex was quantified at 562 nm with a spectrophotometric plate reader
(Multiskan GO; Thermo Fisher Scientific, USA). Measurements were performed in triplicates.

Mossbauer spectroscopy. Samples were taken by filtration from the culture bottles using syringe
filters in an anoxic glove box. The sampled minerals were frozen and stored anoxically until measure-
ments were taken. The samples were inserted into a closed-cycle exchange gas cryostat (Janis Cryogen-
ics). The spectra were recorded at 77 K in transmission geometry using a constant acceleration drive
system (WissEL). A 57Co source embedded in a rhodium matrix was used as a gamma radiation source.
The sample spectra were calibrated against a 7-�m-thick �-57Fe foil at room temperature (RT). The
RECOIL software suite (University of Ottawa, Canada) was used for the calibration and the modeling of
the spectra. The spectra were modeled using Voigt-based line shapes. The Lorentz half-with-half-
maximum (HWHM) value was kept constant at 0.133 mm/s (determined from the minimum line width
of the 3 and 4 peaks of the calibration foil) in the models, and the sigma (�) parameter was used to
account for line broadening until the fitting was acceptable. The sample spectra were analyzed in respect
to the center shift (CS) values and the quadrupole splitting (QS).

Scanning electron, helium ion, fluorescence, and confocal laser scanning microscopy. Samples
for microscopic analysis were taken from the enrichment culture KS when Fe(II) was almost completely
oxidized (after 7 days under mixotrophic conditions and after 4 days under autotrophic conditions).
Samples from the pure cultures of Nocardioides and Rhodanobacter were taken when nitrate was almost
completely consumed (i.e., after 14 days). For scanning electron microscopy (SEM), samples were fixed
with 2.5% glutaraldehyde and 2% formaldehyde at 4°C overnight. In the case of the Nocardioides and
Rhodanobacter strains, the growth medium was replaced by 0.1 M phosphate buffer after centrifugation
for 5 min at 5,000 � g prior to fixation to prevent artifacts by abiotic oxidation of the remaining Fe(II)
in the growth medium. After fixation, the samples were applied to poly-L-lysine-coated glass coverslips
or Formvar-coated transmission electron microscopy (TEM) grids. After washing with 0.1 M phosphate
buffer, samples were successively dehydrated using a series of ethanol dilutions (30, 70, 95, and twice
100%, ethanol dried on a molecular sieve). Samples were dried with hexamethyldisilazane (HMDS) (65,
66) and mounted on SEM stubs using conductive carbon pads. Samples were coated with 8-nm Pt and
examined in a Leo 1450 VP SEM (Zeiss, Oberkochen, Germany) at 6 kV and 5-mm working distance using
an Everhart-Thornley secondary electron (SE) detector. For comparative imaging, the sample surface was
examined with a SE detector (6 kV) and the distribution of iron was determined with a backscattered
electron (BSE) detector (12 kV) at 10-mm working distance. Being dominated by topography contrast, SE
images show the topographic structure of the samples, with only a minor influence of their chemical
composition. In contrast, BSE images are characterized by Z number contrast, resulting in higher
brightness from areas with a higher average atomic number. Therefore, in BSE mode the signal for iron
is much stronger than the carbon signal due to the difference in their Z number and organic particles,
and cells almost disappear from the BSE images unless iron is present on the cell surface or in the
periplasm.

For He ion microscopy (HIM), a sample grown under standard conditions was fixed with glutaralde-
hyde (2.5% final concentration) and left at 4°C overnight. Dehydration was performed by an ethanol
dilution series with increasing ethanol concentrations (30%, 75%, 95% and twice 100%). Samples were
then treated with hexamethyldisilazane (HMDS; Sigma-Aldrich, St. Louis, MO, USA) and dried at room
temperature or by critical point drying (CPD). HIM was performed with a Zeiss Orion Plus HIM (Carl Zeiss,
Peabody, MA).

Fluorescence and confocal laser scanning microscopy (CLSM) samples were prepared carefully in an
anoxic glove box with minimal handling to avoid shear stress and to preserve the cell-mineral associa-
tions. Culture bottles were gently mixed prior to sampling. Two-hundred-microliter sample aliquots were
carefully withdrawn with syringes and cannulas of 1.2-mm diameter. For fluorescence microscopy,
samples were stained with Syto 9 (Molecular Probes, Carlsbad, CA; 1.22 �M final concentration) for 5 min.
For confocal microscopy, stains were applied sequentially: first Syto 9 (Molecular Probes, Carlsbad, CA;
1.22 �M final concentration) for 5 min and then peanut agglutinin (PNA)-Alexa Fluor 647 conjugate
(Molecular Probes, Carlsbad, CA; 8.58-�g/ml final concentration) for 30 min. Low concentrations of all
dyes were used to avoid potential unspecific binding. Samples were spotted onto microscopy slides,
topped with cover glasses, and sealed with nail polish. Samples were gently mixed using Pasteur pipettes
with wide openings after application of each stain and prior to spotting onto microscopy slides. For
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fluorescence microscopy, a Leica DM 5500 B epifluorescence microscope equipped with a 40� air
objective (numerical aperture [NA] 0.75) was used. CLSM measurements were performed on a Leica SPE
confocal laser scanning microscope equipped with an ACS Apo 63 � water immersion objective (NA
1.15). Syto 9 was excited with a 488-nm laser, and emission was recorded between 500 nm and 600 nm.
The PNA-Alexa Fluor 647 conjugate was excited with a 635-nm laser, and emission was recorded
between 647 nm and 780 nm. Minerals were recorded using their reflection signal of the 488-nm laser.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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