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Microorganisms have been observed to oxidize Fe(II) at neutral pH under anoxic and microoxic conditions. While most of the mix-
otrophic nitrate-reducing Fe(II)-oxidizing bacteria become encrusted with Fe(III)-rich minerals, photoautotrophic and microaero-
philic Fe(II) oxidizers avoid cell encrustation. The Fe(II) oxidation mechanisms and the reasons for encrustation remain largely unre-
solved. Here we used cultivation-based methods and electron microscopy to compare two previously described nitrate-reducing Fe(II)
oxidizers (Acidovorax sp. strain BoFeN1 and Pseudogulbenkiania sp. strain 2002) and two heterotrophic nitrate reducers (Para-
coccus denitrificans ATCC 19367 and P. denitrificans Pd 1222). All four strains oxidized ~8 mM Fe(II) within 5 days in the pres-
ence of 5 mM acetate and accumulated nitrite (maximum concentrations of 0.8 to 1.0 mM) in the culture media. Iron(III) miner-
als, mainly goethite, formed and precipitated extracellularly in close proximity to the cell surface. Interestingly, mineral
formation was also observed within the periplasm and cytoplasm; intracellular mineralization is expected to be physiologically
disadvantageous, yet acetate consumption continued to be observed even at an advanced stage of Fe(II) oxidation. Extracellular
polymeric substances (EPS) were detected by lectin staining with fluorescence microscopy, particularly in the presence of Fe(II),
suggesting that EPS production is a response to Fe(II) toxicity or a strategy to decrease encrustation. Based on the data presented
here, we propose a nitrite-driven, indirect mechanism of cell encrustation whereby nitrite forms during heterotrophic denitrifi-
cation and abiotically oxidizes Fe(II). This work adds to the known assemblage of Fe(II)-oxidizing bacteria in nature and compli-

cates our ability to delineate microbial Fe(II) oxidation in ancient microbes preserved as fossils in the geological record.

I ron(II)-oxidizing bacteria play a significant role in geochemical
element cycling and are involved in iron redox transformation
under oxic, microoxic, and anoxic conditions in the environment
(1-4). Their use of Fe(II) as electron donor at neutral pH leads to
the formation of Fe(III) and rapid precipitation of poorly soluble
Fe(III) (oxyhydr)oxide minerals. Besides affecting the iron cycle,
Fe(III) minerals are important for transformation and immobili-
zation of pollutants, heavy metals, and toxic metalloids (5-7). One
physiological group of Fe(II) oxidizers, which has been studied
extensively since its discovery in 1996, are nitrate-reducing Fe(II)-
oxidizing bacteria (8). They use nitrate (NO; ) as well as inter-
mediates or end products of denitrification and of dissimilatory
nitrate reduction (NO, , NO, and N,O) (equation 1) as electron
acceptors.

NO,” —> NO,” —> NO —> N,O—> N, (1)

Most of the isolated strains grow mixotrophically and thus
need an organic cosubstrate (e.g., acetate) for continuous Fe(II)
oxidation and growth. Nitrate-reducing Fe(II)-oxidizing organ-
isms have recently received a lot of attention because they seem to
be widespread and abundant at neutral pH in anoxic habitats and
belong to a variety of different bacterial phyla (2, 9-12). Nitrate-
reducing iron-oxidizing bacteria and all other neutrophilic Fe(II)
oxidizers face the problem of disposing of their poorly soluble
metabolic product, i.e., Fe(IlI), at neutral pH. Rapid precipitation
of Fe(III) minerals in the periplasm, on the cell surface, and in the
immediate vicinity of the cell has been observed in microscopy
studies with these Fe(II)-oxidizing microbes (13, 14). This can
lead to the formation of a mineral crust around the cells that will
probably hinder nutrient uptake and metabolite efflux, and thus
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metabolism, and may finally lead to cell death and lysis. In con-
trast, it has been shown that photoautotrophic and microaero-
philic Fe(II) oxidizers are capable of avoiding encrustation. Dif-
ferent mechanisms to prevent encrustation have been postulated
(15). First, low-pH microenvironments around the cells have
been shown for phototrophic Fe(II)-oxidizing bacteria (16). Low-
ering the pH will increase the solubility of the formed Fe(III),
which will be able to diffuse away from the cell surface before
precipitating. Second, microaerophilic bacteria, such as Gallion-
ella and Leptothrix species, are known for their production of or-
ganic structures that are attached to the outer cell surface. These
so-called twisted stalks and sheaths capture and bind the Fe(III) as
soon as it is produced, allowing the cell surface, periplasm, and
cytoplasm to remain free of mineral encrustation (17-19). The
production of organic fibers, which act as a template for mineral
precipitation, have also been shown with phototrophic bacteria,
such as Rhodobacter sp. strain SW2 (20). Third, Saini and Chan
(21) showed a near-neutral cell surface charge and hydrophobicity
for Mariprofundus ferrooxydans and Gallionella sp., which will de-
crease binding and precipitation of positively charged iron(III)
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ions on the cell surface. Fourth, soluble organic ligands which can
complex and solubilize Fe(III) have been proposed (15, 22). How-
ever, until now, no such molecules have been detected and iden-
tified in cultures of nonencrusted Fe(II)-oxidizing bacteria.

In contrast, nitrate-reducing Fe(II) oxidizers have as yet not
been shown to prevent ferric iron encrustation in substrate-rich
batch systems. Chakraborty et al., however, showed that Acido-
vorax sp. strain 2AN does not become encrusted when cultured in
an advective system at low Fe(Il) concentrations (50 to 250 uM)
or with EDTA-chelated Fe(II) (12, 23). Cell encrustation has been
demonstrated thoroughly with the mixotrophic Acidovorax strain
BoFeN1 (10), for which minerals were shown to precipitate at the
cell wall and within the periplasm (13-15, 24, 25). For instance,
Miot et al. (24) observed the formation of Fe(III)-phosphate min-
erals within 30 min after inoculation of the Fe(II)-containing me-
dium with BoFeNT1 cells, ultimately leading to a thick mineral
crust around the cells within 3 days. These differences observed for
nitrate-reducing Fe(II) oxidizers compared to phototrophic and
microaerophilic Fe(II) oxidizers raise the question of why some
Fe(II)-oxidizing bacteria seem to have evolved efficient strategies
to prevent encrustation, while some have not, despite living in
similar geochemical conditions (26). One potential reason for the
observed differences in Fe(III) mineral precipitation could be the
role of abiotic versus biotic (enzymatic) Fe(II) oxidation under
different incubation conditions. For the nitrate-reducing Fe(II)
oxidizers, doubts have recently been expressed regarding the ca-
pability of anaerobic, enzymatic Fe(II) oxidation, suggesting an
important contribution of abiotic Fe(II) oxidation by nitrite and
NO (equations 2 to 5; vertical arrows indicate gaseous products)
(27-29) and even questioning the capability of enzymatic Fe(II)
oxidation (30).

2NO,” +2H" == 2HNO, —> NO,T +NOT +H,0
(2)

NO, +2Fe*" + 2H" —> 2Fe’ + NOT +H,0  (3)
NO + Fe?* + H" —> Fe** + HNOT (4)

2HNO —> N,0T +H,0 (5)

In a recent study (31), we demonstrated experimentally that
reactive nitrite, which is produced, for example, by strain BoFeN1
during nitrate reduction with electrons from acetate oxidation,
plays a major role in abiotic Fe(II) oxidation in these cultures. This
raises the question of whether the strains isolated originally as
nitrate-reducing Fe(II) oxidizers have a specific enzymatic ma-
chinery for Fe(II) oxidation at all, or whether at least some if not
all of the observed Fe(II) oxidation is abiotically driven.

Nitrate-reducing bacteria are often very abundant in soils and
sediments, and they belong to a wide range of different phyloge-
netic groups (32). It is currently unknown whether abiotic Fe(II)
oxidation as a consequence of bacterial nitrite production (in the
presence of organic electron donors and ferrous iron) is a com-
mon phenomenon for denitrifiers. It is also unknown whether this
abiotic Fe(II) oxidation process may lead to encrustation of these
denitrifying cells comparable to that observed for the described
nitrate-reducing Fe(II) oxidizers. Therefore, in this study, we
compared Fe(II) oxidation and cell encrustation in four different
bacterial strains capable of heterotrophic nitrate reduction. Two
strains were isolated and described as nitrate-reducing Fe(II) ox-
idizers: the mixotrophic Acidovorax strain BoFeN1 and Pseudogul-
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benkiania strain 2002, a strain that was described as being able to
grow lithoautotrophically with Fe(II) and nitrate (11, 33). The two
other strains are well-characterized, heterotrophic, denitrifying
bacteria: Paracoccus denitrificans strains Pd 1222 (34) and ATCC
19367 (35). We cultivated all four strains in the presence of nitrate,
acetate (as an organic electron donor), and ferrous iron to deter-
mine whether there is Fe(II) oxidation, nitrite accumulation, and
cell encrustation.

MATERIALS AND METHODS

Source of microorganisms. Strain BoFeN1 was isolated from Lake Con-
stance sediments (10) and had been kept in the authors’ laboratory since
its original isolation. Pseudogulbenkiania strain 2002 was isolated from a
freshwater lake in Illinois (11) and was purchased from the DSMZ, Ger-
many. Paracoccus denitrificans was first isolated by Beijerinck in 1910 from
soil (36). Paracoccus denitrificans ATCC 19367 and P. denitrificans Pd 1222
were generously provided by Sebastian Kopf, California Institute of Tech-
nology.

Microbial growth medium and growth conditions. For routine cul-
tivation, all strains were grown in 22 mM bicarbonate-buffered low phos-
phate mineral medium (pH 7.1), which was prepared anoxically as de-
scribed in detail by Hegler et al. (37). Acidovorax strain BoFeN1 and
Pseudogulbenkiania 2002 were cultivated with 10 mM sodium nitrate and
5 mM sodium acetate. Both Paracoccus denitrificans strains were culti-
vated with 10 mM sodium nitrate and 5 mM sodium succinate.

Experimental setup. For oxidation experiments, 8 mM Fe(II)-con-
taining medium was prepared as described by Klueglein and Kappler (31).
Bottles were amended with anoxic sodium nitrate (10 mM) and sodium
acetate (5 mM) and inoculated with 5% (vol/vol) of a four-day-old pre-
culture grown on 5 mM acetate and 10 mM nitrate (optical density at 600
nm [OD,,] = 0.22). Sterile set-ups were used as controls. All cultures
were incubated at 28°C in the dark. Growth experiments were conducted
in duplicate; both values are presented to illustrate the variation of the
data.

Analytical methods. For quantification of Fe(II) and Fe(III), we used
the revised ferrozine protocol for nitrite-containing samples provided by
Klueglein and Kappler (31). Briefly, 100 pl of culture suspension was
withdrawn anoxically with a syringe and dissolved in 900 wl of 40 mM
sulfamic acid for 1 h at room temperature. Sulfamic acid reacts with the
nitrite present and therefore prevents abiotic oxidation of Fe(II) by reac-
tive N species formed during sample acidification. The purple ferrozine-
Fe(II) complex was quantified at 562 nm using a microtiter plate reader
(FlashScan 550; Analytik Jena, Germany). Ferrozine measurements were
done in triplicate. Maximum rates of microbial iron oxidation for the
cultures were calculated from the steepest slope between two subsequent
data points of Fe(II) concentrations. Acetate was quantified by high-per-
formance liquid chromatography (HPLC) (class VP with RID 10 A and
DAD SPM 10A VP detectors [Shimadzu, Japan]; the precolumn was a
Microguard cation H cartridge; the main column was an Aminex HPX-
87H ion exclusion column [300 mm by 7.8 mm] [Bio-Rad, Austria]; elu-
ent, 5 mM H,SO, in MQ water). For quantification of cell growth in
Fe(II)-free cultures (acetate/nitrate only), optical density (OD) was quan-
tified at 600 nm (SPEKOL 1300; Analytik Jena, Germany). Nitrate and
nitrite were quantified by a continuous-flow analyzer system containing a
dialysis membrane for iron removal to prevent side reactions during anal-
ysis (Seal Analytical, Norderstedt, Germany). In this automated system,
nitrate is reduced to nitrite with hydrazine sulfate and quantified photo-
metrically with N-1-naphtylethylendiamin at 550 nm. Minerals were
identified with a micro-X-ray-diffraction (XRD) device (Bruker D8 Dis-
cover X-ray diffraction instrument; Bruker AXS GmbH, Germany)
equipped with a Co K, X-ray tube and operating at 30 kV and 30 mA (38).
The EVA 10.0.1.0 software was used to identify the containing mineral
phases using the PDF database licensed by ICDD (International Centre
for Diffraction Data).
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FIG 1 Oxidation of Fe(II), nitrate consumption, and nitrite formation by four nitrate-reducing strains. (A) Total Fe(II) concentrations over time for Acidovorax
strain BoFeN1, Pseudogulbenkiania strain 2002, Paracoccus denitrificans ATCC 19367, Paracoccus denitrificans Pd 1222, and a sterile control (O). (B) Dissolved
concentrations of nitrate (solid lines) and nitrite (dashed lines) for the four tested strains. Sterile controls showed neither a decrease in nitrate nor an increase in
nitrite (data not shown). Error bars indicate the ranges for two parallel determinations. The absence of error bars indicates that the error bar is smaller than the

symbol.

Electron and fluorescence microscopy. After Fe(II)-oxidizing exper-
iments had run to completion (6 days), the cells were prepared for elec-
tron microscopy imaging. For scanning electron microscopy (SEM), cells
from iron-containing cultures were fixed with 2.5% glutaraldehyde at 4°C
overnight. The samples were applied to poly-L-lysine-coated glass cover-
slips, washed with PBS, and successively dehydrated using a series of eth-
anol dilutions (30%, 70%, 95%, and 100% [twice], dried on a molecular
sieve). After critical-point drying in CO,, the samples were mounted on
SEM stubs using conductive carbon pads. Since the thin samples were
sufficiently conductive to avoid major charge effects, the samples were not
coated to preserve maximum Z contrast. The samples were examined with
aLEO 1450 VP at 5 kV for secondary electron (SE) contrast, showing the
cell surfaces, or 12 kV for backscattered electron (BSE) contrast, showing
the distribution of Fe at the surface of and within the bacteria. 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. This allowed the identification of Fe accumulations
within the organic samples. Thus, it was possible to obtain information on
both the surface of the samples that was shown in SE images and the
distribution of iron visible in BSE images.

For transmission electron microscopy (TEM), cells from six-day-old
iron-containing cultures were centrifuged and picked up with cellulose
capillaries with a diameter of 200 um. These were immediately submersed
in 1-hexadecene. The capillaries were cut into segments approximately 2
mm in length that fit precisely into the cavity of standard aluminum
platelets (depth, 150 wm) for high-pressure freezing filled with 1-hexade-
cene. The platelets were sandwiched with a second platelet without cavity
and high-pressure frozen using an HPM 010 high-pressure freezer (Bal-
Tec, Lichtenstein). The frozen samples were freeze-substituted in 1.25%
glutaraldehyde in acetone using a Leica EMAFS freeze substitution unit.
The temperature was kept at —90°C for 40 h, raised to —60°C over 6 h,
keptat —60°C for 4 h, raised to —40°C over 4 h, raised to 0°C over 2 h, and
kept at 0°C for 1 h. Subsequently, the samples were washed five times in
acetone and embedded in Epon, infiltrating them with 10% Epon resin in
acetone for 2 h, 25% Epon overnight, 50% Epon for 8 h, 75% Epon
overnight, 100% Epon for 8 h, and 100% Epon for 20 h, before being
placed in embedding molds containing fresh resin and polymerized at
60°C for 2 days. Ultrathin sections with a nominal thickness of 70 nm were
prepared on an Om U3 ultramicrotome (C. Reichert, Austria) using a
diamond knife (DuPont Instruments) and placed on Formvar-coated
300-mesh Cu TEM grids (Plano, Wetzlar, Germany). TEM images were
acquired using a FEI Tecnai Spirit G> TEM equipped with a Biotwin lens
and operated at 120 kV. For measurement of the width of the extracellular
polymeric substance (EPS) envelope, the distance between cell surface
and iron minerals was measured at three different positions per cell in at
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least 10 individual cells. To show and compare the variability of the data,
the standard deviations of all measurements are presented.

For fluorescence microscopy, samples were stained with wheat germ
agglutinin (WGA) Alexa Fluor 633 conjugate, targeting extracellular poly-
meric substances (EPS) (39) (Invitrogen, Carlsbad, CA) for 20 min and
rinsed three times. Images were acquired using a Leica DM 6000 epifluo-
rescence microscope equipped with a 63X air lens with a numerical aper-
ture (NA) of 0.9 and a DFC360 FX camera. The Alexa dye was excited with
red light while far-red fluorescence was recorded. Confocal laser scanning
microscopy (CLSM) images were acquired using a Leica SPE system and
an ACSAPO 63X lens (NA = 1.15). For CLSM imaging, DNA was stained
with Syto 9 (Invitrogen, Carlsbad, CA), lipids were stained with FM4-64
(Invitrogen, Carlsbad, CA), and EPS was stained with a WGA-Alexa Fluor
555 conjugate (Invitrogen, Carlsbad, CA). The excitation laser wave-
lengths were 488 nm, 561 nm, and 561 nm, whereas the recorded emission
ranges were 492 to 520 nm, 570 to 650 nm, and 710 to 800 nm, respec-
tively. Minerals were recorded using their reflection signal of the 488-nm
laser.

RESULTS

Fe(II) oxidation, nitrate reduction, and nitrite accumulation.
Acidovorax strain BoFeN1, Pseudogulbenkiania strain 2002, Para-
coccus denitrificans ATCC 19367, and Paracoccus denitrificans Pd
1222 were cultivated in the presence of ~8 mM dissolved Fe(II),
10 mM nitrate (NO;™ ) and 5 mM acetate. All strains oxidized
Fe(II) to completion within 4 days at similar maximum rates
(BoFeN1, 3.6 = 0.0 mM/day; 2002, 3.6 = 0.1 mM/day; ATCC
19367, 4.3 = 0.1 mM/day; Pd 1222, 4.5 = 0.3 mM/day) (Fig. 1A).
[Similar Fe(II) oxidation rates for strain BoFeN1 and strain 2002
were published before (11, 31).] Although the four strains showed
very similar Fe(II) oxidation trends over time, nitrate reduction
and nitrite accumulation differed slightly between the strains.
BoFeN1 accumulated up to 1 mM nitrite at day 2 and consumed
all available nitrate and all available acetate within 3 to 4 days (Fig.
1B and Fig. 2). Strain 2002 accumulated slightly less nitrite (~0.4
mM) at day 2 and also consumed all provided acetate but did not
reduce all available nitrate [remaining nitrate concentration was
ca. 1.4 mM after 5 days when all Fe(II) and acetate was already
consumed; incomplete nitrate reduction was also observed by
Weber et al. (11)]. Both Paracoccus denitrificans strains showed
very similar and complete nitrate consumption and nitrite pro-
duction of up to 0.8 mM. Nitrite accumulation in both cultures
started at day 1 and reached the maximum concentration at day 3.
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FIG 2 Acetate consumption during incubation with 10 mM nitrate and ~8
mM Fe(II) over time for Acidovorax strain BoFeN1 (@), Pseudogulbenkiania
strain 2002 (M), Paracoccus denitrificans ATCC 19367 (<), Paracoccus denitri-
ficans Pd 1222 (A), and a sterile control (O). The arrow indicates the spike
with ~5 mM acetate and ~10 mM nitrate at day 7 after all acetate had been
consumed. Error bars indicate the ranges for two parallel determinations. The
absence of error bars indicates that the range was smaller than the symbol.

Acetate was already consumed completely at day 2, similar to cul-
tures of strain BoFeN1 and strain 2002 (Fig. 2).

Encrustation of cells during Fe(II) oxidation. Using both sec-
ondary electron (SE) and backscattered electron (BSE) imaging
on the SEM, we characterized the distribution of Fe(IIT) minerals
at the cell surface and within the periplasm. Figure 3A and B show
cells of strain BoFeN1 grown in the presence of Fe(II) and, there-
fore, associated with iron(III) minerals. Some cells have minerals
with needle-like structures on their surfaces (Fig. 3A, arrow 2 and
inset), whereas other cells seem to retain smooth surfaces. When
BSE contrast is used, the iron minerals can be clearly distinguished
from the cells, which show some iron inside the periplasm, result-
ing in a bright rim structure around the cells on the BSE images
(Fig. 3B, arrow 3). Nonencrusted cells (Fig. 3A and B, arrow 1)
were almost invisible in BSE mode. Compared to BoFeN1, Pseu-
dogulbenkiania strain 2002 showed smaller mineral agglomerates
with a globular shape (~40 nm) but no needle-shaped minerals
(Fig. 3C). One of the cells appears very bright in the corresponding

FIG 3 SEM images of four nitrate-reducing strains cultured in the presence of 10 mM nitrate, 5 mM acetate, and ~8 mM Fe(II). SE (5 kV) (left) and BSE (10
to 12 kV) (right) images of samples of bacterial strains Acidovorax strain BoFeN1 (A and B), Pseudogulbenkiania strain 2002 (C and D), Paracoccus denitrificans
ATCC 19367 (E and F), and Paracoccus denitrificans Pd 1222 (G and H) are shown. Arrows 1 point to a nonencrusted cell of strain BoFeN1. Arrow 2 points to
needle-like minerals. Arrow 3 points to the encrusted periplasm of a cell. Arrow 4 points to a complete encrusted cell. Bars, 500 nm.
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BSE image (Fig. 3D), indicating a strong internal accumulation of
iron. The cells of Paracoccus denitrificans strain ATCC 19367 ap-
pear smooth in SE mode but show at least some iron accumulation
inside the periplasm (Fig. 3E and F). Some of the visible structures
can be interpreted as fully encrusted cells (Fig. 3E, arrow 4). Strain
Pd 1222 shows needle- and plate-shaped minerals on the surface
along with a strong BSE signal that can be attributed to strong
periplasmic or cytoplasmic Fe accumulations (Fig. 3G and H).

To confirm these observations made by SEM, we prepared
high-pressure frozen and freeze-substituted samples from fully
oxidized cultures for TEM imaging without addition of heavy
metal stains to allow undisturbed imaging of the iron mineral
distribution and to minimize preparation artifacts. As a conse-
quence, contrast in the TEM is mainly caused by iron(III) miner-
als, while organic structures create minimal or no contrast. Acido-
vorax strain BoFeN1 cells showed several encrustation patterns
(Fig. 4A and B; also, see Fig. SI in the supplemental material).
First, one fraction of cells showed cauliflower-like structures in
direct contact with or distant from the cells (Fig. 4A), suggesting
that these cells excreted extracellular compounds which bound
Fe(III) or acted as nucleation sites. Second, in some cells, not only
was there a mineral layer within the periplasm, but also the cyto-
plasm was to a large extent filled with iron minerals (see Fig. S1 in
the supplemental material). Third, in some cells, encrustation was
characterized by mineral plates several hundred nanometers in
size on the cell surface, sometimes surrounding the entire cell (Fig.
4B, arrow 1). The cytoplasm did not appear to be fully mineral-
ized, despite the fact that the mineral plates seemed to originate
from inside the periplasmic membrane. Fourth, some cells were
free of mineral precipitates except for their periplasm (Fig. 4B,
arrow 2). In contrast to the variety of encrustation patterns ob-
served for BoFeN1, the other three strains showed a more uniform
behavior. The cells of Pseudogulbenkiania strain 2002 were mostly
filled with regularly shaped Fe(III) minerals (Fig. 4C and D) which
were in most cases smaller than those observed for BoFeN1 (Fig.
4A and B). All cells of strain 2002 were enclosed by a capsule of
very fine-grained Fe(III) minerals that were either in direct con-
tact with the cell surface or in close proximity (Fig. 4C). Very few
cells showed a slightly encrusted periplasm without internal or
external minerals (Fig. 4D, arrow 3). Paracoccus denitrificans
ATCC 19367 (Fig. 4E and F) showed encrustation patterns similar
to those of Pd 1222 (Fig. 4G and H). For a large number of cells,
the cytoplasm was completely filled with large, crystalline Fe(III)
mineral particles. Many cells were enclosed by shells composed of
Fe(III) mineral plates of ~100 nm that were not in direct contact
with the cell surface but separated by a thick, non-electron-dense
layer. This is probably the result of excretion of EPS, which also
seems responsible for connecting the cells into chains and aggre-
gates (Fig. 4F). XRD analysis of the mineral products of all tested
strains showed diffraction reflexes indicative of goethite (see Fig.
S2 in the supplemental material).

EPS formation by nitrate-reducing cells in the presence and
absence of Fe(II). To identify EPS in the surrounding of the cells,
we stained ultrathin sections of all four strains on TEM grids with
the EPS-binding lectin WGA conjugated with Alexa Fluor 633.
Using epifluorescence, we observed bright fluorescence in the cell
rims for all Fe(II)-grown cultures, clearly indicating the presence
of EPS (Fig. 5A; also, see Fig. S3 in the supplemental material). The
strongest signal was detected for the Paracoccus denitrificans Pd
1222 cells (Fig. 5A). Even larger amounts of EPS might have been
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FIG 4 Resin sections (TEM images) of cryofixed and freeze-substituted Aci-
dovorax strain BoFeN1 (A and B), Pseudogulbenkiania strain 2002 (C and D),
Paracoccus denitrificans ATCC 19367 (E and F), and Paracoccus denitrificans Pd
1222 (G and H). Cells were cultivated in the presence of 10 mM nitrate, 5 mM
acetate, and ~8 mM Fe(II). Arrow 1 points to mineral plates surrounding a
BoFeN1 cell. Arrow 2 points to a BoFeN1 cell with encrusted periplasm. Arrow
3 points to a 2002 cell with encrusted periplasm. Arrow 4 points to filamentous
structures inside the EPS. Cells are not stained. Bars, 500 nm (unless stated
otherwise).

present in native samples but could potentially have been ex-
tracted before analysis as a consequence of exposure to acetone
during TEM sample preparation. When analyzing wet samples of
BoFeN1 by CLSM, we observed a very pronounced EPS envelope
around the cells cultured with Fe(II), but with the same lectin, no
fluorescence was detectable in iron-free samples (Fig. 6).
Visualizing a cell profile with additional staining of cell mem-
brane lipids clearly shows that the Fe(II)-grown cells are actually
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FIG 5 (A) Fluorescence image of Paracoccus denitrificans Pd 1222 grown in
the presence of Fe(II). EPS was stained with WGA-Alexa Fluor 633 conjugate
directly on TEM grids. Bright color indicates the fluorescing EPS shells. (B)
TEM image of iron oxide precipitation around an encapsulated bacterium in a
thin section collected at 432 m underground at the Aspé Hard Rock Labora-
tory near Oskarshamn, Sweden. The sample was stained with uranyl acetate to
enhance the electron contrast of the biological material.

surrounded by EPS (see Fig. S4 in the supplemental material).
Analysis of the thickness of the surrounding layers from TEM
images showed that Pd 1222 has the most pronounced EPS enve-
lope (253 = 53 nm), in contrast to strain 2002, which showed the
thinnest EPS envelope (109 * 28 nm). In the EPS layers of Pd 1222
and ATCC 19367, electron-dense filamentous structures can be
observed (Fig. 4G, inset, and H, arrow 4), which are likely accu-
mulations of Fe(III). At the outer layer of the EPS, particles in the
nanometer size range form, which might act as nucleation sites,
leading to bigger iron mineral crystals. In contrast to the cyto-
plasm, which is filled with large and very crystalline mineral par-
ticles, in the Paracoccus cultures we observed very small and poorly
crystalline Fe(III) mineral particles inside the EPS-rich layer,
where the growth of larger crystals seems to be inhibited by the
EPS (Fig. 4G, inset). In contrast to strain BoFeN1 and the Para-
coccus strains, strain 2002 seems to form much smaller Fe(III)
mineral particles (in the nanometer range), which are visible as a

very electron-dense and compact layer around the cell (Fig. 4C
and D). At the outer edge of the EPS-iron layer of strain 2002,
slightly larger Fe(III) mineral particles are visible (Fig. 4C, inset).

Acetate consumption by encrusted cells after complete Fe(II)
oxidation. The formation of large amounts of poorly soluble
Fe(IIT) minerals at the cell surface and in the cell interior raises the
question of whether these cells can actually maintain their meta-
bolic activity or whether the cell encrustation slows down meta-
bolic activity or even leads to cell lysis. To answer this question, we
followed acetate consumption of all four cultures over time (Fig.
2). We found that all four strains consumed the initially present 5
mM acetate within approximately 2 days, when 8 to 23% (0.8 to
2.3 mM) of the provided nitrate was still in solution. After com-
plete consumption of acetate and complete Fe(II) oxidation, we
spiked the cultures again with 5 mM acetate and 10 mM nitrate at
day 7. We found that all four strains were able to resume acetate
consumption (BoFeN1, 1.6 = 0.1 mM/day; 2002, 2.3 = 0.0 mM/
day; ATCC 19367,3.5 + 0.1 mM/day; Pd 1222, 3.5 + 0.1 mM/day,
respectively) even at this late stage of encrustation, indicating that
at least some cells were still metabolically active.

DISCUSSION

Of the four strains used in our study, two were isolated as nitrate-
reducing Fe(II) oxidizers, while the other two were known to be
ordinary denitrifiers. All four strains not only caused oxidation of
Fe(II) but also were encrusted with Fe(III) minerals during Fe(II)
oxidation. Although the observed encrustation patterns differed
slightly, the four strains behaved similarly regarding Fe(II) oxida-
tion rate and extent, nitrate consumption, nitrite accumulation,
and identity and localization of Fe(III) minerals. Overall, our data
show that Fe(II) oxidation under denitrifying conditions in the
presence of high substrate concentrations can be caused by many
more bacteria than previously thought. In particular, Fe(II) oxi-
dation can also be induced by bacteria that probably do not con-
tain an enzymatic system for Fe(II) oxidation. With this study, we
also want to draw attention to the possible abiotic side reactions of

FIG 6 CLSM images of Acidovorax strain BoFeN1 incubated for 7 days with 10 mM nitrate and 5 mM acetate and without Fe(II) (top) and with ~8 mM Fe(II)
(bottom). DNA was stained with Syto9 (green), and EPS was stained with WGA-Alexa Fluor 555 conjugate (red). Images on the right show the overlay of both

images. Bars, 5 um.
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nitrite in these cultures, which have often not been taken into
consideration, and also the fact that under anoxic conditions,
Fe*" seems to be toxic to the bacteria. This will help to better
understand and evaluate anaerobic Fe(II) oxidation in natural
environments.

Indirect abiotic Fe(II) oxidation by heterotrophic nitrate-re-
ducing bacteria. Our data showed that the two denitrifying Para-
coccus strains investigated efficiently oxidize Fe(II) when provided
with nitrate, Fe(II), and acetate. Oxidation of Fe(II) by hetero-
trophic denitrifying Paracoccus strains has been tested before, with
slightly different results. While Muehe et al. (40) found that Para-
coccus denitrificans strain ATCC 17741 was also able to oxidize
Fe(II) at low rates when the Fe(Il) was added as FeSO, to the
medium, Kumaraswamy et al. (41) observed no oxidation of dis-
solved Fe(II) but oxidation of chelated Fe(II) with ethanol as the
carbon source by Paracoccus denitrificans strain NCCB 80056. To
potentially resolve this discrepancy, we tested two additional P.
denitrificans strains, i.e., Paracoccus denitrificans ATCC 19367 (35)
and Paracoccus denitrificans Pd 1222 (a genetic modification of
DSM 4137) (34). We found that the two Paracoccus strains used in
our study behaved very similarly to each other and that oxidation
of dissolved, nonchelated Fe(II) was comparable to Fe(II) oxida-
tion by the Fe(II) oxidizers Acidovorax strain BoFeN1 (10) and
Pseudogulbenkiania strain 2002 (11, 33) (Fig. 1). Possible explana-
tions for the differences between our study and the previous stud-
ies with Paracoccus strains that did not show Fe(II) oxidation
could be the presence or absence of enzymatic Fe(II) oxidation in
the different Paracoccus strains used and, which we believe is more
likely, strain-specific physiological differences. Specifically, ace-
tate oxidation and nitrate reduction resulted in differences in ni-
trite formation and thus different extents of abiotic Fe(II) oxida-
tion and cell encrustation. The intricacies of this metabolism are
illustrated by the available data for Fe(II) oxidation, nitrate con-
sumption, and nitrite formation for strain BoFeN1 from several
recent publications (10, 31, 40). These studies showed that small
variations in cultivation conditions [e.g., preculture conditions,
small pH differences, and different nitrate/acetate/Fe(Il) concen-
trations and ratios] can lead to major differences in cell growth,
substrate consumption, nitrite formation, and Fe(II) oxidation.
Since in our study the concentrations of nitrate, carbon source,
and Fe(II) were similar for all four strains tested, our study al-
lowed a direct comparison of Fe(II) oxidation by four nitrate-
reducing strains.

Nitrite accumulated in all four cultures (0.8 to 1 mM), al-
though it has to be considered that this is only the remaining
nitrite and does not take into account nitrite which had probably
already reacted with Fe(II) or was further reduced to NO, N, O, or
N, and is, therefore, not included in the analysis. Nitrite accumu-
lation, nitrate consumption, and concentrations of reacted nitro-
gen (see Fig. S5 in the supplemental material) differed slightly in
the four tested strains. Despite these small differences, overall the
Fe(II) oxidation rates were very similar in the four bacterial cul-
tures (3.6 to 4.5 mM/day) when the strains were cultivated with an
additional organic electron donor (Fig. 1A). These rates are simi-
lar to or slightly higher than abiotic Fe(II) oxidation rates (0.2 to
3.7 mM/day) (31). Cell surface catalysis was ruled out in a control
experiment (see Fig. S6 in the supplemental material). Our data in
combination with the recent literature provide strong evidence for
the role of abiotic oxidation of Fe(II) by nitrite and NO in our
cultures even at neutral pH (42-45). This reaction can be en-
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hanced by reactive surfaces of the minerals formed, i.e., goethite
and green rust, which was shown to be the main precursor mineral
for goethite formation via a reaction with nitrite (46-49). Further-
more, it has been shown that strain BoFeN1 cannot couple N,O
reduction to Fe(II) oxidation, suggesting the absence of an enzy-
matic system for Fe(II) oxidation at least for strain BoFeN1 (31).
Evidence for an enzymatic Fe(II) oxidation was provided by
Chakraborty and Picardal (23), who found that Fe(II) oxidation is
inducible at an enzymatic level for Acidovorax strain 2AN. In con-
trast, Carlson et al. (50) did not see inducible Fe(II) oxidation for
Acidovorax ebreus strain TPSY, and in a proteomic study with the
same strain, those authors did not find any specific proteins re-
sponsible for Fe(II) oxidation. Although the main question there-
fore still remains whether in these strains Fe(II) oxidation may be
caused partly or even completely by an abiotic reaction with ni-
trite/NO, our present study showed that ordinary nitrate-reduc-
ing bacteria show nitrite accumulation and Fe(II) oxidation rates
similar to those of two nitrate-reducing strains that were isolated
as Fe(II) oxidizers. This suggests that under our chosen experi-
mental conditions with relatively high substrate concentrations,
the observed Fe(II) oxidation is, at least to a certain extent, indi-
rect and caused by reactive nitrite/NO produced biologically from
nitrate reduction with electrons stemming from provided or cell-
stored acetate. Of course, this does not rule out the possibility that
the Paracoccus strains used here or other nitrate-reducing Fe(II)
oxidizers do have proteins for enzymatic Fe(II) oxidation and that
atleast some fraction of the observed oxidation could be enzymat-
ically driven. This is in particular true for strain 2002, since this
organism was described as being able to oxidize Fe(II) lithoau-
totrophically. However, although strain 2002 is capable of grow-
ing with Fe(II) as the sole electron donor and fixing CO, into
organic carbon under nitrate reducing conditions, it cannot be
indefinitely cultivated under lithoautotrophic conditions with
Fe(II), and the metabolic pathway remains unknown (Karrie
Weber, personal communication).

Variation in iron(III) mineral encrustation for different ni-
trate-reducing strains and for different cells within the same
culture. The formation of mineral crusts around the cells during
Fe(II) oxidation by nitrate-reducing Fe(II) oxidizers has been rec-
ognized before (10, 51) and was studied intensively with the mix-
otrophic bacterial strain Acidovorax strain BoFeN1 (10, 13-15, 24,
25). In the present study, we used SEM (Fig. 3) and TEM (Fig. 4;
also, see Fig. S1 in the supplemental material) and identified dif-
ferent patterns of encrustation, including only a mineral-filled
periplasm (Fig. 3B, arrow 3, and Fig. 4B, arrow 2), additional
encrustation of the cell surface (Fig. 4B, arrow 1), and a fully
mineralized cytoplasm (e.g., see Fig. S1 in the supplemental ma-
terial). After complete Fe(II) oxidation, these different mineral-
ization stages were found simultaneously in the same BoFeN1
culture. Previous studies with BoFeN1 described similar encrus-
tation but reported additional globular structures rich in organic
carbon on the cell surface (14, 15), while we observed needle- or
plate-shaped goethite minerals (Fig. 3A and 4B). (For comparison
to abiotic synthesized goethite, see reference 52.) We interpret
these different patterns as a continuum of progressive mineraliza-
tion stages resulting from different efficiencies (i.e., rates and time
course) in nitrate reduction and nitrite formation of single cells
depending on the iron, acetate, nitrate, and nutrient contents of
the cultures and thus the metabolic state of the cells over time (53).

No data regarding encrustation have previously been pub-

aem.asm.org 1057


http://aem.asm.org

Klueglein et al.

lished for the nitrate-reducing Fe(II) oxidizer Pseudogulbenkiania
strain 2002 or for heterotrophic denitrifiers such as Paracoccus
denitrificans. The three strains of these species investigated here
showed a similar and homogeneous encrustation behavior, i.e.,
massive encrustation, and many of the cells were completely filled
with Fe(III) minerals (Fig. 4C to H), similar to some BoFeN1 cells.
The Fe(III) mineral particles in the culture of strain 2002, how-
ever, remained smaller (only a few nanometers) (Fig. 4C and D)
than those of BoFeN1, while the Fe(III) mineral particles in the
Paracoccus cultures had a size of hundreds of nanometers both
inside and outside the cells (Fig. 4E to H). This difference in par-
ticle size might hint at a different oxidation behavior in strain
2002. This could be caused by a different nitrite production rate
(Fig. 1B) or transport or a difference in produced EPS, but also,
the involvement of enzymatic Fe(Il) oxidation cannot be ruled
out, particularly since strain 2002 can grow lithoautotrophically
on Fe(II) at least for some generations. However, the encrustation
of all tested nitrate-reducing bacteria during growth in Fe(II)-rich
medium further supports our hypothesis that nitrite is probably
an important (abiotic) oxidant for Fe(II) in these strains and was
responsible for the observed mineral formation and cell encrusta-
tion. We want to point out that cell encrustation might be also
caused by the relatively high substrate concentrations typically
used in batch cultures for Fe(II) oxidizers favoring heterotrophic
nitrate reduction (24, 50, 54). It is possible that in the environ-
ment, where the concentrations are mostly much lower, cell en-
crustation is not as pronounced or even absent, as proposed by
Chakraborty et al. (12). Future studies with continuous-flow ex-
periments with low and thus more environmentally relevant
Fe(II) and nitrate concentrations will show whether cell encrusta-
tion in these strains is mainly an artifact caused by batch experi-
ments with high substrate concentrations.

EPS formation and possible influence on mineral formation.
A noticeable feature in all four strains was the presence of shells of
different diameters containing small mineral particles that en-
closed the cells, forming a rim of up to 250 nm between the larger
mineral particles and the cell surfaces (Fig. 4G). The WGA-bind-
ing study using the fluorescence microscope confirmed the pres-
ence of EPS with a shape resembling that of those shells (Fig. 5A;
also, see Fig. S3 in the supplemental material). The EPS could be
secreted by the cells either (i) in an attempt to protect the cell
surface from encrustation or (ii) to bind toxic Fe*". The large
mineral particles outside this EPS layer, especially in cultures of Pd
1222 and ATCC 19367 (Fig. 4E to H), seem to originate from a
thin, electron-dense, and nanometer-size grained mineral layer at
the outer rim of the EPS capsule. The organic EPS polymers likely
block kinks and steps of the initially formed mineral nuclei and
thus prevent the formation of larger crystals within the EPS layer
(55). We indeed observed that the minerals within the capsule,
visible as filamentous structures, were generally much smaller
grained than those on the surface. This feature is most notable for
Pd 1222 and ATCC 19367 (Fig. 4G, inset, and 4H, arrow 4), where
minerals outside the EPS layer achieve sizes of several hundred
nanometers while those within the EPS layer are merely nanome-
ter-sized; similar observations have been made previously for
other iron minerals nucleating within EPS in environmental sam-
ples (56). Strain 2002 differs in its encrustation pattern from the
other strains used in our study, because there is a very dense layer
visible around the cells (Fig. 4C and D). The iron mineral particles
bound to the EPS are much smaller than the minerals surrounding

1058 aem.asm.org

the Paracoccus strains (Fig. 4E to H) and may be a result of a
difference in EPS composition and/or density, either binding
Fe(III) more strongly or in larger amounts. A denser EPS layer
could also decrease diffusion of nitrate and nitrite, explaining
the slower and incomplete nitrate consumption by strain 2002
(Fig. 1B).

Investigating wet samples of BoFeN1 by CLSM showed that
larger amounts of EPS were produced when the strain was cul-
tured in the presence of Fe(II) than in the absence of Fe(II) (Fig. 6;
also, see Fig. S4 in the supplemental material), suggesting that the
EPS could be produced in order to lower the toxicity of Fe*". It is
worth noting, though, that we cannot exclude the possibility that
EPS with a different chemical composition was produced and
present but could not be stained with the lectin WGA. Neverthe-
less, EPS, which is typically composed of protein and mainly poly-
saccharide polymers, is often produced by cells in response to the
presence of toxic chemicals (57). Several studies showed that EPS
production is enhanced in the presence of toxic metals such as
cadmium and copper (58, 59) and functions as a protective bar-
rier. The binding of several metals, including iron, was shown for
bacterial EPS (60—-63). Fe** is known to be toxic due to the for-
mation of oxygen radicals in the Fenton reaction under oxic con-
ditions (64). There are only a few studies concerning the toxicity of
Fe’™ under anoxic conditions (65, 66). Some nitrate-reducing
Fe(II)-oxidizing strains are not able to grow on dissolved Fe(II)
but instead require chelated Fe(II), for example, Paracoccus fer-
rooxidans (41) and Pseudogulbenkiania strain MAI-1 (67), and it
was suggested by those authors that this was due to Fe** toxicity.
Whether these strains cannot produce EPS in the presence of toxic
Fe(II), and whether this is the reason for the absence of Fe(II)
oxidation, is currently unknown.

Cell encrustation by Fe(II) oxidation via nitrite. The fact that
heterotrophic denitrifiers become encrusted in a way similar to
that described before for the nitrate-reducing Fe(II) oxidizer
BoFeN1 suggests the possibility of abiotic Fe(II) oxidation and cell
encrustation by biologically produced nitrite for nitrate-reducing
strains under heterotrophic growth conditions (Fig. 7). Nitrite
and NO are present in the periplasm during denitrification with
electrons stemming from oxidation of organic carbon (68) and
can react abiotically with dissolved or solid-phase Fe(II) to Fe(III)
(29, 48), leading to Fe(III) mineral precipitation. In the case of
BoFeN1, the Fe(III) mineral precipitation starts in the periplasm,
continues on the cell surface, and then terminates in the cytoplasm
(13). In all cultures, mineral precipitation at the cell surface was
probably initially avoided by a protective EPS layer surrounding
the cells, which potentially complexed Fe(III) and/or inhibited
crystal nucleation and crystal growth because of binding of Fe ions
by the organics (55). When nitrite diffuses through this EPS layer,
green rust and goethite minerals form on the outside of the EPS
layer, catalyzing Fe(II) oxidation and Fe(III) mineral formation
(31, 46, 69). This mechanism would also explain the observations
of (i) Fe(III) mineral formation without direct contact with the
cells despite the low solubility of Fe(III) (14), (ii) oxidation of
Fe(II) by sterile-filtered supernatants (67), and (iii) formation of
an Fe(III) mineral coating on Shewanella putrefaciens cells incu-
bated with Fe*" and NO, ™ (69).

Is cell encrustation deleterious? To determine whether cul-
tures are actually dead after Fe(II) oxidation accompanied by en-
crustation of all cells, we monitored consumption of acetate from
solution as a measure for bacterial activity. We found that all four
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FIG 7 Proposed nitrite-driven mechanism of encrustation during hetero-
trophic denitrification in an Fe(II)-rich environment. For simplicity, only the
first three enzymes of the denitrification pathway are shown. (Phase 1) Nitrate
reduction by nitrate reductase (NAR) to nitrite with electrons stemming from
organic carbon oxidation (a) and nitrite transport out of the cytoplasm to the
periplasm by a transporter (there is also the possibility of separate nitrate/
nitrite transporters) (T) (b), leading to an accumulation of nitrite in the
periplasm (c) and outside the cell (f). Nitrite is further reduced by the periplas-
mic nitrite reductase (NIR) to NO (d). There is also possible oxidation of
dissolved Fe(II) by nitrite or NO (c, e, f, and g), forming Fe(III), which will
rapidly hydrolyze and precipitate as Fe(II)/Fe(III) minerals, such as green rust,
and Fe(III) minerals, such as goethite. (Phase 2) Parts of the periplasm and
enzymes become encrusted (h). As soon as nitrite transport and/or the
periplasm is blocked by minerals, nitrite accumulates inside the cell (i), thus
leading to Fe(III) mineral formation inside the cell. (Phase 3) Fe(III) minerals
have filled the periplasm and the inside of the cell, probably leading to cell
death. Minerals have also grown at the cell surface and associated with the EPS.

strains tested were able to consume acetate even at a late stage of
Fe(II) oxidation, when many, or even most, of the cells were en-
crusted with Fe(III) minerals. This observation might have several
explanations. First, there is the possibility that some encrusted
cells could grow out of, or discard, the encrustation and resume
metabolic activity; this has been demonstrated previously with the
formation of gypsum on cyanobacteria (70). Second, encrusted
cells might still be able to consume some acetate despite encrus-
tation. Third, there may have been some nonencrusted and thus
metabolically healthy and active cells in the cultures.

When the maximum acetate consumption rate of 2.9 * 0.5
mM/day for strain BoFeN1 in the beginning of the experiment
(first acetate amendment) is compared to the rate observed when
acetate was added after complete Fe(II) oxidation (1.6 = 0.05
mM/day), and considering cell numbers published by Muehe et al.
(40) (inoculum of 5E + 06 cells/ml and final cell number of
1.2E + 08 cells/ml), it is clear that if only ~29% of the cells present
at the end of Fe(II) oxidation remained metabolically active, they
could be responsible for the measured acetate consumption rates.
When analyzing samples from BoFeN1 and ATCC 19367 after
complete Fe(II) oxidation by SEM and CLSM, we indeed detected
low numbers of nonencrusted cells. This is supported by the pres-
ence of living cells at the end of Fe(II) oxidation, demonstrated by
dead-live staining by Kappler et al. (10). As the samples were cen-
trifuged for microscopy analysis, it is possible that due to the
higher density of iron minerals, the pellets were enriched in en-
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crusted cells and the actual number of nonencrusted cells in the
cultures might have been even higher. To confirm viability, we
tested samples from fully oxidized cultures for aerobic growth on
LB plates (data not shown) and found that all four strains formed
colonies and grew, although both Paracoccus strains showed only
very poor growth and BoFeN1 and 2002 showed diminished
growth. Nevertheless, this suggests that a fraction of cells are in-
deed not encrusted even at a late stage of oxidation and are able to
continue metabolizing acetate and nitrate, whereas the rest of the
culture is probably dead. This is underlined by the fact that we saw
DNA-free, encrusted cells in BoFeN1 cultures, indicating cell lysis
(see Fig. S3 in the supplemental material). Chakraborty and Pica-
rdal (71) did similar experiments with a newly isolated Dechlo-
romonas strain which was, however, not able to metabolize acetate
that was added after complete Fe(II) oxidation. Whether the for-
mation of EPS in the strains we tested protected at least some of
the cells sufficiently to survive Fe(III) formation, whether the
lower concentration of acetate in their study led to the absence of
nonencrusted or lightly encrusted and thus still metabolically ac-
tive cells, or whether there is another reason for this difference
remains unclear. Based on our data, it seems that at least a certain
fraction of cells of nitrate-reducing bacteria found a way to survive
encrustation in the Fe(II)-rich cultures.

Environmental significance and implications for preserva-
tion and mineral studies. Our study suggests that the Fe(III)
minerals encrusting the nitrate reducers are probably a metabolic
by-product of heterotrophic nitrite formation. Partly and fully min-
eralized cells have been detected in Fe(II)-rich rivers and springs (72,
73), even with the very unique formation of a layer rich in iron and
organic material, similar to the ones observed in our study (Fig. 5B;
also, see the supplemental material) (74). We would like to note,
however, that the similarity of encrustation patterns observed in the
environment to the structures observed with the four strains used in
our study has to be interpreted with caution, because in contrast to
our study, most TEM studies use heavy metal stains, such as uranyl
acetate and lead citrate. These heavy metals are adsorbed by func-
tional groups of biological structures and thus generate similar con-
trast even without iron being present. Because nitrate reduction is a
very widespread microbial metabolism, the observed Fe(II) oxidation
by normal denitrifiers has implications for cultivation-based studies
focusing on quantification and isolation of nitrate-reducing Fe(II)
oxidizers from the environment, since normal denitrifiers will also be
recognized and counted as Fe(II) oxidizers in such experiments when
additional organic electron donors are added. Furthermore, the en-
crustation and preservation of denitrifying cells by Fe(III) minerals is
of importance, since there are many studies focusing on the preser-
vation of microbial cells as biosignatures or microfossils to draw con-
clusions about the presence of microbial activity in modern and an-
cient environments (51, 75-77). And finally, the formation of
biogenic iron minerals as a microbial by-product of denitrification
also affects other geochemical cycles in nature. Biogenically produced
Fe(II) (oxyhydr)oxides are highly reactive toward other metal-
(loid)s, such as arsenic and uranium, organic pollutants (5, 6, 25, 45),
and nutrients such as phosphate (78). The abiotically driven forma-
tion of Fe(III) (oxyhydr)oxide minerals by nitrite that is produced by
nitrate-reducing bacteria shows that under specific conditions, these
very abundant bacteria may influence and facilitate immobilization
and transformation of organic and inorganic pollutants, which until
now were often mainly attributed to specific Fe(I) oxidizers and
Fe(III) reducers (79). The fact that denitrifying bacteria are also able
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to cause Fe(II) oxidation will help us to better understand anaerobic
Fe(II) oxidation in the environment.
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