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ABSTRACT

We compared the response at neutral pH of some denitrifiers to different electron donors such as
S(0), and marcasite) and reduced Fe. Chemolithoautotrophic oxidation of

reduced sulfur (pyrite,
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pyrite with nitrate as electron acceptor was not possible when the pyrite was in a pure crystalline

form, whereas oxidation of synthesized FeS, of low crystallinity and of S(0) with nitrate as electron
acceptor was possible. Neither nitrite nor sulfate was formed when Fe(ll)-oxidizing strain
Acidovorax sp. BoFeN1 was tested. Microbial reduction of nitrate appears to be induced via S oxi-

dation but not via Fe oxidation.

Introduction

Denitrification is an important anaerobic nitrate attenuation
process, which has been observed in many groundwater sys-
tems (Hiscock et al. 1991). Heterotrophic denitrification is
driven by organic electron donors, whereas autotrophic
denitrification is driven by inorganic electron donors
(Korom 1992). For decades, it has been postulated that
denitrification may be coupled to the oxidation of pyrite,
mediated by chemoautolithotrophs such as Thiobacillus
denitrificans (Kolle et al. 1983). In pyrite-bearing aquifers,
the net consumption of nitrate with concomitant generation
of sulfate and dissolved Fe(Il) is generally regarded indica-
tive of this process (Pauwels et al. 2000; Postma et al. 1991;
Tesoriero et al. 2000; Zhang et al. 2009). The release of pyr-
ite-associated trace metals such as As, Ni, Co, Zn (Broers
1998; Evangelou and Zhang 1995; Van Beek et al. 1989;
Zhang et al. 2009), and aqueous uranium (van Berk and Fu
2017) concomitant with nitrate removal was regarded as fur-
ther evidence of pyrite oxidation. In addition, natural-gradi-
ent, anoxic tracer injections with nitrate into nitrate-free,
Fe(II)-containing groundwater indicated that nitrate-depend-
ent Fe(II) oxidation could occur rapidly and that the process
can impact the mobility of other chemical species (e.g.,
phosphate and arsenic) (Smith et al. 2017).

A series of laboratory studies were undertaken to resolve
the mechanisms underlying pyrite-dependent nitrate
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reduction (Bosch et al. 2012; Haaijer et al. 2007; Jorgensen
et al. 2009; Torrentd et al. 2010). However, results of these
studies were contradictory. Incubation of natural sediment
to which ground pyrite was added did not provide any evi-
dence of denitrification coupled to pyrite oxidation (Haaijer
et al. 2007; Schippers and Jorgensen 2002). In contrast,
accelerated nitrate reduction and sulfate generation has been
observed on incubation of natural pyrite-containing sedi-
ment from a sandy aquifer and in accompanying batch
experiments to which ground pyrite had been added
(Jorgensen et al. 2009). Nitrate reduction rates in the pres-
ence of the autotrophic denitrifying bacterium T. denitrifi-
cans increased with decreasing pyrite grain size and were
dependent on initial nitrate concentration and nitrate-load-
ing rate in anaerobic batch and flow-through experiments to
which ground pyrite was added (Torrentd et al. 2010). Both
studies, therefore, revealed indirect evidence for the presence
of microbially mediated denitrification with pyrite as the
electron donor. Bosch et al. (2012) have described oxidation
of pyrite nanoparticles by the nitrate-reducing bacterium T.
denitrificans. Their conclusion was based on an electron bal-
ance involving the formation of ferric iron and sulfate at the
expense of nitrate reduction to nitrite. However, using acid
extraction to determine the amount of ferric hydroxide that
may be formed in pyrite oxidation may lead to an overesti-
mation of ferric iron when nitrite is present. This is because
nitrite is able to oxidize pyrite under acidic conditions
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(Yan et al. 2015). Hence, detection of ferric iron as a prod-
uct of pyrite oxidation may be misleading unless great care
is taken to prevent such artifacts. To shed light on these
contradictory observations, we set up a systematic series of
experiments to compare the ability of different sources of
reduced S (pyrite, elemental sulfur, and marcasite) and of
reduced Fe [pyritic Fe(II), dissolved Fe(II)] to serve as elec-
tron donors in bacterial denitrification. To do so, we used
two types of pyritic materials: (1) a synthesized pyritic
mixture of small-grain-size, which consisted of pyrite, mar-
casite and elemental sulfur; and (2) a pure crystalline pyrite,
which was carefully treated prior to the experiments to
remove impurities.

Materials and methods
Preparation and characterization of iron disulfides

Two kinds of iron sulfides were used in the batch experi-
ments. Ground pyrite (from Peru, Georg Maisch Import,
Freising, Germany) was prepared and purified as described
by Yan et al. (2015). Additionally, iron disulfide (FeS,) was
synthesized following a procedure described by Peiffer
and Stubert (1999) and Berner (1970). Contrary to the
earlier work, we synthesized FeS, in an anoxic glovebox
(Innovative Technology, Newburyport, MA, USA) in an
atmosphere of 100% N, at room temperature (20+2°C). A
solution of 0.1 M Na,S was prepared from 15.6g Na,S and
2L ultrapure water (Millipore) in a glass bottle and acidified
with 32% HCI to a pH of 8. To this solution, 39.75g
FeCl,04H,0 and 12.8 g S(0) were added to reach final con-
centrations of 0.1 and 0.2M, respectively. The bottle was
closed with a plastic cap and sealed gas-tight with silicon
gel, removed from the glovebox, stored in an oven at 60 °C,
and shaken by hand twice a day. After two weeks, the super-
natant was decanted and the solid residue was sieved (mesh-
size of sieves: 0.63mm and 1.4mm) to remove unreacted
elemental sulfur particles. The fraction between 0.63 mm
and 1.4mm was collected and washed three times with
1-2L oxygen-free ultrapure water and then boiled in 1M
HCI under N, for 1h in order to remove acid-volatile sul-
fide and then washed twice with oxygen-free ultrapure
water. The solid residue was washed three times with acet-
one to remove water and elemental sulfur and then washed
nine times with petroleum ether to remove remaining elem-
ental sulfur. In spite of these treatments, the residual elem-
ental sulfur content was 4.6 mass% (as detected by HPLC,
cf. below). After the washing procedure, the solid residue
was dried under continuous nitrogen flow to remove the
residual solvent, sieved with a 20-um and a 100-um sieve,
and stored in an anoxic glovebox. The fraction between 20
and 100 pm was used for the experiments. The two iron
disulfide specimen were characterized using scanning elec-
tron microscopy (Zeiss Leo 1530 FE-SEM, Germany), X-ray
diffractometry (D5000, SIEMENS, Germany) using Co Ko
radiation (40kV, 40 mA) and the BET-method (Gemini V
Series, Micromeritics, Germany).

Cultivation of microorganisms

Thiobacillus denitrificans DSM 12475 was obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ), Braunschweig, Germany. The strain was grown at
pH 6.8 in medium 113 (DSMZ 2010). The medium con-
sisted of 14.7mM KH,PO,, 19.8mM KNO; 18.7mM
NH,CI, 3.25mM MgSO,e7H,0, 20.1 mM Na,S,0;65H,0,
30.0mM NaHCOs;, 0.007mM FeSO,07H,0, and trace elem-
ent solution SL-4.

Acidovorax sp. BoFeN1 isolated from Lake Constance
sediments is a mixotrophic bacterium that is able to grow
with acetate plus Fe(Il) as electron donors and nitrate as
electron acceptor (Kappler et al. 2005). Acidovorax sp.
BoFeN1 was grown in anoxic 22mM bicarbonate-buffered
low-phosphate mineral medium (pH =7.0), which contained
10 mM nitrate as electron acceptor and 5mM acetate as sole
carbon source and was prepared as described by Hegler
et al. (2008) and Hohmann et al. (2010).

Thiobacillus denitrificans and Acidovorax sp. BoFeNl
were grown at 30°C in an atmosphere of 80% N, and 20%
CO, in the dark and unshaken. Growth of the cultures was
determined by following the optical density (OD) of the cul-
ture media at a wavelength of 600 nm (ODgg) in a spectro-
photometer (DR3800, Hach Lange). Total cell number was
determined by direct counting with a light microscope with
a counting grid. After growth to the late exponential phase,
both cultures were harvested by centrifugation, washed, and
resuspended in modified medium (see later) before the start
of the experiments.

Experimental set-up

Two types of batch experiments were conducted.
Synthesized FeS, (characterized as a mixture of pyrite, mar-
casite, and elemental sulfur) was inoculated with the nitrate-
reducing sulfide-oxidizing bacterium T. denitrificans or a
mixotrophic culture of nitrate-reducing Fe(II)-oxidizing bac-
terium Acidovorax sp. BoFeN1. Control experiments were
performed with T. denitrificans in the presence of (1) dis-
solved Fe(II) to test whether Fe(II) may be oxidized with
nitrate as electron acceptor; and (2) dissolved Fe(II) to test
whether abiotic FeS, oxidation is stimulated by dissolved
Fe(IlI) (Peiffer and Stubert 1999). Ground, pure pyrite, free
of elemental sulfur, which generally exists in pyrite as an
impurity in natural and synthesized samples, was inoculated
with T. denitrificans to study nitrate-dependent pyrite oxida-
tion in the absence of elemental sulfur. The details of the
batch experiments including controls are described in
Table 1.

To avoid interference by sulfur in the medium when
determining rates of sulfate formation from pyrite, the
medium for the pyrite oxidation experiments with T. deni-
trificans did not contain thiosulfate or iron, unlike the
medium for preparing T. denitrificans by cultivation. The
modified reaction medium (pH 6.8) contained 15mM
KH,PO,, 19mM NH,Cl, 32mM MgCl,e6H,0, 30mM
NaHCOs3, and the same concentration of trace element solu-
tion SL-4 as described above. The medium used for the



Dissolved Fe(lll)
concentration [uM]
100

Dissolved Fe(ll)
concentration [uM]
100

Initial material
concentration [mM]
8.3
50
50
50
50

Cell concentration
[cells m17]

9.3 x 10° or 9.3 x 107

1.2 %107 or 1.2 x 108

9.3 x 10° or 9.3 x 107

9.3 x 10° or 9.3 x 107
2x10% or 2x 10°
2x10% or 2 x 10°
2% 10% or 2 x 10°
2x10% or 2 x 10°

1.8 x 10°

Bacterial strain
Thiobacillus denitrificans
Acidovorax sp.BoFeN1
Thiobacillus denitrificans
Thiobacillus denitrificans
Thiobacillus denitrificans
Thiobacillus denitrificans
Thiobacillus denitrificans
Thiobacillus denitrificans

Thiobacillus denitrificans

Initial nitrate
concentration [mM]
~10
~10
~10
~10
~10
~10
~10
~10
~10
~10

Material
synthesized FeS,
synthesized FeS,
synthesized FeS,
synthesized FeS,
synthesized FeS,
ground pyrite
ground pyrite
ground pyrite
elemental sulfur

synthesized FeS, (pyrite
and marcasite with
residual elemental sulfur)

ground pyrite

Table 1. Overview of the setups of the batch experiments and their controls.

Inoculated setup with
Control experiment
Inoculated setup with
Control experiments

Experiments
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batch experiment with Acidovorax sp. BoFeN1 was the same
as the nutrient medium for cultivation.

For batch experiments with synthesized FeS,, 100 mL of
medium and 0.1g of the synthesized FeS, (final concentra-
tion 8.3 mM) were added into each autoclaved glass serum
bottle inside an anoxic, hydrogen-free, UV-sterilized stain-
less-steel glovebox (Mecaplex, Grenchen, Switzerland) con-
taining a 100% N, atmosphere. Bottles were sealed with
butyl stoppers, crimped, and then removed from the glove-
box. The headspace of each serum bottle was flushed with a
mixture of 80% N, and 20% CO,. At the beginning of each
batch experiment with synthesized FeS,, 1 mL of anoxic
KNO; (1 M) stock solution was injected into each serum
bottle through the butyl stopper (final concentration of
approximately 10 mM) using a syringe that had been flushed
several times with N,. A volume of 0.1 mL or 1mL of the
pure culture of T. denitrificans was added to each serum
bottle resulting in a cell concentration of 9.3 x 10° or
9.3 x 107 cells mL ™", respectively. Serum bottles for experi-
ments with Acidovorax sp. BoFeN1 were prepared in a simi-
lar way. Prior to inoculation with bacteria (cell
concentration 1.2 x 107 or 1.2 x 10® cells mL "), solutions of
oxygen-free NaNO; (1 M), and Na acetate (1 M) were added
to yield approximately 10mM and 5mM concentrations,
respectively.

Parallel batch experiments were performed in order to
test a potential stimulating effect of redox-active substances.
A volume of 100puL of 100mM sterile FeCl,e4H,O or
100 uL of 100 mM FeCl;06H,0 was added to the serum bot-
tles containing synthesized FeS,, nitrate, and T. denitrificans
as described above, to obtain a final Fe(II) concentration of
100 uM and a final Fe(III) concentration of 100 pM. All cul-
tures were incubated at 30 °C in the dark. Batch experiments
and controls were conducted in two independent replicates.

For batch experiments with ground pyrite, the procedure
was essentially the same as for the experiments with synthe-
sized FeS,. Medium was added to the serum bottles from a
Widdel flask outside the glovebox. Thus, to each autoclaved
glass serum bottle, 100 mL of medium was added under an
atmosphere of 80% N, and 20% CO, using two sterilized
needles. The bottles were then sealed with butyl stoppers
and crimped. All bottles were placed in the glovebox con-
taining an atmosphere of 100% N, (Innovative Technology,
Massachusetts, USA, 100% N,) and then opened. Ground
pyrite (0.6 g: final concentration 50 mM) was added to each
serum bottle. The bottles were sealed with butyl stoppers,
crimped, and then removed from the glovebox. The head
space of each serum bottle was flushed with gas of a com-
position of 80% N, and 20% CO..

At the beginning of each batch experiment with ground
pyrite, 1 mL of oxygen-free, sterile 1 M KNOj; stock solution
was added to a final nitrate concentration of approximately
10mM. Since substantial denitrification occurred in the
presence of high cell concentrations of T. denitrificans which
accumulated sulfur intracellularly (cf. Results and Discussion
sections), we tried to keep the cell concentration as low as
possible. Therefore, we added 0.1 or 1 mL of a pure culture
of T. denitrificans to each serum bottle, resulting in cell
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concentrations of 2 x 10* and 2 x 10° cells mL™", respect-
ively. After the additions of nitrate and cells, the headspace of
the bottles was flushed again with N,/CO, (80/20) for 10 min.
These serum bottles were incubated at 30°C in the dark.

For control experiments, some serum bottles contained only
pyrite and nitrate but no T. denitrificans, others contained only
pyrite and T. denitrificans but no nitrate, and still, others con-
tained only nitrate and T. denitrificans but no pyrite. These
controls allowed monitoring of background reactions.

To demonstrate that the cells in a cell suspension were
viable, a control experiment was run with 50 mM elemental
sulfur and 10 mM nitrate and inoculated with T. denitrifi-
cans. Each of the different experimental setups were run in
triplicate, whereas the control setups were run in duplicate.

Chemical analyses

Aliquots of approximately 2mL were anoxically withdrawn
from serum bottles. Concentrations of nitrate, nitrite and
sulfate were quantified using ion chromatography with
chemical suppression and conductivity detector using an A-
supp 4 anion column (Metrohm, Herisau, Switzerland) after
filtration of the sample through a Nylon filter having a
0.22 pum pore size to stop the microbial reaction and remove
the residual particles. Filtered samples were diluted with
ultrapure water prior to analysis. Samples from experiments
with T. denitrificans in the presence of synthesized FeS, and
nitrate were diluted 50-fold. Samples from experiments with
Acidovorax sp. BoFeN1 in the presence of synthesized FeS,
and nitrate were diluted 10-fold. Samples from experiments
with T. denitrificans in the presence of ground pyrite and
nitrate were also diluted 10-fold.

To quantify the elemental sulfur in the solid phase, 0.5g
of ground pyrite and 0.5g of synthesized FeS, were added to
separate 120-mL glass serum bottles. The bottles were sealed
and crimped, and the headspace of the bottles was flushed
with nitrogen. To each serum bottle, 20mL of oxygen-free
methanol were subsequently added with a glass syringe. The
methanol was the reagent that extracted the elemental sulfur.
Experiments were performed in two independent replicates.
The headspace of the bottles was again flushed with nitrogen
for 1 min. Suspensions were shaken for 24h to extract elem-
ental sulfur. Thereafter, an aliquot of ca. 1.5mL of each sam-
ple was removed and filtered through a 0.22-um pore size
filter (Nylon). The concentration of the elemental sulfur in
the methanol filtrate was analyzed using HPLC (PerkinElmer
2000 pump and autosampler, Fa. linear-UV — VIS detector
and software peak-sample 409, 265 nm).

Attempts to determine ferric iron of samples from cul-
tures of the nitrate-reducing, Fe(II) oxidizer Acidovorax sp.
BoFeN1 failed because of interference by nitrite (Klueglein
and Kappler 2013), of which we were unaware at the time at
which the measurements were attempted. In these attempts,
samples to determine the amount of FeOOH formed during
the oxidation of pyritic iron were acidified with HCI (pH 1)
in order to dissolve the ferric iron for further quantification.
However, pyritic Fe(Il) oxidizes rapidly in the presence of
nitrite under these conditions (Klueglein and Kappler 2013).

Measurements performed revealed the absence of Fe(II) but
the occurrence of Fe(Il), the origin of which remaining
uncertain. We, therefore, did not consider the results from
these determinations in the Discussion.

Results
Characterization of pyrite

X-ray diffractogram (XRD) patterns revealed that the
ground material was pure pyrite (Figure 1), whereas the syn-
thesized FeS, was a mixture of pyrite and marcasite
(Figure 2). Diffraction intensities indicated a mixture of pyr-
ite and marcasite in a ratio of approximately 1:2 (data not
shown). The ground pyrite had a crystalline structure
(Figure 3) and contained only very small amounts of
residual elemental sulfur (0.001 mass % as detected using
HPLC, cf. below). Although the ground pyrite was washed
several times with HCI, nanosized structures were still visible
on the surface of the pyrite in the SEM images (Figure 3).
EDX spectra (see Supporting Information (SI), Figure SI,
Tables S1 and S2) derived from these nanosized structures
displayed a Fe:S ratio of approximately 1:2 suggesting that
the nanosized particles also consisted of pyrite. Consistent
with the classification by Ainsworth and Blanchar (1984),
the synthesized FeS, consisted of conglomerates with irregu-
lar surfaces composed of cemented particles (Figure 4). It
still contained a large amount of elemental sulfur (4.6
mass%). The BET surface area of the ground pyrite and the
synthesized FeS, was 0.17 and 0.41 m* g~ ', respectively.

Oxidation of synthesized FeS, in the presence of nitrate

Throughout an entire 43-day experiment, S-oxidizing,
nitrite-generating T. denitrificans at a cell concentration of
9.3 x10° or 9.3x 10" cells mL™' generated sulfate in a
medium containing 8.3mM synthesized FeS, and 9.2mM
nitrate. Nitrate reduction resulted in the formation of nitrite
(Figure 5(A)). Nitrate reduction and sulfate generation pro-
ceeded without a lag from the beginning of the experiment.
The rate of reaction with 9.3 x 10”7 cells mL™' was faster
(0.16mM nitrate consumption day ' and 0.15mM sulfate
formation day™') than that at lower cell concentration of
9.3 x 10° cells mL™' (0.12mM nitrate consumption day '
and 0.13 mM sulfate formation day ') from the ninth day to
the 43rd day. By contrast, neither nitrite nor sulfate forma-
tion was observed in the experiment with 8.3mM synthe-
sized FeS, in the presence of Fe(Il)-oxidizing strain
Acidovorax sp. BoFeN1 at a cell concentration of 1.2 x 10
or 1.2 x 10% cells mL™" (Figure 5(B)). Abiotic control experi-
ments with synthesized FeS, and nitrate but without either
T. denitrificans or strain Acidovorax sp. BoFeN1 showed no
reaction (Figure 5(C)). However, a control experiment con-
taining only nitrate, and a cell suspension of T. denitrificans
without synthesized FeS, led to consumption of nitrate
accompanied by the formation of sulfate and nitrite (Figure
5(D)), which we attribute to oxidation of sulfur being intro-
duced into the reaction vessel with the cell suspension
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Figure 1. X-ray diffractogram of ground pyrite. Green lines represent the pre-
dicted diffractogram of pyrite (Brostigen and Kjekshus 1969).
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Figure 2. X-ray diffractogram of synthesized FeS,. Green lines reflect the pre-
dicted diffractogram of pyrite (Brostigen and Kjekshus 1969) and blue lines rep-
resent the predicted diffractogram of marcasite (Rieder et al. 2007).

Figure 3. Scanning electron micrograph of the ground pyrite after preparation.

(cf. Discussion). But the consumption of nitrate in the con-
trol experiment (ANO;~ =4.6mol L") was distinctly lower
than in the presence of the synthesized FeS,
(ANO;~ =7.5mol L") suggesting the occurrence of chemo-
lithoautotrophic reduction of nitrate by the synthesized FeS,
added in the T. denitrificans in the reaction mixture.

GEOMICROBIOLOGY JOURNAL e 5

Figure 4. Scanning electron micrograph of the synthesized FeS, after
preparation.

In control experiments, in which 100uM Fe(II) or
100 UM Fe(III) were added to the reaction mixture, no
increase in nitrate consumption and sulfate formation was
observed compared to experiments in which no Fe(II) or
Fe(IlI) were added (Figure 6(A,B)). Instead, the rates of
nitrate consumption and sulfate formation were even slower.
Addition of Fe(IlI) decelerated the formation of nitrite
(Figure 6(C)). In summary, the addition of Fe(II) or Fe(III))
did not stimulate the oxidation of synthesized FeS, by
nitrate under our experimental conditions. Similar results
were obtained at the lower cell concentration of 9.3 x 10°
cells mL ™' (data not shown).

Potential of pure ground crystalline pyrite as an
electron donor for nitrate reduction

To prevent denitrification by sulfur associated with the
inoculum of T. denitrificans, as observed in the control
experiments at high cell concentration, experiments using
ground crystalline pyrite were run at a low cell
concentration.

In an 87-day experiment using 50 mM ground crystalline
pyrite, 10mM nitrate, and cell concentrations of 2 x 10*
cells mL™" and 2x10° cells mL™', the concentration of
nitrate remained stable (Figure 7). The concentration of
nitrite was below the detection limit, and the concentration
of sulfate was approximately constant between 0.02 and
0.04 mM, indicating that no pyrite oxidation occurred with
pure pyrite (no other associated sulfur species) within the
timeframe of our experiments and at the cell concentration
of this experiment (Figure 7).

No reaction was observed in control experiments with (1)
ground crystalline pyrite and nitrate in the absence of
T. denitrificans, with (2) ground pyrite and T. denitrificans
but no added nitrate, or with (3) nitrate and T. denitrificans
but no added ground crystalline pyrite. The cell concentra-
tion under experimental conditions (2) and (3) was 2 x 10°
cells mL™! (Figure 8(A-C)). In a control experiment with
elemental sulfur as electron donor and nitrate as electron
acceptor in the presence of 2x10° T. denitrificans cells
mL ™', the nitrate was reduced to nitrite accompanied by sul-
fate production (Figure 8(D)), demonstrating that the cells
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Figure 5. Product concentrations (nitrite (e), nitrate (), sulfate (H)) from the reaction between synthesized FeS, (8.3 mM) and nitrate (approximately 10 mM) in
the presence of (A) Thiobacillus denitrificans at a cell concentration of 9.3 x 10° (open symbols and dotted line) or 9.3 x 107 cells ml-1 (closed symbols and solid
line), (B) BoFeN1 at a cell concentration of 1.2 x 107 (open symbols and dotted line) or 1.2 x 108 cells mL™" (closed symbols and solid line) and (C) in the absence
of cells under anoxic, pH-neutral conditions. (D) Pyrite-free control experiment with nitrate (approximately 10 mM), in the presence of T. denitrificans at a cell con-
centration of 1.8 x 10° cells mL™". Concentrations of (A)-(C) were calculated from the mean values of two independent replicates. Concentrations of (D) were calcu-
lated from the mean values of three independent replicates. Error bars are standard deviations calculated from three independent replicates.

were active under these conditions. The oxidation of elemen-
tal sulfur was detected only after 29 days of incubation and
continued until the end of the experiment (87 days).

At a T. denitrificans concentration of 2 x 10* cells mL™",
no reaction was observed in the experiment with pyrite and
nitrate nor in any of the controls including the control with
elemental sulfur (see Supporting Information (SI)). The
results in Figure S2 and S3 suggest that the number of active
cells was too low for observing elemental sulfur oxidation
within the time frame of the experiments.

Discussion

In this study of nitrate-dependent FeS, oxidation, pure
ground crystalline pyrite was not oxidized in the presence of
T. denitrificans during 87 days at a cell concentration of
2% 10° cells mL™! (Figure 7). In contrast, synthesized FeS,
served as electron donor in chemolithoautotrophic reduction
of nitrate at T. denitrificans cell concentrations of 9.3 x 10°
or 9.3 x 107 cells mL™* (Figure 5(A)). However, a significant
portion of the observed nitrate reduction may be attributed
to denitrification by sulfur introduced with the inoculum of
T. denitrificans. This interpretation is supported by the
results from a control experiment in the absence of synthe-
sized FeS, with a cell suspension of T. denitrificans contain-
ing nitrate. In this experiment, consumption of nitrate was
observed accompanied by the formation of sulfate and
nitrite (Figure 5(D)). As shown in Figure 8D, T. denitrificans
cells were able to oxidize elemental sulfur with nitrate, gen-
erating sulfate and nitrite, albeit with a distinct lag of
27days before the reaction became detectable. This

observation implies that part of the denitrification observed
in experiments with synthesized FeS, may have been due to
chemolithoautotrophic oxidation of the residual elemental
sulfur associated with synthesized FeS,. Similar observation
in a previous study showed that denitrification and accumu-
lation of nitrite occurred in a chemolithotrophic denitrifying
mixed culture utilizing elemental sulfur as electron donor
(Cardoso et al. 2006).

To distinguish between denitrification from oxidation of
sulfur introduced with the inoculum of T. denitrificans and
denitrification from oxidation of residual sulfur associated
with the synthesized FeS,, we established a mass balance
based on the experimental data shown in Figure 5(A). This
mass balance will be discussed in the following section.

The reactive species in chemolithoautotrophic
denitrification

The reaction between synthesized FeS, and nitrate in the
presence of T. denitrificans consumed 7.5mM nitrate and
generated 2.5mM nitrite and 5.7mM sulfate, respectively
(Figure 5(A), Table 2, row 1). In a control experiment with
nitrate and comparable cell numbers of T. denitrificans but
without synthesized FeS,, 4.6 mM nitrate was consumed,
whereas 2.0 mM nitrite and 2.9 mM sulfate were generated
(Figure 5(D), row 2 in Table 2). The fraction of nitrate
reduced by oxidation of elemental sulfur can be estimated
based on a stoichiometry derived from the mass balance in
a corresponding control experiment (Figure 8(D)). Although
this experiment was performed at a much lower cell concen-
tration than in the experiment shown in Figure 5
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Figure 6. Product concentrations (nitrate (A), sulfate (B), nitrite (C)) from the
reaction between synthesized FeS, (8.3 mM) and nitrate (approximately 10 mM)
in the presence of Thiobacillus denitrificans at a cell concentration of 9.3 x 107
cells mL™" in the presence and absence of either Fe(ll) or Fe(lll) (in the absence
of Fe(ll) and Fe(lll) (e) under anoxic, pH-neutral conditions. The data were the
same as in Figure 5(a) at a cell concentration of 9.3 x 107 cells mL™", with Fe(ll)
(V), with Fe(lll) (H)). Concentrations were calculated from the mean values of
two independent replicates.

(cf. Table 1), it provides a reliable estimate of the stoichiom-
etry because the reaction was close to a steady state. The
consumption of 8 mM nitrate generated 2mM nitrite and
5mM sulfate (Figure 8(D)) is close to the stoichiometry dis-
played in Equation (1):

175(0) + 24NO; + 8H,0 — 6NO; + 9N,

(1)
+ 17805 + 16H*

The concentration of nitrite presumably produced from
denitrification by reaction with intracellularly accumulated
stored sulfur (2.0 mM) (Figure 5(D), Table 2, row 2) can be
subtracted from the total concentration of nitrite produced in
the experiment with synthesized FeS, (2.5mM) (Figure 5(A),
Table 2, row 1), leaving 0.5 mM nitrite maximally produced
by reaction with elemental sulfur associated with synthesized
FeS,. Considering Equation (1), this concentration of nitrite
corresponds stoichiometrically to an oxidation of 1.4mM
elemental sulfur, matching the measured concentration of
1.4mM elemental sulfur associated with synthesized FeS,
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Figure 7. Product concentrations (nitrite (e), nitrate (V), sulfate (H)) from the
reaction between ground pyrite (50 mM) and nitrate (approximately 10 mM) in
the presence of T. denitrificans at a cell concentration of 2 x 10° cells mL~"
under anoxic, pH-neutral conditions. Error bars are standard deviations calcu-
lated from three independent replicates. The nitrite symbols are hidden behind
the sulfate ones.

(calculated based on 4.6 mass% of the residual elemental sul-
fur content), and a consumption of 2.0mM nitrate.
Subtraction of this quantity of nitrate and the 4.6 mM nitrate
consumed during denitrification owing to reaction of nitrate
with stored sulfur from the total nitrate consumption of
7.5mM in the experiment shown in Figure 5(A), results in a
residual amount of 0.9 mM nitrate potentially consumed by
chemolithoautotrophic oxidation of synthesized FeS,-sulfur.
This reaction can be summarized using the stoichiometry for
denitrification coupled to pyrite oxidation in anoxic ground-
water environments usually described by Equation (2)
(Jorgensen et al. 2009; Kolle et al. 1983; Korom 1992; Postma
et al. 1991; Tesoriero et al. 2000):

5FeS; + 14NO; + 4H" — 5Fe*" 4+ 7N, + 10505~
+ 2H,0
)

It has been reported that T. denitrificans is able to oxidize
Fe(I) with nitrate under autotrophic conditions (Straub
et al. 1996). However, attempts to demonstrate the occur-
rence of reaction (2) by measuring changes in Fe(II) concen-
trations failed because of the interference of nitrite in the
determination (cf. Materials and methods) (Klueglein and
Kappler 2013). The control experiments demonstrated that
addition of Fe(II) did not stimulate denitrification by T.
denitrificans (Figure 6), leading to the conclusion that T.
denitrificans cannot oxidize Fe(II) with nitrate under the
experimental conditions and that liberated Fe(II) does not
need be considered in Equation (2) when establishing an
electron balance for denitrification. This may be explained
by T. denitrificans not being able to oxidize Fe(II) with
nitrate when sulfur compounds are present in the reaction
system. Thiobacillus denitrificans is a well-known chemoli-
thoautotrophic bacterium that is able to couple denitrifica-
tion to the oxidation of inorganic sulfur compounds (Beller
et al. 2006, 2013).

Despite the uncertainties inherent in the assumptions
about the nature of the N products, our data provide evi-
dence that the synthesized FeS, (Table 2, row 4), residual
elemental sulfur associated with synthesized FeS, (Table 2,
row 3), and intracellular stored sulfur (Table 2, row 2) were
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Figure 8. Product concentrations (nitrite (e), nitrate (V¥), sulfate (H)) from the control experiment of (A) ground pyrite (50 mM) and nitrate (approximately 10 mM)
in the absence of Thiobacillus denitrificans, (B) ground pyrite (50 mM) and T. denitrificans at a cell concentration of 2 x 10° cells mL™" in the absence of nitrate, (C)
nitrate (approximately 10 mM) and T. denitrificans at a cell concentration of 2 x 10° cells mL™" in the absence of pyrite, (D) elemental sulfur (50 mM) and nitrate
(approximately 10 mM) in the presence of T. denitrificans at a cell concentration of 2 x 10° cells mL™" under anoxic, pH-neutral conditions. Concentrations were cal-
culated from the mean values of two independent replicates. The nitrite symbols are hidden behind the sulfate ones (A-C).

Table 2. Mass balance of substrates and products of the reaction between synthesized FeS, (initial concentration 8.3 mM containing 1.5mM elemental sulfur and
approximately 10 mM nitrate in the presence of Thiobacillus denitrificans at high cell concentration of 9.3 x 10 cells m1~" under anoxic, pH-neutral conditions.

NO;_ depleted S(0) depleted

NO,~ produced 50,%~ produced

[mM] [mM] [mM] [mM]
Experiment with synthesized FeS, (Figure 5A) 7.5° 2.5° 1.4° 5.7°
Control experiment with sulfur stored in bacterial cells (Figure 5D) 4.6° 2.0° 2.9°
Mass balance Equation (1) 2.0¢ 0.5° 1.4¢ 1.4°
Mass balance Equation (2) 0.9° 0.6¢
Calculated mass balance 49

“Measured concentrations changes (calculated as the difference between the initial and final concentration of the experiment).

BCalculated from experimental mass balance.
“Calculated using Equation (1).
dCalculated using Equation (2).

used as electron donors for chemolithoautotrophic denitrifi-
cation (Table 2). This interpretation is supported by the
mass balance for sulfate that can explain the 86% of the
measured sulfate concentration [(calculated from mass bal-
ance/measured concentrations) X 100%], suggesting that our
assumptions and estimates are reasonable.

Field and laboratory studies of nitrate-dependent
anaerobic FeS, oxidation

This study highlights the importance of the speciation of
reduced sulfur in mediating chemolithoautotrophic denitrifi-
cation. It is interesting to note from Table 3 that speciation
was not considered in previous laboratory studies on
nitrate-dependent pyrite oxidation. Generation of nitrite and
sulfate upon consumption of nitrate was observed and
attributed to the oxidation of pyrite (Bosch et al. 2012;
Jorgensen et al. 2009; Torrentd et al. 2010; Vaclavkova et al.

2015) in experiments in which no attempts were made to
remove elemental sulfur during preparation of pyrite and to
employ a cell concentration that would cause minimal inter-
ference from intracellular stored sulfur and compounds in
the medium in denitrification. The absence of XRD-reflec-
tion characteristics for S(0) is not an essential criterion to
exclude its occurrence because it merely indicates that the
elemental sulfur content was lower than 3-5 mass% or the
crystallinity of the S(0) too low or the overall S(0) crystal
size too small. Unless the content of elemental sulfur is
quantified, it remains unclear whether the reduction of
nitrate is coupled to pyrite oxidation or simply related to
the oxidation of elemental sulfur associated with pyrite.
In previous studies, when elemental sulfur was removed
from the reaction mixture in the preparation of pyrite
(Haaijer et al. 2007; Schippers and Jergensen 2001; this
study), no pyrite oxidation was observed (Table 3).
Additional complications could arise from interference of
reactants with pyrite oxidation. It has been demonstrated
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Table 3. Overview of previous studies on chemolithotrophic denitrification coupled to pyrite oxidation in the presence of nitrate-reducing strains or in environ-

mental samples.

Evidence for

Remove of nitrate reduction Fe speciation
Type of pyrite elemental sulfur and sulfate data as proof of
Bacterial strain Reference (particle size of pyrite) from pyrite material generation pyrite oxidation
Thiobacillus denitrificans Jorgensen et al. (2009) Ground natural crystalline None Yes None
supporting information pyrite (45-200 pm)
Thiobacillus denitrificans Torrento et al. (2010) Ground natural crystalline None Yes None
pyrite (25-50 um
and 50-100 um)
Thiobacillus denitrificans Bosch et al. (2012) Ground natural crystalline None Yes Yes
pyrite (<200 pm)
Thiobacillus cultures Vaclavkova et al. (2014) Ground natural crystalline None Yes None
pyrite (<200 pm)
Thiobacillus denitrificans Present study with Synthesized less crystalline None Yes None
synthesized Pyrite pyrite (630-1400 um)
Soil samples from fresh Haaijer et al. (2007) Ground natural crystalline Washed once None None
water lake pyrite (500-3000 pm) with acetone
Marine sediment Schippers and Coarse Pyrite originated Washed three times None None
Jorgensen (2001) from an ore processing with acetone
flotation plant (50-100 um)
Thiobacillus denitrificans Present study with Ground natural crystalline Washed three times None None

ground pyrite

pyrite (63-200 pm)

with cyclohexane

that nitrite is able to oxidize pyrite abiotically in 1M HCI
leading to the formation of ferric iron (Yan et al. 2015). The
occurrence of ferric iron may, therefore, be misinterpreted
as proof of pyrite oxidation (Bosch et al. 2012). To over-
come such interferences, a revised protocol was recom-
mended for acid extraction of suspensions containing nitrite
and pyrite or other Fe(II)-containing solid phases that may
be subject to interference by nitrite (Yan et al. 2015).

Thus, nitrate-dependent microbial pyrite oxidation in the
presence of T. denitrificans postulated in previous studies
cannot be ruled out. However, its contribution to the
observed production of sulfate and the consumption of
nitrate is probably much less than assumed. The findings of
the present study suggest that laboratory studies on micro-
bially mediated pyrite oxidation may be subject to several
misinterpretations. The experimental design of the present
study may provide explanations for contradictory observa-
tions, i.e., consideration was given to removal of elemental
sulfur during pyrite preparation, to the effect of nitrite for-
mation from nitrate, and to cell concentration in the reac-
tion mixture.

There is a clear indication from field studies that nitrate
consumption and pyrite oxidation are interrelated (Broers
1998; Evangelou and Zhang 1995; Pauwels et al. 2000;
Postma et al. 1991; Tesoriero et al. 2000; Van Beek et al.
1989; Zhang et al. 2009). The consumption of nitrate with
concomitant generation of sulfate and dissolved Fe(II) is
generally regarded as indirect evidence for denitrification
coupled to pyrite oxidation, which calls for a closer inspec-
tion of the chemical nature of the reacting sulfur species.

Our present study shows that under our experimental
conditions, chemolithoautotrophic oxidation of FeS, by
T. denitrificans with nitrate as electron acceptor was not
possible with pure crystalline pyrite that did not contain
elemental sulfur as an impurity. In contrast, it is possible to
determine a mass balance for chemolithoautotrophic oxida-
tion of synthesized FeS, having low crystallinity, i.e., pyrite
or marcasite, even in the presence of side reactions. Such

side reactions may be represented by denitrification involv-
ing stored sulfur in T. denitrificans and by microbial reduc-
tion of nitrate by residual elemental sulfur associated with
synthesized FeS, (Table 2). The oxidation of synthesized
FeS, appeared to be induced via S oxidation but not via Fe
oxidation because the Fe(II)-oxidizing nitrate-reducing strain
Acidovorax sp. BoFeN1 did not stimulate FeS,-dependent
nitrate reduction.

Addition of Fe(II) and Fe(III) to the reaction mixture of
synthesized FeS,, nitrate, and T. denitrificans resulted even
in a slight decrease in the rates of nitrate reduction and sul-
fate generation, supporting the hypothesis that Fe is not
involved in the oxidation. The larger peak widths in the
XRD of the synthesized FeS,, as well as the SEM images,
suggest that this material had a smaller mean particle size
and less crystallinity compared to the ground crystalline pyr-
ite, which may explain its higher reactivity. Also, the BET
surface area (0.41 m> g ') of the synthesized FeS, was
greater than that of the ground pyrite (0.17 m® g ')
although this difference was not very large.

The synthesized FeS, consisted of pyrite, marcasite, and
elemental sulfur. It remains unclear which S source (pyrite,
marcasite, or elemental sulfur) plays the predominant role
in the reaction. Our study suggests that field observations
on denitrification being linked to oxidation of reduced sul-
fur (Kolle et al. 1983; Pauwels et al. 2000; Postma et al.
1991; Tesoriero et al. 2000; Zhang et al. 2009) are indicative
of biologically active zones where an active sulfur cycle may
take place rather than zones of geological ripening. We,
therefore, suggest that quantitative differentiations among
the sulfur sources, pyrite, marcasite, and elemental sulfur, as
well as their mineralogical characterization, are key factors
in pyrite oxidation studies, both in the field and in the
laboratory. Contradictory findings obtained so far from
potential chemolithoautotrophic oxidation of FeS, with
nitrate as electron acceptor may have resulted from reaction
with reduced sulfur species present in natural or synthetic
pyrite phases or in sediments.



10 R. YAN ET AL.

Acknowledgments

We would like to thank the staff of our laboratory for their technical
and analytical support, Nicole Klueglein from the University of
Tuebingen and Julian Bosch from the Helmholtz Centre Munich for
helpful discussions.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was funded by the research group FOR 580 of the German
Research Foundation (DFG) “Electron Transfer Processes in
Anoxic Aquifers.”

ORCID

Andreas Kappler
Klaus-Holger Knorr
Marcus A. Horn
Stefan Peiffer

http://orcid.org/0000-0002-3558-9500
http://orcid.org/0000-0003-4175-0214

http://orcid.org/0000-0001-8510-9651

http://orcid.org/0000-0002-8326-0240

References

Ainsworth CC, Blanchar RW. 1984. Sulfate production rates in pyritic
Pennsylvanian-aged shales1. ] Environ Qual 13(2):193.

Beller HR, Chain PSG, Letain TE, Chakicherla A, Larimer FW,
Richardson PM, Coleman MA, Wood AP, Kelly DP. 2006. The gen-
ome sequence of the obligately chemolithoautotrophic, facultatively
anaerobic bacterium Thiobacillus denitrificans. ] Bacteriol 188(4):
1473-1488.

Beller HR, Zhou P, Legler TC, Chakicherla A, Kane S, Letain TE,
O’Day PA. 2013. Genome-enabled studies of anaerobic, nitrate-
dependent iron oxidation in the chemolithoautotrophic bacterium
Thiobacillus denitrificans. Front Microbiol 4:249

Berner RA. 1970. Sedimentary pyrite formation. Am J Sci 268(1):1-23.

Bosch J, Lee K-Y, Jordan G, Kim K-W, Meckenstock RU. 2012.
Anaerobic, nitrate-dependent oxidation of pyrite nanoparticles
by Thiobacillus  denitrificans. Environ Sci Technol. 46(4):
2095-2101.

Broers H. 1998. Release of Ni, Co and As from aquifer sedi-
ments at the oostrum well field. Groundwater Qual Rem Prot
36:106-108.

Brostigen G, Kjekshus A. 1969. Redetermined crystal structure of fes2-
pyrite. Acta Chem Scand. 23(6):2186-2188.

Cardoso RB, Sierra-Alvarez R, Rowlette P, Flores ER, Gomez ], Field
JA. 2006. Sulfide oxidation under chemolithoautotrophic denitrifying
conditions. Biotechnol Bioeng 95(6):1148-1157.

Evangelou V, Zhang Y. 1995. A review: pyrite oxidation mechanisms
and acid mine drainage prevention. Crit Rev Environ Sci Technol
25(2):141-199.

Haaijer SCM, Lamers LPM, Smolders AJP, Jetten MSM, Camp
HJMOd. 2007. Iron sulfide and pyrite as potential electron donors
for microbial nitrate reduction in freshwater wetlands. Geomicrobiol
] 24(5):391-401.

Hegler F, Posth NR, Jiang J, Kappler A. 2008. Physiology of photo-
trophic iron(ii)-oxidizing bacteria: Implications for modern and
ancient environments. FEMS Microbiol Ecol 66(2):250-260.

Hiscock K, Lloyd J, Lerner D. 1991. Review of natural and artificial
denitrification of groundwater. Water Res 25(9):1099-1111.

Hohmann C, Winkler E, Morin G, Kappler A. 2010. Anaerobic Fe(ii)-
oxidizing bacteria show as resistance and immobilize as during
Fe(iii) mineral precipitation. Environ Sci Technol 44(1):94-101.

Jorgensen CJ, Jacobsen OS, Elberling B, Aamand J. 2009. Microbial
oxidation of pyrite coupled to nitrate reduction in anoxic ground-
water sediment. Environ Sci Technol 43(13):4851-4857.

Kappler A, Schink B, Newman DK. 2005. Fe(iii) mineral formation and
cell encrustation by the nitrate-dependent Fe(ii)-oxidizer strain
bofenl. Geobiology 3(4):235-245.

Klueglein N, Kappler A. 2013. Abiotic oxidation of Fe(II) by reactive
nitrogen species in cultures of the nitrate-reducing Fe(II) oxidizer
Acidovorax sp. BoFeN1 - questioning the existence of enzymatic
Fe(II) oxidation. Geobiology 11(2):180-190.

Kolle W, Werner P, Strebel O, Bottcher J. 1983. Denitrifikation in
einem reduzierenden grundwasserleiter. Vom Wasser 61:125-147.
Korom SF. 1992. Natural denitrification in the saturated zone: a review.

Water Resour Res 28(6):1657-1668.

Pauwels H, Foucher J-C, Kloppmann W. 2000. Denitrification and
mixing in a schist aquifer: influence on water chemistry and iso-
topes. Chem Geol 168(3-4):307-324.

Peiffer S, Stubert I. 1999. The oxidation of pyrite at pH 7 in the pres-
ence of reducing and nonreducing Fe (iii)-chelators. Geochim
Cosmochim Acta 63(19-20):3171-3182.

Postma D, Boesen C, Kristiansen H, Larsen F. 1991. Nitrate reduction
in an unconfined sandy aquifer: water chemistry, reduction proc-
esses, and geochemical modeling. Water Resour Res 27(8):
2027-2045.

Rieder M, Crelling JC, Sustai O, Drébek M, Weiss Z, Klementovd M.
2007. Arsenic in iron disulfides in a brown coal from the north
bohemian basin, czech republic. International journal of coal geol-
ogy. 71(2):115-121.

Schippers A, Jorgensen BB. 2002. Biogeochemistry of pyrite and iron
sulfide oxidation in marine sediments. Geochim Cosmochim Acta
66(1):85-92.

Schippers A, Jorgensen BB. 2001. Oxidation of pyrite and iron sulfide
by manganese dioxide in marine sediments. Geochim Cosmochim
Acta 65(6):915-922.

Smith RL, Kent DB, Repert DA, Bohlke J. 2017. Anoxic nitrate reduc-
tion coupled with iron oxidation and attenuation of dissolved
arsenic and phosphate in a sand and gravel aquifer. Geochim
Cosmochim Acta 196:102-120.

Straub KL, Benz M, Schink B, Widdel F. 1996. Anaerobic, nitrate-
dependent microbial oxidation of ferrous iron. Appl Environ
Microbiol 62(4):1458-1460.

Tesoriero AJ, Liebscher H, Cox SE. 2000. Mechanism and rate of
denitrification in an agricultural watershed: electron and mass bal-
ance along groundwater flow paths. Water Resour Res 36(6):
1545-1559.

Torrentd C, Cama J, Urmeneta J, Otero N, Soler A. 2010.
Denitrification of groundwater with pyrite and Thiobacillus denitrifi-
cans. Chem Geol 278(1-2):80-91.

Vaclavkova S, Schultz-Jensen N, Jacobsen OS, Elberling B, Aamand ]J.
2015. Nitrate-controlled anaerobic oxidation of pyrite by thiobacillus
cultures. Geomicrobiol ] 32(5):412-419.

Van Beek CGEM, Hettinga FAM, Straatman R. 1989. The effects of
manure spreading and acid deposition upon groundwater quality
at  Vierlingsbeek, the Netherlands. Groundwater Contam
185155-162.

van Berk W, Fu Y. 2017. Redox roll-front mobilization of geogenic
uranjum by nitrate input into aquifers: risks for groundwater
resources. Environ Sci Technol 51(1):337-345.

Yan R, Kappler A, Peiffer S. 2015. Interference of nitrite with pyrite
under acidic conditions: implications for studies of chemolithotro-
phic denitrification. Environ Sci Technol 49(19):11403-11410.

Zhang Y-C, Slomp CP, Broers HP, Passier HF, Cappellen PV. 2009.
Denitrification coupled to pyrite oxidation and changes in ground-
water quality in a shallow sandy aquifer. Geochim Cosmochim Acta
73(22):6716-6726.



	Abstract
	Introduction
	Materials and methods
	Preparation and characterization of iron disulfides
	Cultivation of microorganisms
	Experimental set-up
	Chemical analyses

	Results
	Characterization of pyrite
	Oxidation of synthesized FeS2 in the presence of nitrate
	Potential of pure ground crystalline pyrite as an electron donor for nitrate reduction

	Discussion
	The reactive species in chemolithoautotrophic denitrification
	Field and laboratory studies of nitrate-dependent anaerobic FeS2 oxidation

	Acknowledgments
	Disclosure statement
	References


