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ABSTRACT: Schwertmannite has previously been found in iron- and sulfate-rich mine waters at
pH 2.8—4.5. In the present study, schwertmannite (FegOg(OH)SO,) was shown to be the major
mineral in a mine water treatment plant at pH 3, in which ferrous iron is mainly oxidized by bacteria
belonging to the species Ferrovum myxofaciens. Strain EHS6, which is closely related to the type
strain of Fv. myxofaciens, was isolated from the pilot plant and characterized as an acidophilic, iron-
oxidizing bacterium. In contrast to the pilot plant, the mineral phase formed by a pure culture of Fv.
myxofaciens EHS6 was a mixture of schwertmannite and jarosite (KFe3(SO,),(OH)g). In contrast
to other reports of neutrophilic, iron-oxidizing bacteria, acidophilic microorganisms in the pilot
plant and cultures of strain EHS6 did not show encrustation of the cell surface or deposition of
minerals inside the cell, though a few cells appeared to be in contact with jarosite crystals. It was
concluded that no direct biomineralization occurred in the pilot plant or in laboratory cultures. The
lack of encrustation of bacterial cells in the pilot plant is considered advantageous since the cells are
still able to get in contact with ferrous iron and the iron oxidation process in the mine water
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treatment plant can proceed.

B INTRODUCTION

Acid mine drainage (AMD) is a widespread environmental
problem caused by deep or surface mining of metal ores or lignite.
Waters resulting from oxidative dissolution of exposed minerals are
characterized by low pH and high loads of sulfate, iron, and other
toxic down metals, thus causing environmental pollution.

Mine waters represent a favored habitat for various acidophilic
bacteria, which can use ferrous iron or reduced inorganic sulfur
compounds (RISC) as electron donors under aerobic conditions.
The chemical oxidation of ferrous iron at acidic pH is deceler-
ated, and thus, iron oxidation at low pH is largely catalyzed by
iron-oxidizing bacteria, which use oxygen as electron acceptor."
At circumneutral pH, in contrast, ferrous iron is highly unstable
toward molecular oxygen, and for this reason, microbial iron
oxidation by neutrophilic microorganisms is more prevalent in
anoxic or microaerobic zones.”

Ferric iron ions, resulting from microbial iron-oxidation activi-
ties, are crucial not only for dissolution of minerals such as pyrite
but also for iron mineral formation. The composition and
structure of such mineral dependents on the respective environ-
mental conditions, e.g., pH, redox potential, and sulfate content
of the waters. Besides the physicochemical parameters, various
interactions between bacteria and minerals have been reported.
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Some neutrophilic bacteria protect themselves against mineral
encrustation, as is the case with Gallionella ferruginea which
selectively deposit iron hydroxy minerals on their stalks.>*
Bacteria in biofilms are known to cover themselves with exopo-
lymeric material in conjunction with iron minerals.” Electron
microscopy studies of environmental samples, dominated by
neutrophilic bacteria, showed cell walls and cell products of the
bacteria encrusted with ferrihydrite.%” In contrast, experiments
with several cultures of neutrophilic, anaerobic, Fe(II)-oxidizing
bacteria showed that some of the strains, which were tested, were
not encrusted with the minerals formed in the cultures.*”

The mineral initially formed in sulfate-rich AMD at pH
2.8—4.5 is schwertmannite, a poorly ordered oxyhydroxysulfate
with the idealized formula FegOg(OH)sS0,."° It can differ in
color, morphology and elemental composition depending on the
pH value and other hydrogeochemical conditions. Schwertmannite
is metastable with respect to goethite at circumneutral pH,
resulting in a release of sulfate. At low pH, in the presence of
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Table 1. Chemical Parameters of Pilot Plant Water during the
Sampling Period*

Sampling time pH T En Fe(Il) Fe(I1I) SO42'
Sample [°C]  [mV] [mg/] [mg/1] [mg/1]
S14_06 July 2006 32 19.8 736 167 168 2100
SM_06
SC_06 August 2006 3.1 21.4 736 202 135 2160
SI_06
S23_07 Jan.- Aug.2007 2.8-3.1 16.5 737 121 160 1440
SH_09  September 2009 3.5 14.5 767 . 166 66 1551

“Samples SM_06, SC_06, and SI_06 were taken at the same time from
different locations in the pilot plant to show homogeneity of minerals in
the system.

different monovalent cations (e.g., K, Na*, NH,"), and at high
sulfate concentrations, schwertmannite transforms to jarosite.
Schwertmannite has been detected globally in several environ-
ments at different pH values.'' '

The interactions of acidophilic bacteria with iron minerals in
AMD environments are so far only poorly understood. Electron
microscopic studies on the bacterial —mineral interface of sedi-
ment samples from Rio Tinto'* have shown iron minerals
directly associated with exopolymeric substances (EPS), the cell
wall, the periplasm, and the cytoplasmic membrane. Similar
results were obtained by Fortin et al. showing the cell wall of
Acidithiobacillus ferrooxidans encrusted with jarosite-like minerals."
Benzerara and co-workers observed mineralized vesicles in samples
from iron- and arsenic-rich mine water from Carnoulées mine
(Prance). They concluded that those vesicles could have been
present in former studies of extensively mineralized samples but had
been overlooked.'® Moreover, in bioleaching experiments of chal-
copyrite with At. ferrooxidans, biofilm formation in association with
the encrustation of the EPS by jarosite was observed.'” In contrast,
Eneroth and co-workers concluded from low protein contents in
mineral samples that the cell walls of At. ferrooxidans had no in-
fluence on the precipitation process of schwertmannite or jarosite."®

The bacterial community investigated in this study is involved
in the oxidation of iron in a mine water treatment plant, used for
the purification of iron- and sulfur-rich mine waters in Lusatia."?
Previous investigations of the bacterial community showed the
dominance of a so far not formally described species of Betapro-
teobacteria Ferrovum myxofaciens, which was tentatively named
Ferribacter polymyxa in former publications,zo but has been
renamed recently.

The aim of the present work was to demonstrate that the
mineral phase formed in the pilot plant and in laboratory cultures
is, in fact, schwertmannite, suitable for use as a pigment and
chemical adsorbent.*' Electron microscopy was used to investi-
gate the possible bacterial impact on mineral formation by
electron energy-loss spectroscopic and microdiffraction analysis.

B EXPERIMENTAL SECTION

Plant Mineral Samples. The principle of biological mine water
treatment was carried out in a pilot plant located in the area of the
opencast pit Nochten, Lusatia (Saxony), as described by Heinzel
et al** The pilot plant was operated under stable conditions with
only slight changes in chemical parameters as presented in Table 1.
During the process, iron hydroxy sulfate precipitates covered the
carrier materials, the wall, and bottom of the plant.

Minerals were collected and air-dried from various positions in
the pilot plant during a period from July 2006 to September 2009.
Samples were collected ad hoc at time scales ranging from single
days to months. In contrast to the general sampling procedure,
sample S23_7 was taken from a heterogeneous mixture of
mineral samples cumulatively collected from the pilot plant over
eight months and stored in the open air.

Bacterial Strain and Growth Conditions. Strain EHS6
was isolated from treatment plant waters using a modified
version of solid overlay plates (“iFeo” medium).”> The plates
containing basal salts, trace elements, and 25 mM ferrous iron
at pH ~ 2.5 were spread-inoculated with 100 4L of pilot plant
water and incubated at room temperature for 3 weeks (for a
detailed description of the mentioned methods see Supporting
Information). Single ferric-iron stained colonies were transferred
onto new plates and later inoculated into liquid mineral salt
medium at pH 2.5 containing 25 mM ferrous iron sulfate and
incubated at room temperature.’*** After successful growth,
indicated by a color change of the medium from colorless to red-
orange, biomass was removed from the liquid cultures for
DNA extraction and 16S rRNA gene sequence analysis.”* Strain
EHS6 shared 99% identical positions with Ferrovum myxofaciens
strain P3G (nominated type strain) on 16S rDNA level and
on the basis of this was identified as a member of the species.
Additionally strain EHS6 was shown to be an autotrophic,
acidophilic iron-oxidizer, which forms streamer growth by pro-
duction of massive EPS (S.Hedrich, unpublished data). This is
similar to strain PSTR of the species Fv. myxofaciens described by
Rowe et al.”® and the type strain P3G (D.B. Johnson, personal
communication).

For further experiments, strain EHS6 was grown in 100 mL
liquid cultures inoculated with 2% (v/v) of an EHS6 preculture
in 250 mL Erlenmeyer baffle flasks and incubated at room
temperature with shaking (130 rpm). One plastic Sessil strip,
as used in the pilot plant, was added to each culture flask to enable
the attachment of bacteria for biofilm formation. A sterile control
flask containing mineral salt medium pH 2.5 and ferrous iron
sulfate was incubated under the same conditions.

Ferrous iron oxidation was monitored using the Ferrozine
colorimetric method.”® In addition, pH measurements were
carried out on the liquid phase.

Characterization of the Mineral Phase. The composition of
the solid phase formed in the pilot plant and batch culture was
determined by X-ray powder diffraction (XRD), X-ray fluor-
escence (XRF), and inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES). Total organic carbon (TOC)
content was determined from the solid state sample. For a
detailed description of the mentioned methods, see Supporting
Information.

Electron Microscopic Analyses. Mineral samples formed in
the bulk phase of the Erlenmeyer baffle flasks were taken at the
late exponential growth phase. Additional Sessil strips, applied to
the shake flasks for biofilm formation, were removed when an
initial biofilm was established, i.e., S days after strip exposure.

Samples were fixed immediately upon recovery in 50 mL
plastic tubes with 2% (v/v) glutardialdehyde in 20 mM HEPES
buffer (pH 7.5) and were stored until further use. Samples were
prepared according to Liinsdorf et al.*’ for conventional trans-
mission electron microscopy (CTEM) of thin sections and
scanning electron microscopy (SEM). Further, biofilm aliquots
were embedded in epoxy resin, and 40 nm ultrathin sections were
analyzed by electron energy-loss spectroscopy. Energy-filtered
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Table 2. Properties of Ferric Iron Precipitates”

elemental composition

[% wt/wt]
color XRD molar
sample Munsell pattern  ratio of Fe/S N C
Pilot Plant Samples
S14_06 6.3YR 5/8.6 Sch, J 6.4 <0.05 0.8
SM_06 7.5YR 5.5/8 Sch 6.4 <0.05 0.8
SC_06  7.5YRS.5/8 Sch 6.1 <0.05 0.8
SI_06 7.5YR 5.5/8 Sch 6.4 <0.05 0.8
S$23 07  6.3YR4.6/86  Sch, G 6.6 <0.05 2.8
SH_09 7.5YR5.5/8 Sch n.d. <0.05 15

EHS6 Culture Sample
S6 n.d. Sch, J 52 <0.05 0.7
“Sch: schwertmannite; J: jarosite; G: goethite.

selected area electron diffraction (SAED) was done on SO nm
ultrathin sections (detailed procedures are described in Support-
ing Information). Sections were cut normal to the biofilm plane,
showing the intrinsic biofilm architecture from the Sessil sub-
stratum surface to the biofilm top surface. Tracing of acidic
constituents within the biofilm matrix by cationic colloidal ThO,
was performed as described by Liinsdorf et al.”®

B RESULTS

Bacterial Growth and Mineral Formation in Cultures of
Ferrovum myxofaciens Strain EHS6. The bacterium was grown
in a basal salt medium supplemented with ferrous iron to study
mineral formation in the cultures. Cultures of strain EHS6
completely oxidized the soluble ferrous iron in batch experiments
within five days (Figure S1, Supporting Information).

Initial mineral formation in batch cultures could be observed
as an orange turbidity, when ferrous iron oxidation had started
(Figure S1, Supporting Information). After ferrous iron was
completely oxidized, minerals began to deposit onto the bottom
and wall of the flask. The minerals precipitated in the culture
medium were dark red to brown in color and turned yellow after
more than four weeks of incubation. No changes in pH or ferrous
iron concentration and, thus, no mineral precipitation were
observed in the aseptic control flask.

Characterization of Pilot Plant and Flask Culture Ferric
Iron Precipitates. Mineral samples collected from the pilot plant
and the EHS6 cultures were analyzed by X-ray diffraction and for
their chemical composition (Table 2).

All pilot plant samples contained schwertmannite as the
dominant mineral, but it must be noticed that significant
amounts of amorphous components or poorly crystalline phases
(e.g, ferrihydrite) cannot be excluded on the basis of the XRD
pattern (Table 2, Figure S2, Supporting Information). Sample
S14_06 was the only pilot plant sample, which contained small
amounts of jarosite (general formula MFe3(SO,),(OH)s M =
K%, Na¥, H;0", NH,"), and sample S23 07 showed traces of
crystalline goethite, which was confirmed by a higher Fe/S ratio.
According to the general schwertmannite formula Fe;s014-
(OH),(SOy), (where 16 — y = 2z and 2.0 < z < 3.5),” the
theoretical Fe/S ratio of schwertmannite is expected to be

between 4.6 and 8. As the samples were collected at different
intervals over a long period (Table S1, Supporting Information)
and since the pilot plant is an open system, where the composi-
tion of the inflowing water can vary, e.g., with respect to small
amounts of silicon from sand or clay particles, sample composi-
tion can also be slightly variable. The color of the precipitates
(Table 2), according to Munsell soil color chart, was in agree-
ment with that expected for schwertmannite.

Furthermore, the high similarity in XRD pattern, chemical
composition, and color of samples SI_06, SC_06, and SM_06,
taken at the same time from different positions in the pilot plant,
demonstrate the homogeneity of the pilot plant product. The
solid phase formed in cultures of strain EHS6, in contrast,
showed a mixture of jarosite and schwertmannite, as indicated
by sharp peaks for jarosite and broad peaks for schwertmannite
(Figure S2, Supporting Information). Due to the higher amount
of jarosite in this sample, the Fe/S molar ratio of 5.2 was slightly
lower than in pilot plant samples containing schwertmannite.
The jarosite formed in the growth medium of strain EHS6 had
elevated potassium content relative to the low potassium-jarosite
content of the pilot plant (determined by EELS and XRF). The
range of nitrogen (<0.05% wt/wt) and organic carbon (0.8—
2.8% wt/wt) contents were similar in all samples investigated.

Micromorphology of Fe(lll) Minerals from Pilot Plant
Samples by Electron Microscopy. Transmission electron
micrographs of ultrathin sections of solid samples from the pilot
plant showed characteristic mineral aggregates (Figure la),
which were composed of an inner amorphous core, surrounded
by a dense coat of thin fibers. In general, these so-called hedge-
hog-like aggregates ranged from 350 to 700 nm in diameter,
and the peripheral needles, also called whiskers, had a length of
up to 260 nm and a width of ca. 10 nm. These micromorpho-
logical features have been reported and are characteristic for
schwertmannite.'%*’

Bacterial cells were found either several micrometers away
from the minerals or almost inside mineral clusters, in which no
encrustation of the cell surface by mineral deposits could be
observed (Figure 1a). Application of colloidal, cationic thorium
dioxide as tracer of negative charges, such as acidic mucopoly-
saccharides and/or nucleic acids, allowed detection of a dense,
but only thin layer of acidic EPS surrounding the cells (Figure S3,
Supporting Information, electron dense dots).

Minerals Formed in the Planktonic Phase or in Biofilms of
Fv. myxofaciens EHS6 Cultures. Ferrous iron oxidation in
cultures of strain EHS6, isolated from the pilot plant, caused
ochre precipitates similar to those in pilot plant samples. Transmis-
sion electron micrographs of these samples showed the typical
schwertmannite microstructure. The core of the minerals was as
dense as the ones of the pilot plant minerals, but the whiskers
seemed to be thinner. The length of the needles ranged up to
220 nm, and mineral aggregates had a diameter of 270 to 350 nm
further arranged in oligo- and polyclusters (Figure 1b).

Occasionally, EHS6 cells formed “aggregates” of 30 to 60 cells
which were embedded and individually surrounded by a dense
matrix of acidic EPS, intensely stained by colloidal ThO,
(Figure 1b). The secreted EPS material remained free from
mineralization (Figure 1b).

Additionally, scanning electron micrographs of a biofilm of strain
EHS6 grown on Sessil substratum revealed numerous granular
minerals (Figure 2a) and a well-defined biofilm structure associated
with filamentous EPS excreted by the bacteria (Figure 2b). No
pronounced acidic EPS were visible in EHS6 culture biofilms
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Figure 1. Transmission electron micrographs of ThO,-stained thin sections of (A) ferric-iron minerals from the pilot plant showing characteristic
schwertmannite mineral aggregates surrounding the bacteria and (B) of the Fv. myxofaciens strain EHS6 cultivated under acidic conditions in a basal salt
medium. Samples were taken from suspension at the beginning of the stationary phase.

Figure 2. Scanning electron micrographs of a biofilm sample of Fv. myxofaciens strain EHS6 grown on Sessil in a basal salt medium containing 25 mM
ferrous iron at an initial pH of 2.5 for 13 days. (A) Overview of the samples surface showing granular schwertmannite minerals. (B) Higher magnification

of the biofilm indicating bacteria and EPS in the sample.

after staining with thorium dioxide. Even when staining for
reductive sugar EPS-moieties, according to the silver-proteinate
method of Thiéry,”® which acts on vicinal glycols in cis configura-
tion, no such reactive groups could be detected as EPS constituents.

The bacteria in the biofilm were found to be organized in
groups of 3 to 8 cells in close vicinity to the schwertmannite
mineral, while bacterial surfaces were smooth and obviously free
of mineral deposits (Figure 2). Besides the hedgehog-like
schwertmannite aggregates, pseudocubic jarosite crystals (240
to 500 nm in length and 120 to 290 nm in width) with a smooth
surface were detected. The jarosite crystals were occasionally
found to partially embed bacterial cells (Figure 3).

Micro-SAED analysis of schwertmannite aggregates and
jarosite crystals was performed within a measuring aperture of
152 nm in diameter at the sample level. The corresponding
electron diffractogram of poorly crystalline schwertmannite
revealed a characteristic ring pattern with a d-spacing of the first
ring of 0.254 nm. Additionally, as is indicated by white dots, arc-
like diffraction revealed the partially fibrillar character of the
mineral, which evidently reflects the whiskers (Figure 4a,b).
Jarosite, on the other hand, showed distinct crystallinity on
diffraction and a trigonal crystal system (Figure 4c,d). Thus,
electron diffractometric data completely confirm X-ray diffrac-
tion studies at the microcrystallite level.

Electron Energy-Loss Spectroscopy (EELS) of Mineral
Phases in the EHS6 Biofilm by Energy-Filtered Transmission
Electron Microscopy (EF-TEM). EELS is a powerful method in

material sciences for performing microanalyses at the nanoscale
and electronic structure levels. EELS spectra are highly similar to
those obtained by X-ray absorption spectroscopy.”’ Compared
to energy-dispersive X-ray (EDX) microanalysis, elemental map-
ping by electron spectroscopic-imaging (ESI) with an EF-TEM is
more sensitive and is performed within a quarter of the time at
higher spatial resolution.>*

EELS spectra of the biofilm from EHS6 cultures showed
schwertmannite and jarosite to be discernible mainly by the
absence or presence of potassium. Visually the two minerals were
discernible by their intrinsic micromorphology. Characteristi-
cally, jarosite showed a prominent energy-loss near-edge struc-
ture (ELNES)-fingerprint of sulfate at the S-L2,3 edge
(Figure Sb, red curve) and the double-peak of the K-L2,3 edge
by parallel-EELS (PEELS) spot analysis. Adversely, within the
limit of the 28 nm electron beam spot size, the corresponding
schwertmannite matrix showed only weak signals for sulfur or
rather sulfate and potassium, thus indicating their reduced
concentration in this mineral (Figure Sb, blue curve). In general,
high S-signal intensities as peaks in the spectrum were correlated
to high elemental concentrations in the sample, as it was revealed
by ESI analysis of sulfur within peripheral jarosite crystals
(Figure Se). Correspondingly, only weak sulfur intensities within
the schwertmannite amorphous core were recognized.

The same schwertmannite spot showed a higher iron content
of the inner core area relative to faint iron intensities in the
jarosite periphery (Figure Sd). This was also evident from higher
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Figure 3. Transmission electron micrographs of ThO, stained sections
of Fv. myxofaciens EHS6 cultivated under acidic conditions in a basal salt
medium. Samples were taken at the beginning of the stationary phase.
The pictures show schwertmannite and jarosite in one sample and
contact of jarosite with the bacterial cell.

peak intensities of schwertmannite-iron (but slightly lower
oxygen peak intensities) relative to jarosite (with slightly higher
oxygen peaks) (Figure Sc). Additionally, a chemical shift of the
oxygen main peak of jarosite (538.7 eV) versus schwertmannite
(539.6 V) was observed, and correspondingly, Fe-L3 maxima of
710.9 and 711.3 eV were measured from spectra, calibrated to 77
of the C—K edge of ERL-resin at 287.5 eV for schwertmannite
and jarosite.

Figures 3 and S4, Supporting Information, display the close
association of jarosite to the underlying schwertmannite fiber
coating and/or to the amorphous center, but the contacts
appeared mainly to these nanoscale surface structures. They
were rarely observed within the schwertmannite amorphous core (see
S-intensities in Figure Se), which leads to the suggestion that jarosite
crystal growth is intimately associated with the schwertmannite
and/or to the solute milieu. Within the analytical detection limits,
mineral deposition in statu nascendi did not occur on the cell
surface of EHS6 cells, which left mineralogenesis restricted to the
mineral phases, but still linked to the physiological and catalytic
sphere of influence of the bacterial cell (Figure S4, Supporting
Information).

B DISCUSSION

While mineralization patterns for some bacteria—mineral
associations have been investigated in considerable detail,
schwertmannite formation in this respect has received relatively
little attention.®>>***> In the present study, the mineral phase
formed in a mine water treatment plant and in pure cultures of a
novel genus of Betaproteobacteria was characterized, and elec-
tron-microscopic studies were carried out to investigate possible
interactions between microorganisms and mineral formation.

Mineral Formation. The main mineral formed in the pilot
plant (mixed bacterial culture) at pH 3.0 was schwertmannite,
which showed the typical hedgehog-like structure, while jarosite
and goethite sometimes occurred in trace amounts. The mineral

" 0,254 nm

[001] face

Figure 4. SAED of schwertmannite microaggregates (A, B) and jarosite
crystallites (C, D) from a Sessil biofilm of Fv. myxofaciens EHS 6 cultures.
Measuring areas (A, C) are encircled and indicative of corresponding
diffractograms (B, D). S = schwertmannite; ] = jarosite. White dots (B)
flank an arc-like diffraction, which is indicative of a partially fibrillar
appearance of the material.

phase present in cultures of Fv. myxofaciens strain EHS6 (growth
medium pH 2.6) mainly consisted of schwertmannite and
jarosite.

The different composition of the mineral phase in the pilot
plant (open system) and cultures of Fv. myxofaciens EHS6 could
be a result of the slightly different geochemical conditions (e.g.,
pH, metal concentrations, redox potential, and temperature)
between pilot plant AMD water and the synthetic growth
medium used in laboratory experiments. Schwertmannite is
predominantly formed in waters characterized by a pH around
3.0 and high sulfate content as well as by the occurrence of both
ferrous and ferric iron. It often occurs in association with
jarosite, which is formed at pH < 3 and requires cations for its
formation."® In mineral samples gained from EHS6 cultures,
potassium could be identified by EELS, leading to the assump-
tion that potassium has directed the formation of potassium
jarosite. However, a direct formation of jarosite under the given
chemical conditions is hindered by the kinetically favored poorly
ordered schwertmannite structure.>® However, transformation of
schwertmannite to jarosite has previously been described for
cultures of Acidithiobacillus ferrooxidans at different pH values,*
and it can occur in solutions containing an approg)riate jarosite-
directing cation, for example, at pH 2.1 % 0.05.*° The medium
used to cultivate strain EHS6 contained sodium (0.07 mM) and
potassium (0.5 mM) as well as ammonium (0.9 mM) in less than
millimolar concentrations. Gramp et al. reported the precipita-
tion of K'-jarosite starting at concentrations of 4 mM potassium
in the medium and the absence of schwertmannite in samples
containing =12 mM K**” Compared to other forms of
jarosite, K'-jarosite requires the lowest level of monovalent
cations in solution for its formation.’” Concerning all these
facts, it can be assumed that schwertmannite transformed into
K'-jarosite according to the formula 1, while the pH of the
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Figure 5. EELS analysis of coensembled schwertmannite and jarosite minerals within biofilms of strain EHS6. (A) “In situ” view of a mixed-mineral
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smoothly outlined, not indicating the presence of potassium.

. . 8
medium increased.’

3Feg05(S04)(OH) + 6H,0 + 8K
+ 13S0,>~ + 18H" — 8KFe3(SOy4),(OH), (1)
Jarosite, compared to schwertmannite, contains more sulfate,
resulting in the lower Fe/S molar ratio of 1.5. This fact was
reflected by ICP-OES measurements showing the ratio in the S6
sample (from cultures of strain EHS6) to be 5.2 (Table 2).
EELS data of schwertmannite dense core regions showed
low sulfate content, relative to jarosite. The sulfate content in

7690

schwertmannite minerals can vary according to the number of
sulfate molecules bound in the channels of the mineral structure,
and therefore, the Fe/S molar ratio of schwertmannite could
range from 4.6 to 8."° Thus, the Fe/S ratios determined for pilot
plant samples (6.1 to 6.6) and the sample S6 from the EHS6
culture (5.1) fit well in the range for typical schwertmannite Fe/S
ratios (Table 2).

Bacteria-Mineral Associations. Electron micrographs of the
pilot plant samples, as well as those of samples from shake-flask
cultures of strain EHS6, did not reveal visible encrustation of
bacterial cells by schwertmannite minerals. Bacteria were usually
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observed in some distance to the minerals, and their cell wall
remained free of iron mineral deposits.

Different observations have been made by several studies on
neutrophilic iron-oxidizing®>*>**° as well as acidophilic iron-
oxidizing34 bacteria, that showed mineralized cells and demon-
strated the incorporation of organic material into mineral
aggregates. The authors concluded that bacteria were not just
providing ferric iron but also act as sorption surface for dis-
solved species and, therefore, as a nucleation site that can locally
affect the physical and chemical nature of minerals.*’ Observa-
tions of encrustation-free cells, as found in the present study,
were also made in studies with phototrophic iron-oxidizers at
neutral pH.** In contrast to studies with neutrophilic strains,
the pH of the surrounding medium in cultures of acidophiles is
low enough to prevent initial Fe-mineral precipitation on the
cells. The low pH environment allows the ferric iron ions to
diffuse away from the cell, because of their higher solubility at
low pH values.®

In general, the surface of gram-negative bacteria is negatively
charged due to the carboxylate groups,** which would be a
preferred binding site for positively charged Fe® and schwert-
mannite particles, respectively. However, to survive under low
pH conditions, acidophilic bacteria have to maintain their neutral
cytoplasmatic pH, e.g., by reversin§ their membrane potential
while accumulating potassium ions.* In comparison to neutro-
philes, acidophiles have a positive membrane potential and a
large ApH across their plasma membrane, which causes a
positive cell surface charge.** Iron minerals with a positive
surface charge, like schwertmannite, would therefore be rejected
from the cell surface by charge repulsion, which could be another
reason for the nonencrustation of cells of the acidophilic strain
EHS6 and cells observed in pilot plant samples. This underlines
the influence of the positive charge repulsion of the cell surface of
acidophiles on encrustation by minerals.

Since the species Fv. myxofaciens is known to form massive
amounts of EPS in liquid media,*® another possible explanation
for the nonencrustation of bacterial could be that EPS capture
ferric iron ions and act as a nucleation site. However, no
encrustation of the exopolymeric structures could be detected
in the present study with strain EHS6. This may be due to the
presence of primarily neutral EPS molecules in biofilms of strain
EHS6. While acidic EPS were detected in planktonic samples of
EHS6 by cationic colloidal ThO, staining (Figure 1b), the EPS of
biofilm samples remained unstained.

The nitrogen and TOC content in the minerals indicate a low
organic content in the samples which is comparable to literature
data.*® In contrast, studies on the mineralization of EPS at a
more neutral pH reported the association of organic material
with the formed iron oxyhydroxides'®***” and, additionally,
the encrustation of EPS material of Acidithiobacillus ferrooxidans
during leaching of pyrite has been reported.” Concerning the
commercial use of the pilot plant, the lack of encrustation of the
bacterial cells is positive for the possibility of an ongoing
metabolism even in massive mineral layers, as the bacteria can
still get access to ferrous iron and other nutrients to maintain
ferrous iron oxidation as the key process in the pilot plant.
To confirm this presumption, a depth profile of the mineral
layer from the carrier material in the pilot plant should
be investigated for microbial activity using fluorescent micro-
scopy or molecular biological methods targeting active cells.
Furthermore, this presumption would negate the contention
that iron-oxidation in the pilot plant, as the limiting step in

schwertmannite formation in the 4plant, could be hindered by
the encrustation of bacterial cells.*®

B ASSOCIATED CONTENT
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