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Abstract: Bioleaching is the mobilization of metal cations from insoluble ores by microorganisms.
Biofilms can enhance this process. Since Sulfobacillus often appears in leaching heaps or reactors,
this genus has aroused attention. In this study, biofilm formation and subsequent pyrite dissolution
by the Gram-positive, moderately thermophilic acidophile Sulfobacillus thermosulfidooxidans were
investigated. Five strategies, including adjusting initial pH, supplementing an extra energy source or
ferric ions, as well as exchanging exhausted medium with fresh medium, were tested for enhancement
of its biofilm formation. The results show that regularly exchanging exhausted medium leads to
a continuous biofilm development on pyrite. By this way, multiply layered biofilms were observed
on pyrite slices, while only monolayer biofilms were visible on pyrite grains. In addition, biofilms
were proven to be responsible for pyrite leaching in the early stages.
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1. Introduction

The term of bioleaching refers to mobilization of metal cations from insoluble ores by
microorganisms [1,2]. Leaching can be done by microorganisms via two ways: contact and non-contact
leaching. Ferric ions are of great importance in both of these two ways. As an oxidizing agent,
ferric ions in acidic environments readily oxidize metal sulfides and cause the release of ferrous ions
and reduced inorganic sulfur compounds (RISCs). Ferrous ions can be re-oxidized to ferric ions by
iron-oxidizing bacteria, and RISCs can be oxidized to sulfuric acid by sulfur-oxidizing bacteria. Thus,
minerals get dissolved [3]. Comparing the two ways, contact leaching is seen to be more efficient.
This may be because extracellular polymeric substances (EPS), secreted by bacteria, accumulate ferric
ions via complexation and decrease the reaction distance between the cells and the mineral surface [4].

During the last several decades, bioleaching has already been applied worldwide industrially
for recovering metals from low grade ores [5]. Instead of a sole species, microbial populations
exhibited substantial diversity in stirred-tank, mineral-processing bioreactors and ore leaching heaps.
Microbial community analysis of the leachate has shown that the microbial bioleaching communities
varied in commercial mineral leaching operations, but the genus of Sulfobacillus can be detected
frequently [6-8]. The genus Sulfobacillus was first reported by Golovacheva and Karavaiko in
1978 [9]. Until now, there have been five species classified into this genus based on phylogenetic and
physiological characteristics: Sb. thermosulfidooxidans, Sb. acidophilus, Sb. thermotolerans, Sb. sibiricus and
Sb. benefaciens. Among them Sb. thermosulfidooxidans is the most studied species. The sulfobacilli are
Gram-positive, generally non-motile, rod shaped, endospore-forming and moderately thermophilic
acidophiles. They can oxidize ferrous iron, RISCs such as tetrathionate, thiosulfate and elemental
sulfur, as well as sulfide minerals in the presence of 0.02% yeast extract.
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Because of the versatile metabolism and tolerance to a hostile environment characterized by low
pH and high metal concentrations, the genus Sulfobacillus has been considered for optimization of
microbial consortia [10], and they are crucial in mixed cultures during leaching. It is reported that the
smaller proportion of Sulfobacillus in leaching consortia under continuous conditions was correlated
with the reduction of chalcopyrite leaching kinetics than in batch mode. Spolaore et al. [11] compared
chalcopyrite leaching efficiency of an undefined leaching consortia under continuous condition with
that in batch mode. The results show that the leaching kinetics in the continuous test were lower than
in the batch test, which can be attributed to a smaller proportion of Sulfobacillus, in agreement with
Foucher et al. [12]. Extensive oxidization of metal sulfides by biofilms of Sb. thermosulfidooxidans was
indicated by the etch pits appearing within 94 h on pyrite surfaces [13]. All of these studies indicate
that the biofilm formation by Sulfobacillus probably leads to a high mineral dissolution rate. Thus, it is
worth studying the adhesion of Sulfobacillus to mineral surfaces and enhancing their biofilm formation
on them.

Initial adhesion of planktonic cells to a surface is the first step in biofilm formation [14].
It is induced by biological and physicochemical interactions between cells and substratum [15,16].
Cells interact with the environment by their surface, and the environment affects cell surface properties.
The energy source can influence the chemical composition of EPS and cause changes of cell surface
hydrophobicity and charge. As a consequence, bacterial cells grown on different energy sources exhibit
different attachment ability to the same substratum [4,17]. In view of the effect from the culturing
environment, five strategies were chosen to test their effects on enhancement of biofilm formation
by Sb. thermosulfidooxidans DSM 9293" on pyrite: changing medium pH, supplementing an extra
energy source, adding ferric ions, phosphate starvation and exchanging exhausted medium with fresh
medium. Epifluorescence microscopy (EFM), confocal laser scanning microscopy (CLSM) and atomic
force microscopy (AFM) were used for monitoring cell attachment and biofilm formation as well as
microorganism-pyrite interface structures. This study first demonstrates a method for enhancing
biofilm formation by Gram-positive acidophiles and provides a hint of interfacial interactions between
these bacteria and pyrite.

2. Materials and Methods

2.1. Strain and Growth Conditions

Sb. thermosulfidooxidans® was grown on 3% pyrite (1/v) with 0.02% yeast extract in a medium
at pH 2.5, the medium was prepared according to Mackintosh et al. [18]. The culture was incubated
at 45 °C on a rotary shaker at 150 rpm. Cells were harvested by centrifugation at 11,270 g for 10 min.
Cell numbers were determined by directly counting with a Thoma chamber (Assistent®, Sondheim v. d.
Rhon, Germany).

2.2. Preparation of Pyrite Grains and Pyrite Slices

Pyrite grains with a size of 100-200 pm were used after wet-sieving floatation pyrite from Romania.
Pyrite slices were cut off from pyrite cubes with a size of 1 cm x 1 cm x 1 cm (Museum grade, Freiburg,
Germany). These pyrite cubes were naturally crystallized, and their six sides were smooth and shiny.
After cutting, slices with one shiny side and one rough side were obtained, and this study only
focused on the shiny side. No clear cell-shaped pits were observed by atomic force microscopy (AFM)
(Supplementary Materials, Figure S1). Pyrite grains and slices were cleaned and sterilized as described
before [19].

2.3. Strategies for Enhancing Biofilm Formation

Different initial medium pH was adjusted with 1 M H,SO4 or KOH. In addition, 10 mM ferric
chloride, 50 mM potassium tetrathionate, and sodium thiosulfate were prepared as a standard solution
and sterilized by filtration. Phosphate starvation was conducted by using phosphate free MAC medium.
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Medium replacement was performed by exchanging fresh MAC medium containing 0.02% yeast extract
with exhausted medium every two days. The experiments were conducted in 300 mL flasks with 3%
pyrite in 150 mL MAC medium. The initial cell density for all experiments was 2 x 108 cells/mL, which
was achieved by inoculating a calculated volume of the cell suspension. The cells were inoculated
prior to pyrite addition, and the precise initial cell density could be determined. Regular medium
exchange without cell inoculation was set as an abiotic control. All assays were done in triplicate.

2.4. AFM, EFM and CLSM

For visualization of the cell distribution on pyrite surfaces, nucleic acid staining was applied.
The staining procedures described as follows. Pyrite grains and pyrite slices were first rinsed
with sterile MAC medium and then with MilliQ water (Merck Millipore, Schwalbach, Germany).
Afterwards, they were immersed in 6 pM SYTO® 9 for 15 min. Another rinsing with MilliQ water
three times was done after staining in order to remove unbound dye.

A laser scanning module (LSM 510 Carl Zeiss® Jena, Jena, Germany) combined with an
inverted Axiovert100 M BP microscope (Zeiss®, Hallbergmoos, Germany) was used for biofilms
visualization. MosaiX module was especially applied for visualizing biofilm development on pyrite
slices. This program can provide information in one image by integrating several images. In this study,
25 (5 x 5) images were integrated.

In order to further observe architecture of biofilms, a NanoWizard II AFM (JPK Instruments,
Berlin, Germany) in contact mode in liquid was used. Experiments were conducted in pH 2.5 MAC
medium. A CSC38/NO AL (Mikromasch, Tallinn, Estonia) probe was also used and cantilever B with
the following parameters were chosen for scanning: typical length, 350 um; width, 32.5 um; thickness,
1.0 um; resonance frequency, 10 kHz; and force constant, 0.03 N/m. The applied setpoint was 1 V and
the scan rate was 0.5 Hz.

3. Results and Discussion

3.1. Biofilm Formation of Sb. thermosulfidooxidans on Pyrite under Standard Conditions

After 4 h of incubation, only 30% of the cells attached to pyrite grains (Figure 1A). This indicates
a low attachment ability of Sb. thermosulfidooxidans to pyrite. A few cells can be visualized on pyrite
grain surface after 1 d incubation, and their distribution was heterogeneous (Figure 1B). It became
more and more difficult to find attached cells in the following days, and, after 20 d, no attached cells
remained (Figure 1C,D). The same results were obtained when pyrite slices were used as substratum
(Figure 2). Although there were many cells or big flocs on the surface after 1 d incubation, cells were all
detached after 14 d incubation. A lack of motility might be one reason for the low amounts of attached
cells and the badly formed biofilm on pyrite. Redistribution of attached cells by surface motility,
binary division of attached cells, and recruitment of cells from the bulk fluid are the mechanisms of
biofilm formation [14]. It is well known that leaching bacteria prefer to colonize on imperfections
of mineral surface, where the crystal structure can be easily destroyed [3,20]. Because of a lack of
motility, Sb. thermosulfidooxidans attached to the pyrite surface by chance, thus not all the attached
sites were suitable for further colonization. Cell detachment might occur, which leads to the poor
biofilm formation. In addition, many publications emphasized the importance of motility for the
biofilm formation [21,22]. When cells were incubated with pyrite slices, large flat surfaces and reduced
shearing forces provide a chance to facilitate their attachment on the surface. However, these cells
detach during the course of the experiment, and, finally, almost no cells were detectable.
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Figure 1. Amounts of attached cells of Sb. thermosulfiooxidans to pyrite grains within 4 h (A) and
their biofilm development on pyrite grains after one day (B); 20 days (C) and 40 days (D) incubation.
Scale bar, 20 um.

Figure 2. Biofilms of Sb. thermosulfiooxidans on pyrite slice after one day (A); seven days (B) and 14 days

(C) incubation. Scale bar, 20 um.

3.2. Effect of Different Strategies on Enhancement of Biofilm Formation by Sb. thermosulfidooxidans on Pyrite

The initial medium pH can regulate sporulation. Even changes of one unit of pH may increase
sporulation [23]. Sb. thermosulfidooxidans was reported to have the best ferrous ion oxidation at pH 1.4.
A significant reduction of ferrous ion oxidation rate was observed if the pH varied in the range of
1.0-3.0 [24]. Thus, we studied and compared the biofilm formation of Sb. thermosulfidooxidans at initial
pH 1.5 and 3.5. The epifluorescence microscopy (EFM) images (Figure 3A,B) indicate that no cells were
attached on pyrite grains either at pH 1.5 or 3.5 after one week. Although some green dots on pyrite
surface were detectable, when cells were grown at pH 1.5, these dots were most likely not cells as
indicated by shape and size. The finding demonstrates that variation of initial pH cannot stimulate
cell adhesion and biofilm formation.
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Figure 3. Biofilms of Sb. thermosulfiooxidans on pyrite grains after one week of incubation with initial pH

1.5 (A) or 3.5 (B); or with 2 mM K;5,40¢ (C); 2 mM NayO3S,- 5H,0 (D) or 1 mM FeCl; (E) supplanted,
or under condition of phosphate starvation (F). Scale bar, 20 um.

A recent study indicated that not planktonic but biofilm cells of Acidithiobacillus ferrooxidans™ made
contributions to pyrite dissolution within the first 4-5 days after inoculation [25]. Accordingly, we may
speculate that biofilms of Sb. thermosulfidooxidans on pyrite grains did not have a sufficient supply of
energy, which resulted in starvation triggering sporulation or dormancy. Thus, 2 mM tetrathionate or
thiosulfate were supplemented as extra energy source. However, neither of them showed a positive
effect on enhancement of biofilm formation (Figure 3C,D).

Ferric ions contribute to leaching as oxidizing agent [26], but also play a role in initial adhesion.
The complexed iron ions in EPS provide a positive charge on the cell surface inducing cells to adhere
to negatively charged pyrite surfaces via electrostatic attract forces [3,27]. It has been shown that
a supplement of 1 mM ferric ions causes a 10 fold increase of the colonization of pyrite by cells of
A. ferrooxidans R1 [25]. In our study, ferric ions did not increase adhesion of Sb. thermosulfidooxidans on
and colonization of pyrite surfaces (Figure 3E). This could be attributed to low amounts of the ferric
iron complexing uronic acids in the tightly-bound EPS of cells of Sb. thermosulfidooxidans (unpublished data).

It is accepted that EPS are a prerequisite for leaching bacteria to attach to solid substrata
such as pyrite or elemental sulfur [4]. Thus, inducing EPS production may enhance cell adhesion.
Phosphorus is a very important element for organisms, but the response of bacteria to limited
phosphate can be different. Phosphorus limitation can increase attachment in case of Agrobacterium
tumefaciens [28]. Bellenberg et al. also described that growth under phosphate starvation conditions
resulted in an enhancement of EPS production and well-formed biofilms of A. ferrooxidans [29].
However, Pseudomonas fluorescens detached from its substratum surface when growing under low
phosphate conditions [30]. From our own images (Figure 3F), it is obvious that after one week
of incubation under phosphate starvation conditions, no well-formed biofilms exist on the pyrite
grain surfaces and only a few single cells occur, which indicates that phosphate starvation does not
significantly enhance biofilm formation.

Exchanging exhausted medium with fresh medium is the only strategy showing a positive
effect (Figure 4). This enhancement was reproducible when pyrite slices were applied (Figure 5).
However, the architecture of biofilms grown on pyrite slices is different from the one grown on
pyrite grains. Comparing the images, we can see that biofilms grown on a pyrite slice display
a multiple layer structure (Figure 6), while biofilms grown on pyrite grains display monolayer structure
(Figure 4B,C). Strong shear forces in the case of pyrite grains may be the main reason for the different
biofilm phenotype.

Enhancement of biofilm formation by Sb. thermosulfidooxidans due to exchanging spent medium
may be due to several reasons. One is that the organic supplement facilitates the growth of
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Sb. thermosulfidooxidans. It is well known that Sulfobacilli have a mixotrophic metabolism on Fe?*,
SY, 54062, S,032~ and sulfide minerals in the presence of low amounts of organic compounds.
Their autotrophic and heterotrophic growth are poor. The dramatic decrease of planktonic cell
numbers of subcultures of 1 d biofilms of Sb. thermosulfidooxidans (Figure 7) after 50 h may also indicate
that the consumption of the yeast extract caused the decrease in cell density. When fresh medium was
supplied, growth continued. The second possibility is the removal of harmful factors in the growth
medium, thereby ensuring biofilm formation. A high cell density may trigger sporulation and the
formation of persister cells [31].

A

Figure 4. Biofilms of Sb. thermosulfiooxidans on pyrite grains after one day (A); 20 days (B); 40 days
(C) and 60 days (D) incubation. Scale bar, 20 pm.

Figure 5. Biofilms of Sb. thermosulfiooxidans on pyrite slice after one month (A); five months (B) and
10 months (D) incubation; (C) shows the enlarged area from the frame in (B); (E) is the cross-section
view of surface topography in the area indicated by the red dashed line in (C); Formation of pits up to
35 um in depth can be seen in (E); Scale bar in (A, B and D) is 100 um and in (C) is 20 pum.
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Figure 6. 3D Atomic force microscopy images showing the biofilms of Sb. thermosulfiooxidans on pyrite
slice after one month (A); three months (B) and five months (C) incubation.
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Figure 7. Cell numbers of subcultures of one day biofilms of Sb. thermosulfiooxidans on pyrite
in suspension.

3.3. Bioleaching of Sb. thermosulfidooxidans under Biofilm-Favoring Conditions

Bioleaching efficiency of Sb. thermosulfidooxidans, when the medium was regularly exchanged,
was evaluated by comparing with the results of cultivation under standard conditions (without
any exchange). Figure 8A shows the cell growth and the leached iron as a function of time under
standard conditions. A fluctuation of cell numbers was observed in the first 2 d, indicating cell
attachment and detachment. Afterwards, the cell density kept decreasing, probably related to the
reduced organic nutrition. The concentration of iron ions remained constant during the first 7 d of
the experiment. The largest iron leaching rate was measured between day 7 and 18. Afterwards,
the iron ion concentration remained constant again, which indicates that the bioleaching stopped.
In total, 195 mg iron ions were leached within 35 days. Figure 8B,C show the cell density and the
concentration of iron ion in the spent medium before exchanging with fresh medium, respectively.
The results indicate that the cell numbers in the leachate started to decrease considerably from day 18,
but the concentration of iron ion decreased only slowly. Only 4.1 mg iron ions in total were dissolved
within 35 d under these conditions, whereas, under the standard conditions, 195 mg iron ions in total
were dissolved. It is noticeable that the bioleaching stopped under the standard conditions after 18 d,
whereas bioleaching continued if the medium kept being exchanged. In addition, iron precipitates
formed and covered the surface of biofilms and minerals (unpublished data). The degree of oxidation
also provides information about the leaching efficiency. As it shown in Figure 5D,E, many pits on the
pyrite slices incubated for 10 months can be seen. The confocal laser scanning microscopy images
of the pyrite slice surfaces indicate an average depth of the pits of 25 + 9 um. It is reported that
after four months of bioleaching by A. ferrooxidans, many etch pits with an average depth of 320 nm
occurred [32]. Sulfobacilli have a high leaching efficiency if the pit formation rates are compared with
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those of A. ferrooxidans: 2500 nm/month versus 80 nm/month. In the abiotic control, pits with a depth
lower than 2 um were measured (Supplementary Materials, Figure S1).
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Figure 8. Cell numbers of Sb. thermosulfiooxidans and leached iron concentration as function of time
during bioleaching under standard conditions (A) or regularly changing medium (B and C).

4. Conclusions

The low initial adhesion rate of Sb. thermosulfidooxidans to pyrite and its fast detachment
demonstrate that this organism is not a good biofilm former under the standard conditions. Strategies of
changing the initial pH of the medium, supplementing an extra energy source, adding ferric ions or
phosphate starvation do not show a significantly positive effect on biofilm formation. However,
if regularly exchanging exhausted medium with fresh medium, after one month of incubation,
robust biofilms can be observed on pyrite surfaces, and bioleaching of pyrite continues. In addition,
substratum size has an effect on the architecture of the biofilms.

Supplementary Materials: The following are available online at www.mdpi.com/2075-163X/6/3/71/s1.
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