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Abstract: Sustainable mechanisms for efficient and circular metal recycling have yet to be uncovered.
In this study, the metal recycling potential of seven metal-resistant bacterial species (Deinococcus radio-
durans, Deinococcus aerius, Bacillus coagulans, Pseudomonas putida, Staphylococcus rimosus, Streptomyces
xylosus and Acidocella aluminiidurans) was investigated in a multi-step strategy, which comprises
bioleaching of industrial waste products and subsequent biosorption/bioaccumulation studies. Each
species was subjected to an acidic, multi-metal bioleachate solution and screened for potential ex-
perimental implementation. Bacterial growth and metal acquisition were examined using scanning
transmission electron microscopy coupled to electron dispersive X-ray spectroscopy (STEM-EDS).
Two of the seven screened species, D. aerius and A. aluminiidurans, propagated in a highly acidic and
metal-laden environment. Both accumulated iron and copper compounds during cultivation on a
multi-metallic bioleachate. Our findings suggest that extremotolerant bacteria should be considered
for waste recycling operations due to their inherent polyextremophily. Furthermore, STEM-EDS is
a promising tool to investigate microbial-metal interactions in the frames of native industrial waste
products. To develop further experimental steps, detailed analyses of adsorption/accumulation mech-
anisms in D. aerius and A. aluminiidurans are required to design a circular metal recycling procedure.

Keywords: extremophiles; bioleaching; steel waste; metal recycling

1. Introduction

The development of a sustainable circular economy for the ever-increasing demand
of metals for our everyday use is of great importance. As of 2021, European steel plants
account for 16.2% of worldwide crude steel production [1], generating a plethora of multi-
metallic by-products [2], which cannot be completely fed into existing circular economy yet.
Various technologies for recycling metal elements from high-metal-content waste products
are being developed. Innovative ideas range from mathematical models proposing anaero-
bic dark fermentation to extract metals from electronic waste via leaching [3] to ultrafast
electrothermal processes (~3000 °C, ~1 s) [4] and adsorption on a functionalized material
with improved sorbent properties [5] for rare earth element recycling to avoid harmful
conventional pyrometallurgical and lavish hydrometallurgical treatments. Traditional
leaching technology often requires large quantities of leaching solution (EDTA, hydrochlo-
ric acid, and organic acids) which are expensive and unsuitable to remove hazardous
heavy metals such as hexavalent chromium from sensitive environments [6,7]. Measures
to improve traditional leaching via application of electric fields [8] or using more gentle
chemicals [9] for metal solubilization are diverse. Recently, we have proposed to harness
extreme metallophilic microorganisms such as Acidianus manzaensis to mobilize metals
from waste products derived from steel production [10] and potentially feed them into a
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circular process via selective adsorption processes, providing a gentle and cost-effective
alternative to traditional technologies.

Even in traces, metals have a great potential to cause toxicity in humans and animals,
consequently leading to cancer and mitochondrial damage [11,12]. Efforts to remove toxic
metals from anthropogenic environments (e.g., wastewater, contaminated drinking water,
etc.) generated a wide array of different advances. This includes adsorption technol-
ogy (e.g., carbon composites, minerals, magnets, biosorbents, etc.), membrane treatments
(e.g., nanofiltration and osmosis), chemical and electrical processes (e.g., chemical precipi-
tation and reduction) and photocatalysis, and many authors have come to the conclusion
that biosorption is one of the most promising methods to gently remove heavy meals from
the environment (reviews by [13,14]). Biological sorbents, for instance, exhibit various
advances compared to pure physico-chemical sorption methods since they are cost- and
energy-effective as well as non-toxic [15]. Biologically derived compounds such as the
extracellular polymeric substance (EPS) found in bacteria and archaea have great potential
for removing heavy metals from their environment due to their cell surface chemistry. The
EPS usually consists of polysaccharides, nucleic acids, proteins and lipids, which can be
associated with the cell-surface or can be secreted extracellularly [16]. As a biosorbing
agent, immobilized EPS of Pseudomonas spp. can efficiently remove Cd, Pb, Cu, and Zn
from contaminated environments, reaching adsorption equilibria quickly [17,18]. Further-
more, Acinetobacter junii isolated from a chromite mining site, is able to adsorb cytotoxic
Cr(VI) while reducing it to Cr(V) on the EPS surface [19]. Even though successful re-
moval of heavy metals was achieved via EPS, this naturally derived product does not
provide the mechanic stability to apply it in large-scale operations yet [20]. Many types of
biosorbents have been characterized, e.g., bacteria, fungi, yeasts, algae, plants, and many
more [21]. Indigenous microbial species isolated from metal-polluted or extreme environ-
ments demonstrate an inherent heavy metal resistance as well as biosorption abilities [22-24],
since microbial adaptation to specific metals in their environment seems to be a common
phenomenon [25,26].

A variety of factors such as pH, temperature, pollutant concentration, and metal
ion properties, influence the success of biosorption or bioaccumulation processes. While
biosorption describes a passive process initiated by electrostatic interactions between metals
and functional groups on the cell surface, bioaccumulation comprises metal incorporation
or adsorption by metabolically active cells [21,22]. The pH of a solution is one of the most
crucial aspects of biosorption since it affects the charge and ionization of functional groups
on the cell surface [22]. In general, a low pH seems to be favourable for cation binding
stability due to the overall negative charge of the cell surface and increased metal solubility
under acidic conditions [27,28], but depending on the metal of interest and the biosorbing
organism, binding capacity might decrease under highly acidic solution pH [29]. Other
factors, which could increase biosorption include elevated temperatures (increases surface
activity and kinetic energy), low ionic strength (less competition of binding sites), high
agitation speed (enhances pollutant removal rate by minimizing mass transfer resistance),
high pollutant load, etc. [30].

Various bacterial and archaeal species either possess an inherent metal resistance,
mechanisms to detoxify metals or are metallophilic microorganisms, which require the
active use of metals to cover their energetic needs [31-34]. Bacteria, such as Bacillus spp.,
Pseudomonas spp., Citrobacter sp., can cope with a metalliferous environment by producing
biosurfactants, which actively lower surface tensions by emulsification, thereby increasing
metal binding to the surface [35]. Besides the production of compounds, the whole biomass
of bacteria, such as Bacillus coagulans isolated from a tannery effluent, can effectively
remove cytotoxic hexavalent chromium [36]. Pseudomonas putida cells isolated from a plant
rhizosphere can tolerate and adsorb high amounts of copper and zinc while growing
actively [37], whereas hexavalent chromium biosorption reaches its equilibrium after 96
h post-incubation on inactivated biomass [38]. In one study, Pseudomonas sp. succeeded
over Staphylococcus xylosus in maximum cadmium uptake, and chromium biosorption was
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more successful for S. xylosus cells. In a binary system where cadmium and chromium
ions compete about binding to the cell surface, chromium almost exclusively bound to
S. xylosus cells [39]. Promising biosorption processes are mainly accounted for carboxyl,
amino/amide, -CH, C-O and -OH functional groups on the cell surface [40,41]. Carboxyl,
amide and phosphate groups on D. radiodurans cell surface are suspected to play a major
role in uranium sequestration in nuclear waste polluted environments [42].

A correlation between metal pollution and microbial adaptation to specific metals in
their environment seems to be a common phenomenon. In our study, seven (heavy) metal-
tolerant bacteria (D. radiodurans, D. aerius, B. coagulans, P. putida, S. rimosus, S. xylosus and
A. aluminiidurans) were used to implement initial stages a cascaded multi-step approach
of metal recycling. In the first step, as previously published, a multi-metallic bioleachate
solution was obtained by cultivation of the extremophilic archaeon Acidianus manzaensis [10]
on a steel production plant waste product (a secondary dust waste product of the basic
oxygen furnace (BOF) steelmaking process, referred to as BOF dust [10,43] (voestalpine
Stahl Donawitz GmbH, Leoben, Austria)) to solubilize metals from a solid into a liquid
phase. Here, we report on the second step of biosorption/bioaccumulation trials with seven
bacterial strains. We show that two strains (D. aerius and A. aluminiidurans) were able to
withstand an extreme low-pH and multi-metallic environment. Via transmission electron
microscopy analyses (TEM), strain-selective spatial and temporal accumulation of iron and
copper can be visualized. This work can contribute to further and deeper investigations
of microbial metal adsorption and metal uptake processes to gain detailed knowledge on
environmentally friendly metal removal technology.

2. Materials and Methods
2.1. Strains and Media Composition

A. manzaensis (NBRC 100595) [44] was cultured with BOF dust obtained from a steel
production plant as previously described [10]. A variety of metals was solubilized from
BOF dust into the surrounding medium (bioleachate) by a thermoacidophilic bioleaching
setup [10]. Bioleachate was harvested by filtration through a sterile 0.45um pore-sized
membrane (Chromafil, Macherey-Nagel, Diiren, Germany). The native pH of filtered
bioleachate solution was kept at 1.7 for the following experiments to avoid intense and non-
controlled metal precipitation by pH adjustment. Seven bacterial strains, Pseudomonas putida
(DSM 100120) [45], Bacillus coagulans (DSM 1) [46], Streptomyces rimosus (DSM 40260) [47],
Staphylococcus xylosus (DSM 20266) [48], Deinococcus aerius (DSM 21212) [49], Deinococcus
radiodurans (DSM 20539) [50] and Acidocella aluminiidurans (DSM 108313) [51], were grown
aerobically in their respective liquid media at strain-specific temperatures and pH (Table 1;
media composition was provided by the DSMZ database according to DSM number for
each strain mentioned above).

Table 1. Composition of the media used for the cultivation of bacterial strains prior to cultivation
on acidic bioleachate solution. Metal-accumulating bacterial strains and their respective media
composition, cultivation temperature (T (°C)) and pH are presented.

Strain Medium Components (w/v) TCC pH

P. putida 0.5% peptone; 0.3% meat extract 28 7.0

B. coagulans 0.5% peptone; 0.3% meat extract 40 7.0

S. xylosus 0.5% peptone; 0.3% meat extract; 0.3% yeast extract 37 7.2

D. aerius 1% tryptone; 0.6% meat extract; 0.2% glucose 28 7.0

D. radiodurans 1% tryptone; 0.6% meat extract; 0.2% glucose 28 7.0
0.2% (NH4)2S04; 0.01 KCI; 0.05% KyHPOy;

A. aluminiidurans 0.05% MgSO, x 7H,O; 0.03 yeast extract; 0.1% glucose; 37 4.0
0.1% trypticase soy broth

S, rimosus 0.4% glucose; 0.4% yeast extract; 1% malt extract; 28 79

0.2% CaCO3
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2.2. Cascaded Approach of Metal Waste Bioconversion

As part of a multi-step metal recycling process, initial stages of cascaded waste bio-
conversion were investigated in this study. A scheme of this cascade waste recycling
approach is presented in Figure S1. At first, steelmaking processes generate a variety of
metal-containing waste products (A). A multi metallic BOF dust (B) waste (metal composi-
tion table in [10]) is generated as a consequence of basic oxygen furnace (BOF) steelmaking
processes [43]. BOF dust used in this study was provided by voestalpine Stahl Donawitz
GmbH, Leoben, Austria. Next, BOF dust was fed into a liquid Acidianus manzaensis cul-
ture (C) to test the bioleaching abilities of this thermoacidophilic archaeon as published
previously [10]. At the end of the cultivation of A. manzaensis, the cells were harvested
by centrifugation and supernatants were separated as described before [10]. The result-
ing supernatants were filtered with a 0.44 um pore size filter (Macherey-Nagel GmbH
& Co. KG, Diiren, Germany) (D) to obtain bioleachate solution (E) for further biosorp-
tion/bioaccumulation studies. At the next stage, seven bacterial strains were cultivated (F)
on native bioleachate solution (pH 1.70) and screened for cell growth or decay (G). To test
bacterial survival in acidic multi-metallic bioleachate solution, each strain was cultured in a
1:5 mixture of 10-fold concentrated strain-specific medium (Table 1). Cells were harvested
by centrifugation (10 min; 3000x g), and ice-cold and sterile PBS was added to wash away
residual rich medium. Filtered bioleachate solution produced by A. manzaensis (Table 2)
was added to previously washed cells. Bacterial propagation and/or decay on acidic bi-
oleachate solution was monitored via a cell counting chamber (Neubauer improved, Brand
GmbH + Co KG, Wertheim, Germany). Two strains (Deinococcus aerius and Acidocella
aluminiidurans) were analysed (H) for metal sorption/accumulation capacities via scan-
ning transmission electron microscopy (STEM) coupled to energy dispersive spectroscopy
(STEM-EDS).

Table 2. Metal concentrations of the acidic bioleachate solution (pH 1.7) measured via Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) [10]. Multiple solubilized elements were detected in
the extremely acidic bioleachate solution.

mg/L mg/L
Mg 778 Ni 0.185
Ca 618 Co 0.17
Fe 145 Ti 0.169
Zn 111 \Y% 0.144
Mn 85.5 Cd 0.143
Al 36.6 Mo 0.068
Sr 0.906 As 0.037
Cu 0.757 Pb 0.021
Cr 0.695 Ba 0.003

2.3. Electron Microscopy and Elemental Mapping
2.3.1. Cell Preparation for Electron Microscopy

After survivability and possible propagation of all strains on metal, bioleachate was
determined via cell counting; D. aerius and A. aluminiidurans were subjected to further ex-
periments. To monitor bacterial metal accumulation abilities, D. aerius and A. aluminiidurans
cells were processed for TEM. Microbial cells cultivated with bioleachate were sampled at
different time points of cultivation (maximum 48 h) to examine differences in cellular metal
acquisition patterns. Cells were harvested by centrifugation (10 min; 3000 g) and were
fixed in glutaraldehyde for 1 h (2.5% in 1 M Na-cacodylate buffer), washed in PHEM buffer
(360 mM PIPES, 150 mM HEPES, 60 mM EGTA, 12 mM MgCl,) followed by secondary
fixation for 1 h in 1% OsQy, finalizing fixation by washing in PHEM bulffer. Pellets were
dehydrated in a graded ethanol series (30%, 50%, 70%, 90%, abs.). Before embedding,
samples were dehydrated in dried acetone for resin infiltration and finally embedded in
epoxy resin (Agar Low Viscosity Resin, Agar Scientific, Essex, UK). Samples embedded in
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resin were polymerized at 60 °C for 48 h, followed by ultrathin sectioning (Reichert-Jung
Ultracut E, Reichert, Wels, Austria).

2.3.2. STEM Imaging and EDS Investigations

STEM investigations were performed at the Graz Centre for Electron Microscopy
(FELMI-ZFE, Graz, Austria) on a probe-corrected FEI Titan G2 60-300 (S/TEM) microscope
equipped with an X-FEG Schottky field-emission electron source operated at 60 and 300 kV
(current of 150 pA, beam diameter of 1 A). Elemental maps and spectra were processed
with Gatan Digital Micrograph software 3.5 (Gatan Inc., Pleasanton, CA, USA). Element
quantification for EDS spectra was performed by using the k-factor method.

3. Results and Discussion
3.1. Growth on Extremely Acidic Bioleachate Solution

Seven bacterial strains (Table 1) were incubated on a multi-metallic and extremely
acidic bioleachate solution (pH 1.7) to assess the individual microbial potential for a cascade
metal recycling approach (Figure S1). Properties such as cell growth or decay in an acidic
multi-metal solution, as well as the observation of intra- or extracellular metal accumulation
via electron microscopy were examined. Each strain was incubated on previously obtained
bioleaching solution produced by the thermoacidophilic archaeon Acidianus manzaensis [10].
A. manzaensis was cultivated with a metallic steel plant waste product (BOF dust) under
aerobic conditions. Major metal components of the bioleachate solution (Mg, Ca, Fe, Zn,
Mn and Al as well as Sr, Cu, Cr, Ni, Co, Ti, V, Cd, Mo, As, Pb, and Ba in trace amounts) were
detected by ICP-MS (Table 2). These results are in concordance with the o.verall native BOF
dust composition where Fe, Ca and Mg are the most abundant metals (table in [10]). All
seven strains were cultured for 48 h on the aforementioned acidic bioleachate solution. Cell
density at the time point of inoculation (0 h) was compared to cell densities at 24 h and 48 h
after inoculation to investigate potential pH and metal resistance of each strain (Table 3).
Overall observation shows a decrease in cells for B. coagulans, P. putida and S. xylosus (from
7.98 x 10° t0 8.03 x 10°,9.92 x 10° to 1.54 x 10° and from 1.7 x 107 to 2.50 x 10* cells/mL,
respectively).

Table 3. Cell densities (cells/mL) of seven bacterial strains grown on acidic (pH 1.7) and metalliferous
bioleachate solution for a maximum of 48 h. * Streptomyces rimosus planktonic cells could not be
detected due to precipitation, production of big filamentous pellets and formation of flocculation
(N.D corresponds to not detected).

Strain

Oh

24h

48 h

B. coagulans

S. xylosus

P. putida

D. radiodurans

D. aerius

A. aluminiidurans
S. rimosus

7.98 x 10° + 1.18 x 100
1.17 x 107 + 4.35 x 10°
9.92 x 100 + 4.17 x 10°
2.76 x 10° £+ 2.38 x 10°
6.96 x 10° +£9.98 x 104
1.06 x 106 +1.24 x 10°
N.D.*

4.69 x 10° £+ 1.27 x 10°
5.60 x 10° + 8.57 x 10°
7.09 x 100 + 5.28 x 10°
3.15 x 10° + 1.14 x 106
1.01 x 10% + 6.40 x 10°
4,00 x 10° + 4.80 x 10°
N.D.*

8.03 x 105 + 1.31 x 10°
2.50 x 10% £+ 5.00 x 103
1.54 x 106 +3.80 x 10°
3.36 x 100 + 4.71 x 10°
5.60 x 10° + 6.00 x 10°
3.20 x 107 + 6.40 x 10°
N.D.*

Upon contact with bioleachate solution, S. rimosus cultures formed large pellets and
agglomerated cellular debris (Figure S2) with no detectable planktonic cells. D. radiodurans
cell density remained stable (from 2.76 x 10° to 3.36 x 10° cells/mL) throughout 48 h of
cultivation. Interestingly, D. aerius cells were able to propagate under these conditions (from
6.96 x 10° to 5.60 x 10° cells/mL) while keeping an intact cellular morphology as observed
by electron microscopy (Figure 1A-C and Figure S3A-C). Similarly, A. aluminiidurans
cell density increased by an order of magnitude in course of 24 h (from 1.06 x 10° to
3.20 x 10 cells/mL) (Table 3) while keeping a rod-shaped structure and preserved cellular
integrity (Figure 2A-C and Figure S4A,B).
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Figure 1. TEM images of D. aerius cells after cultivation for 48 h on acidic bioleachate solution.
(A) 10 min of cultivation; (B,C) 48 h of cultivation. The typical diplococci morphology of D. aerius is
preserved. Electron dense granules (black) and filamentous structures are associated with cells.

Figure 2. TEM images of A. aluminiidurans cells after cultivation on acidic bioleachate solution for 48 h.
A. aluminiidurans typical rod-shaped morphology is not altered throughout cultivation. (A) 10 min of
cultivation; (B,C) 48 h of cultivation. Electron dense granules (black) are associated with cells.

Strain-dependent differences in resistance to a low pH, multi-metallic solution may
be attributed to a harsh shift away from pH and nutritional optima. Since the optimal
pH for most of the species used in this study is neutral (pH 7.0-7.2), the drastic decrease
in pH of the surrounding environment (pH 1.7) most likely impaired cell viability and
initiated cell lysis rather than cell division. Cells dealing with acid stress can employ several
mechanisms to avoid the drop of intracellular pH [52], since a high concentration of protons
inside the cell is deleterious to proteins and nucleic acids. Bacteria such as D. radiodurans
and D. aerius are potent reactive oxygen species (ROS) scavengers and possess highly
efficient DNA repair mechanisms [53,54], which may allow cells to maintain viability
and morphology in a very acidic and metalliferous environment. Cells of acidophilic
microorganisms can be very well equipped with a powerful proton pump mechanism to
activate ATP-dependent H* extrusion and/or other effective pH homeostasis mechanisms
such as chemical and enzymatic proton sequestration [55-57]. For this study, viable biomass
was subjected to high metal stress and toxicity (which is not relevant for dead biomass).
Most likely, a high metal variety and concentration exceeded levels where individual
strains could still employ efficient detoxification mechanisms [58]. A rather prolonged
exposure to a low-key metalliferous environment seems to be necessary for microorganisms
to establish resistance mechanisms than a sudden exposure to high concentrations of
metals [59]. Acidophilic and metal-tolerating bacteria such as D. aerius and A. aluminiidurans
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can also be considered to recover metals in other multi-metallic systems such as asteroid
biomining operations. Analogously to our approach described in this manuscript, the
initial bioleaching process step is carried out on thermoacidophilic archaea grown on
extraterrestrial materials to solubilize metals from the mineral into the liquid phase [60,61].
In the second step, metals are recovered by biosorption or bioaccumulation processes for
further technological implementation.

For the acidophilic bacterium A. aluminiidurans, the pH range for cellular growth
is 3.0-7.0, while optimum growth occurs at around 4.0-5.0 [51]. Acidocella spp. exhibit,
among other acidophilic bacteria, the ability to dissimilatory ferric iron reduction [62],
which may have facilitated the bioleachate solution to promote cell propagation (bulk
elemental composition of BOF dust [45], Table 2). Furthermore, the supplementation with
concentrated strain-specific medium might play a role in keeping cells in a viable state as
long as nutrients and/or energy sources for propagation are still available.

3.2. Microbial Metal Incorporation Abilities

Biosorption describes the natural, metabolically passive process of rapid and reversible
binding of charged ions onto a biological surface, whereas naturally occurring bioaccu-
mulation is a metabolically active process performed by living cells [63,64]. To investigate
possible metal biosorption/bioaccumulation of D. aerius and A. aluminiidurans from the
bioleachate solution, cells were examined via elemental ultrastructure analysis coupled to
electron dispersive X-ray spectroscopy (STEM-EDS).

Overall, the TEM images of D. aerius and A. aluminiidurans show cellular association
with inorganic electron-dense structures forming granules and precipitated morphologies
(Figure 1A-C, Figure S3A-C, Figure 2A—C and Figure S4A,B). Elemental mapping of
D. aerius after 24 h of cultivation on bioleachate solution displays a refined intracellular
distribution of elements such as Fe, Cu, S and P (Figure 3) with strong corresponding
spectral signals (Figure S5). Cu, S and P are equally distributed in the cells, whereas
Fe shows diffused distribution and punctured deposition (Figure 3). Si and Cl are also
associated with intracellular content of D. aerius cells (Figure 3). Interestingly, a close
relative of D. aerius, D. radiodurans, can adsorb uranium-containing compounds onto its
functional groups on the cell surface (-C=0O, -NH,, -OH), forming uranium phosphates by
biomineralization [65], which very likely possesses similar biosorptive abilities of D. aerius.
Whether or not D. aerius cells can act as a nucleation site for biominerals has to be elucidated
in future experiments. The observed metal incorporation in D. aerius cultivated on multi-
metallic bioleachate solution may be accounted to the electrostatic interactions between cell
surface of D. aerius and metal cations binding in terms of passive biosorption. Adsorption
effects and metal binding affinity depend on factors such as solution pH, temperature,
metal dosage, electronegativity and metal ion radius [20]. Heavy metals with large cation
sizes are prone to bind more effectively to bacterial surfaces [66], an observation which is
in accordance with metal binding to D. aerius. Inherent polyextremophily (e.g., radiation,
desiccation, and nuclear waste resistance) as in the case of D. radiodurans [53] might be
considered as a prerequisite to examine more intrinsic features of the Deinococcus genus in
regard to biosorption.

A. aluminiidurans cells kept their characteristic rod-shaped appearance while propa-
gating in the multi-metallic solution (Figure 2A—C and Figure S4, Table 2). Dark granules
and smaller deposited electron-dense structures are present and ubiquitously dispersed
throughout the cells of A. aluminiidurans (Figure 2A-C and Figure S4). STEM-EDS analysis
reveals intracellular accumulations of Cu, P, and Fe (Figure 4 and Figure S6). Cl also shows
intracellular distribution in A. aluminiidurans cells (Figure 4, corresponding elemental map).
A study by Rizki et al. [67] shows that Acidocella sp. cells are able to rapidly incorporate
gold particles into the cell in a matter of minutes, which is consistent with our results of
metal incorporation by this microorganism. While the Fe signal is less distinct but visibly
concentrated in A. aluminiidurans cells, Cu ions produce a stronger EDS response (Figure 4,
corresponding elemental maps).



Resources 2023, 12, 144 80of 13

Intensity (kCounts)

6
Energy (keV)

Figure 3. Elemental ultrastructural analysis of D. aerius cells cultivated on bioleachate for 24 h. The
high-angle annular dark-field (HAADF) STEM image of D. aerius cells used for the EDS spectrum
image acquisition and corresponding elemental distribution maps of phosphorus (P), silica (Si),
oxygen (O), copper (Cu), iron (Fe), sulphur (S) and chlorine (Cl) is shown. Representative EDS spectra
acquired from the area in HAADF STEM image are shown in the bottom panel. Gadolinium (Gd)
and Lead (Pb) peaks in EDS spectra occur due to the sample staining procedure for TEM.
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Figure 4. Elemental ultrastructural analysis of A. aluminiidurans cells cultivated on bioleachate for
24 h. The high-angle annular dark-field (HAADF) STEM image of A. aluminiidurans cells used for the
EDS spectrum image acquisition and corresponding elemental distribution maps of phosphorus (P),
oxygen (O), copper (Cu), iron (Fe) and chlorine (Cl) is shown. Representative EDS spectra acquired
from the area in HAADF STEM image are shown in the bottom panel. Gadolinium (Gd) and Lead
(Pb) peaks in EDS spectra are due to the sample staining procedure for TEM.
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The phosphorus signal was intensively distributed inside the cells as well. Such
pronounced phosphorus accumulation observed in both D. aerius and A. aluminiidurans may
serve as a sequestration of heavy metals and represent an effective detoxifying mechanism
commonly employed by metal-tolerant microorganisms [68,69]. Since A. aluminiidurans
was isolated from an acidic, sulphate-containing swamp (pH 3) [51], survival in bioleachate
solution seems coherent. Close phylogenetic relatives (A. aminolytica and A. facilis) were
isolated from acid mine drainage sites [70-72], thereby suggesting an inherent metal
resistance in the Acidocella genus. Other factors that could influence biosorption include
pH, temperature (increased surface activity and kinetic energy), low ionic strength (less
competition for binding sites), high agitation speed (enhanced pollutant removal rate by
minimizing mass transfer resistance), and high pollutant loads [30].

The results on metal incorporation obtained for D. aerius and A. aluminiidurans pro-
vide a promising perspective to gain in-depth knowledge about their interactions with a
metalliferous waste product derived from a steelmaking plant. To develop the next steps
for cascade bioprocessing of waste products, functional groups involved in biosorption,
binding chemistry of metals to the cell surface and the potential microbial detoxification
mechanisms need to be characterized. Information about individual molecular mechanisms
activated when dealing with bioleachate solution could enhance our understanding of
genetic modification to make future operations more effective or even selective in terms of
metal separation. Quantitative measurements and/or modelling of biosorption efficiency
under the controlled initial microbial cell densities need to be carried out in future experi-
ments to extend insights into microbe-metal interactions. Screening for novel metabolic
traits (e.g., the ability of D. aerius, D. radiodurans, and A. aluminiidurans to withstand acidic
and multi-metallic systems) can contribute to interdisciplinary studies and broaden our
understanding of microbial adaptability in extreme environments.

4. Conclusions

Seven bacterial strains (D. radiodurans, D. aerius, B. coagulans, P. putida, S. rimosus,
S. xylosus and A. aluminiidurans) have been subjected to acidic and metalliferous bioleachate
solution obtained from a previous thermoacidophilic bioleaching operation to find candi-
dates for potential metal recycling strategies. Two out of seven tested strains, D. aerius and
A. aluminiidurans, were able to propagate, maintain their characteristic morphology and
preserve cellular integrity during cultivation on bioleachate. Both strains were investigated
concerning metal acquisition via STEM-EDS analysis. Metals such as iron and copper could
be detected in D. aerius as well as A. aluminiidurans cells, indicating a preference in binding
affinity of these metals compared to other metals in the bioleachate. These results empha-
size the ability of acidophilic bacteria and other extremophiles to survive harsh conditions
of low pH and high metal load. Furthermore, microbial adsorption and/or accumulation
of metals detected in this study can be used further for their subsequent recycling and
re-introduction into an industrial process. Future works need to focus on clarifying the
mechanisms employed by bacteria (biosorption and/or bioaccumulation), selective metal
affinity, and subsequent separation of metals of interest for their successful recovery.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/resources12120144 /s1. Figure S1: Scheme of a cascade waste recycling
approach; Figure S2: S. rimosus culture; Figures S3 and S4: additional TEM images; Figures S5 and S6:
additional STEM-EDS data.
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