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Abstract

Chemical and surface analyses are carried out using Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), scan-
ning electron microscopy (SEM—-EDS), atomic force microscopy (AFM), confocal laser scanning microscopy (CLSM),
glow discharge spectroscopy (GDS) and extracellular surface protein quantification to thoroughly investigate the effect of
supplementary As(V) during biooxidation of arsenopyrite by Acidithiobacillus thiooxidans. It is revealed that arsenic can
enhance bacterial reactions during bioleaching, which can strongly influence its mobility. Biofilms occur as compact-flattened
microcolonies, being progressively covered by a significant amount of secondary compounds (S, S°, pyrite-like). Biooxida-
tion mechanism is modified in the presence of supplementary As(V), as indicated by spectroscopic and microscopic studies.
GDS confirms significant variations between abiotic control and biooxidized arsenopyrite in terms of surface reactivity and
amount of secondary compounds with and without As(V) (i.e. 6 pm depth). CLSM and protein analyses indicate a rapid
modification in biofilm from hydrophilic to hydrophobic character (i.e. 1-12 h), in spite of the decrease in extracellular
surface proteins in the presence of supplementary As(V) (i.e. stressed biofilms).

Keywords Arsenopyrite biooxidation - Stressed biofilms - Acidithiobacillus thiooxidans - Glow discharge spectroscopy -
Supplementary As(V)

Introduction

Arsenic (As) dissemination is a serious environmental prob-

lem due to its toxic character by direct or indirect exposition

. . . . . to soil, air, and water [13]. This toxic element is released to
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(i.e. water-bedrock weathering reactions, coal and steel pro-
duction, mining activities) [1]. It is known that its occur-
rence, fate and mobilization can be affected by microbi-
ally mediated biogeochemical reactions (i.e. biooxidation,
bioleaching), which considerably increase As dissemination
[2]. Arsenopyrite (FeAsS) is the most important source of
As in lithosphere, typically undergoing a significant biooxi-
dation (and bioleaching) in soil and mining waste by Acid-
ithiobacillus ferrooxidans and A. thiooxidans [3, 4]. To this
concern, the study of arsenopyrite bioleaching has been
mostly focused on understanding interactions with A. fer-
rooxidans, since this iron- and sulfur-oxidizing microorgan-
ism (IOM/SOM) presents an enhanced capacity to efficiently
use the Fe>*/Fe* cycle, and to some extent, to oxidize sulfur
compounds (i.e. S7, S27, 8% [5, 6]. In contrast, the analy-
sis of sulfur-oxidizing microorganisms (SOM), such as A.
thiooxidans, has been barely examined in spite of its great
capacity to efficiently remove passive sulfur coating lay-
ers (i.e. S27, %) limiting the proficiency of A. ferrooxidans
[5, 7, 8]. Thus, the study of the arsenopyrite biooxidation
mechanism by single A. thiooxidans would certainly enable
a better understanding of its contribution in mixed cultures
[9, 10, 18].

To date, the interaction (i.e. biooxidation) arising between
A. thiooxidans and arsenopyrite (i.e. at the interfacial level)
remains poorly described, and particularly, when this inter-
action is affected by challenging environmental conditions
(i.e. variations in pH, temperature, heavy metals). Our previ-
ous investigations have simulated this biooxidation process
using electrochemical experiments, and performed a rapid
evaluation of the transient biofilm characteristics without
providing a detailed assessment of the effect of As on bac-
terial reactions [11, 12]. Particularly, additional evaluations
concerning the role of As on biooxidation mechanism (A.
thiooxidans and arsenopyrite), transient biofilm character-
istics and chemical surface speciation are herein addressed,
in order to understand biogeochemical cycles of As and the
bacterial reactions affecting intrinsic arsenopyrite behavior.
Likewise, bioleaching processes of arsenopyrite occur in the
presence of important concentrations of As in the system,
which are generated by the chemical and biological altera-
tion of arsenopyrite (and As-rich mining waste) [3, 14, 31].
Additionally, leaching (and non-leaching) bacteria secrete
extracellular polymeric substances (EPS), which are mainly
composed of polysaccharides, proteins and lipids [15]. These
substances possess a relevant role during cell attachment to
sulfide minerals (SM), promoting biofilm stability [16, 17,
19], whence it is also a major concern to assess the biofilms
characteristics in the presence of As(V) during arsenopy-
rite colonization with A. thiooxidans. In order to account
for the effect of high As contains affecting the arsenopy-
rite and A. thiooxidans interactions, and the corresponding
arsenopyrite structure—activity relationships, Raman, GDS,
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XPS, SEM-EDS, AFM, CLSM and extracellular surface
protein determinations are combined to describe the fol-
lowing aspects: (1) The effect of supplementary As(V) on
the biooxidation pathways, (2) analysis of protein synthesis
in biofilms under the effect of supplementary As(V), and
(3) influence of challenging environmental conditions on
transient biofilm properties. It is expected that these results
contribute to gain a better understanding of bacterial reac-
tions occurring during bioleaching of arsenopyrite in the
presence of As in industrial and natural environments.

Materials and methods
Arsenopyrite samples

Massive arsenopyrite samples were obtained from auriferous
mining area at Velardefia, Durango, Northwest of Mexico
[21]. Purity of arsenopyrite samples, mineralogical iden-
tification, and the corresponding construction of massive
arsenopyrite electrodes (MAE) were carried out as indicated
in previous papers [11, 12]. Likewise, electrochemical oxi-
dation of these MAE specimens allows a rapid and signifi-
cant generation of secondary compounds (i.e. Sﬁ_ and S°)
(Electronic Supplementary Material, ESM, Fig. S1), which
was induced as described in Refs. [11, 12] for use in abiotic
and biotic experiments. Metabolic capacity of A. thiooxidans
was then stimulated by presence of S%_ and S° compounds
on the eMAE surfaces (i.e. energy source), allowing its colo-
nization on the substrate [7, 15].

Biofilm formation and biooxidation assays

The strain used in this study was A. thiooxidans ATCC no.
19377, which was cultivated as indicated in Refs. [11, 12].
Thus, 10 mL of this culture was used as inoculum in biooxi-
dation assays. Sterilized eMAE was placed in 50 mL ATCC-
125 culture medium containing ~ 107 cells mL~" at pH 2.0
(batch system) under sterile conditions. These experiments
were conducted in the presence of supplementary As(V)
(0.2 M NaH,AsO,-H,0, JT Baker) [22, 23] aerobically incu-
bated around 30 °C. Abiotic control assays were also carried
out to establish a fair comparison between chemical and bio-
logical oxidation. The above supplementary As(V) concen-
tration was chosen to induce biofilm stress. Although it is
known that As (III) is more toxic than As (V) to biota, it is
well known that bacteria A. thiooxidans have a complex sys-
tem to eliminate As (V) via dissimilatory reduction of these
species to As (III), utilizing complex Ars-R, Ars-A, Ars-B
and Ars-C genes [14, 24, 25]. Negligible effects of As(V)
are expected for planktonic cells at the beginning of biooxi-
dation experiments, assuming that A. thiooxidans attaches
fast enough to arsenopyrite as occurs for A. ferrooxidans in
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similar systems [26]. The stability of As(V) compounds (i.e.
H,As0,") has been established according to observations
published by Lu and Zhu [27]. Resulting eMAE surfaces
after biooxidation process in the presence of supplementary
As(V) are herein referred as ‘biooxidized eMAE surfaces
with As(V)’, whereas those after produced abiotic oxidation
with supplementary As(V) are referred as ‘abiotic control
eMAE surfaces with As(V)’. Abiotic control and biooxidized
eMAE surfaces with As(V) were collected at 1, 12, 24, 48,
72 and 120 h, dried with a direct flow of chromatographic
grade N,, and prepared under inert conditions for surface
analyses. All control and biooxidation assays were carried
out at least by duplicate. Chemical and surface analyses
obtained during biooxidation of arsenopyrite without the
effect of supplementary As(V) can be consulted in our previ-
ous papers [11, 12].

Surface analysis

Sample preparation to conduct chemical and surface anal-
yses (SEM-EDS, AFM, Raman, CLSM and GDS) for all
type of MAE specimens has been described in our previous
papers [11, 12]. Additionally, XPS analyses were carried
out for a more detailed characterization of secondary sul-
fur compounds (i.e. S>~ and S°) in MAE surfaces involv-
ing chemical bonding and composition. These studies were
performed using a K-Alpha Thermo Scientific spectrometer
with a monochromatized Al Ko X-rays source (1486.6 eV),
running at a power of 150 W. XPS narrow scans were col-
lected at 60 eV pass energy. To detect and compensate the
charge shift of the core level peaks, O1 s peak position at
531.0 eV was used as an internal standard. The base pressure
in the analytical chamber was about 10~° mbar. Spectra were
collected at a normal take-off angle (90°) and the analy-
sis area was 400 x 400 um?. All XPS spectra and obtained
quantities correspond to an average of three measurements
in different points of each sample. XPS S2p core level was
then analyzed with Avantage v5.979 software from Thermo
Scientific and fitted using a typical pseudo-Voight function.
A Shirley type background subtraction was used during fit-
ting procedure. The pristine MAE sample was prepared in
an argon atmosphere, whereas the rest of samples were pre-
pared at room conditions.

Protein extraction

Protein analysis was performed in order to assess changes in
biofilms and to connect these results with surface analysis
and the effect of As(V). EPS-associated protein fraction (i.e.
extracellular surface protein) was extracted from biofilms
after biooxidation assays in the presence of supplementary
As(V), according to experimental details provided in previ-
ous papers [11, 12]. To achieve this, four sterilized eMAE

surfaces (~ 1 cm? of area) were placed into 50 mL of ATCC-
125 culture medium containing ~ 107 cells/mL and 0.2 M of
NaH,AsO,-H,0 (JT Baker) at pH 2.0 (batch system) for each
evaluated time. Normalization of data was performed by
relating the protein concentration per eMAE-surficial area
(1 cm?). The protein concentration was determined by the
Bradford method [28] by comparing the measured absorp-
tion values (UV-Vis 50 Bio-spectrophotometer) with those
of a calibration range of albumin as standard concentration
(1-30 mg mL™"). This protocol enables the extraction of the
EPS-associated protein fraction (i.e. avoiding heating of the
system to decrease cell lysis), thus, allowing a quantitative
assessment of the extracted proteins [29].

Results and discussion

Figure 1 shows Raman spectra for abiotic control eMAE
surfaces with As(V) after 120 h (Fig. 1a) and biooxidized
eMAE surfaces with As(V) collected after 1, 12, 24, 48,
72 and 120 h of assay (Fig. 1b1-b6, respectively). In order
to compare the biological oxidation in the presence and
absence of supplementary As(V), all results for the stud-
ied system without the effect of As(V) (i.e. Raman, SEM,
CLSM, proteins extraction) should be consulted in Ramirez-
Aldaba et al. [11, 12]. Abiotic control eMAE surfaces with
As(V) essentially show the same secondary compounds (i.e.
pyrite-like phases, at 329 and 363 cm™!, Fig. 1a), which is
similar to that observed for abiotic control samples in the
absence of As(V) [12]. This finding suggests minor or neg-
ligible precipitation of As-bearing secondary compounds
during chemical weathering due to the absence of bacteria
(i.e. contamination), including biooxidation experiments.
Raman spectra for biooxidized eMAE surfaces with As(V)
indicated the presence of well-defined S%at1h (134, 201,
455 cm™!, Fig. 1b1), and S~ at 12 h (473 cm™!, Fig. 1b2,
Table S1 in [12]). Additionally, a mixture of pyrite-like and
S%S2~ phases was identified at 24 h (353, 393 cm™!; 125,
204, 462 cm™! spectrum i; 462 cm™! spectrum ii, Fig. 1b3),
and S~ compounds after 48 h (467 cm™!, Fig. 1b4). Finally,
S® was identified at 72 h (125, 204, 461 cm~!, Fig. 1b5)
and a mixture of pyrite-like and Si' after 120 h (355, 366;
473 cm™!, Fig. 1b6, Table S1 in [12]). A general compari-
son between Raman spectra obtained for biooxidized eMAE
surfaces [12] and biooxidized eMAE surfaces with As(V)
(Fig. 1b1) revealed a delay in early stages of biooxidation
process in the presence of supplementary As(V), since well-
defined S° was observed in both systems, indicating minor A.
thiooxidans and arsenopyrite interaction (i.e. 1 h). This inhi-
bition in the biooxidation process represents sluggishness in
the colonization mechanisms in which A. thiooxidans adjust
to face this microenvironment (i.e. As) [18, 30, 31]. These
findings also indicate that A. thiooxidans sustain biooxida-
tion activity after incipient stage (i.e. stressed biofilms, 12 to
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Fig.1 Raman spectra obtained from abiotic control with As(V) at
120 h (a), and biooxidized eMAE samples with As(V) for 1 (b1), 12
(b2), 24 (b3, spectra i, ii), 48 (b4), 72 (b5) and 120 h (b6). Abiotic

120 h), which involves a different biooxidation process (or
mechanism) regarding previous observations (i.e. chemical
surface speciation), and in agreement with literature [2, 23].

Figure 2 shows the corresponding fitting procedures of
S2p spectra for typical pristine MAE surface (Fig. 2a),
eMAE surface (without leaching) (Fig. 2b), and samples
collected after 24 and 120 h in the presence (Fig. 2¢”, d”,
respectively) and absence (Fig. 2¢’, d’, respectively) of
supplementary As(V). Additionally, Figure S2 shows fit-
ting procedures of S2p spectra for samples collected after
48 h in the presence and absence of supplementary As(V)
and the corresponding control sample. A summary of S2p
peak parameters and the corresponding binding energies
to identify chemical bonding of sulfur species are listed in
Tables S2 and S3, respectively. The S2p spectrum in the
pristine MAE surface shows a major doublet, with a S2p;,
component located at~162.3 eV, commonly assigned to
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control eMAE surfaces contained similar secondary compounds for
all analyzed times. 60 s of collection time. A=514 nm. 25 A

(AsS)* species in mineral crystal lattices (Fig. 2a, Tables
S2 and S3). A second minor doublet with a S2p5,, com-
ponent at~ 161.3 eV reflects the presence of S,>~ species.
Finally, a third doublet with a S2p;,, component arising
at~164.0 eV is attributed to S%S?~ species due to uncon-
trolled oxidation (Table S2, [32—-34]). The S2p spectrum
of the eMAE specimen reveals the additional presence of
sulfate (i.e.~ 168.5 eV) and sulfite (i.e. SOi_)—like species
(~166.3 eV) (Fig. 2b, Tables S2 and S3). This spectrum
also shows the concomitant decrease of (AsS)>~ species
(~162.3 eV) and the progressive enrichment of a mixture
of Sﬁ_ and S° compounds (~ 163.3 eV) (Fig. 2b, Tables S2
and S3). These findings confirm the presence of S° and
Si_ coating layers on the eMAE specimens, in agreement
with Raman study (Table S2, [12]). The higher production
of S, species (Fig. 2b) regarding the pristine MAE speci-
men (Fig. 2a) is presumably associated with the formation
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of the pyrite-like compound (i.e. FeS,, 822_, i.e. [34]); also
in connection with Raman study (Fig. 1).

The fitting of the S2p spectra for abiotic control eMAE
samples in general excludes the presence of the sulfite
(SO)Z(_)-like species and shows minor formation of sulfates
(Figs. 2c, d, S2, for 24, 48 and 120 h, respectively; Tables
S2 and S3). These findings suggest a trend for the progres-
sive accumulation of refractory secondary compounds
(i.e. 8% 827, pyrite-like); in agreement with Raman study
(Fig. 1a). The fittings of the S2p spectra for biooxidized
eMAE surfaces (i.e. without As(V)) (Figs. 2¢’, d', S2, for
24, 48 and 120 h, respectively) and biooxidized eMAE sur-
faces with As(V) (Figs. 2c¢”, d”, S2, for 24, 48 and 120 h,
respectively) show clear differences regarding controls and
between biooxidized eMAE surfaces without As(V). These
spectra indicate variations in the composition and amount of
secondary sulfur compounds. The presence of sulfates is the

highest one after 120 h of assay (Fig. 2d’, Tables S2 and S3)
if compared against other biooxidation times. Additionally,
higher production of S” and Si_ is clearly identified whence
the presence of SOi_-like species is negligible (Fig. 2¢’, d’,
S2, for 24, 48 and 120, respectively, Tables S2 and S3).
These suggest that most important stage of biooxidation pro-
cess occur after 120 h in the presence and absence of As(V),
in spite of sluggishness observed in early biooxidation in
the presence of As(V). The main differences identified in
the S2p spectra of biooxidized eMAE surfaces with As(V)
regarding biooxidized eMAE samples indicated enhanced
cyclic variations for S2-, S® and soluble sulfur species
(Fig. 2, Tables S2 and S3), thus, revealing dynamic charac-
teristics for transient bacteria and arsenopyrite interactions.
Note that S2p spectrum after 120 h of assay requires an
additional doublet, which is associated to BixOy—like phase
involving the main signal of Bi4f,, at~159.9 eV (Fig. 2d’,
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Tables S2 and S3). This element emerges from mineral bulk
impurities in arsenopyrite specimens collected from skarn
or vein ore deposits [32].

The understanding of incipient structure—activity rela-
tionships (i.e. concentration vs depth profiles) was previ-
ously determined at 12 h of biooxidation in the absence of
supplementary As(V) [12]. In order to investigate more pro-
foundly the intrinsic arsenopyrite biogeochemical behavior
(i.e. S) during bacterial reactions in the presence of As(V)
and for a more extended time interval, eMAE samples were
analyzed using GDS (i.e. 6 pm depth) after 24 and 120 h
in the presence and the absence of supplementary As(V).
Figure S3 also exhibits GDS analysis for biooxidized sample
with As(V) after 12 h of assay for a fair comparison. Fig-
ure 3 exhibits spectra for this technique of abiotic control
eMAE (Fig. 2a, b), biooxidized eMAE surfaces (Fig. 2a’,
b’) and biooxidized eMAE surfaces with As(V) (Fig. 2a",
b") after 24 and 120 h of assay, respectively. GDS spec-
tra for pristine MAE, eMAE and controls and biooxidized
samples without As(V) can be consulted in Ramirez-Aldaba
et al. [12]. GDS spectra of pristine MAE and eMAE sur-
faces display a typical behavior for a FeAsS structure and a
remarkable production of sulfur compounds around 90% wt
([12], from O to ~4.5 pm in depth), respectively, confirming
the starting surface condition for abiotic control and biooxi-
dation assays, in agreement with XPS (Fig. 2b). The pres-
ence of Mn and Mo (1-6 pm depth) is a natural content in
arsenopyrite lattices (i.e. impurities), since these elements
were not previously observed in Fig. 1. Additionally, the

100 - 100

presence of carbon in eMAE surface (Fig. 3) and abiotic
controls (Figs. 3a, b) were associated to readily adsorption
of CO, on mineral surface [33]. Accordingly, the increment
of carbon between 1 and 6 pm depth was then associated to
the rise of surface area (i.e. increment or higher accumula-
tion of secondary compounds) due to chemical oxidation of
arsenopyrite [11]. The presence of higher amounts of carbon
in concentration vs. depth profiles for all type of biooxidized
eMAE surfaces was mainly associated to occurrence of
EPS composing biofilms, in agreement with Zhu et al. [34].
Note that concentration of sulfur compounds was similar
between eMAE surface [12] and biooxidized eMAE surface
with As(V) after 1 h (data not shown), hence, confirming the
observations made above by Raman and XPS studies (i.e.
sluggish incipient biooxidation).

Concentration vs. depth profiles obtained for abiotic con-
trol eMAE surfaces indicated the progressive accumulation
of secondary sulfur compounds, which is more evident after
120 h of abiotic oxidation (Fig. 3b). In contrast, a significant
cyclic production-depletion process of sulfur compounds
was identified for biooxidized eMAE samples after 12 (Fig.
S3) and 24 h (Fig. 3a’) of assay, whereby sulfur compounds
were virtually depleted after 120 h of biooxidation (Fig. 3b’).
Remarkably, biooxidation process in the presence of supple-
mentary As(V) indicated proficient bacterial capacity to sus-
tain cyclic biooxidation, as indicated by testing after 24 and
120 h of assay (Figs. 32", b", respectively). These findings
and the intense changes in the concentration-depth profiles
(i.e. sulfur compounds, 6 pm) identified for the rest of the
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biooxidized samples confirm that the bacterial mechanism
has changed in the presence of supplementary As(V) (i.e.
stressed biofilms). Some investigations have analyzed intrin-
sic arsenopyrite and pyrite biogeochemical behavior using
quantitative X-ray photoelectron spectroscopy-based depth
profiling (i.e. A. ferrooxidans) [34-36]. These reports indi-
cated in general an enrichment of Fe, S and As compounds
as a function of depth (i.e. 3.5 pm), which was directly
associated with bacterial reactions mediating indirect A. fer-
rooxidans attachment. Figure 3 confirms a dynamic bacterial
biooxidation behavior (i.e. cyclic production-depletion of
secondary sulfur compounds, 1-6 pm depth) instead of a
progressive accumulation of secondary compounds. How-
ever, this mechanism of biooxidation is sluggish in the initial
stages, and even slower in the latest stages in the presence
of supplementary As(V) (Fig. 3). These findings reveal a
different bacterial interaction, which was associated with
the type of A. thiooxidans attachment to arsenopyrite (i.e.
direct) [11, 38], in comparison with typical A. ferrooxidans
attachment (i.e. indirect) [6, 10, 37].

An assessment of the eMAE surface status was previ-
ously provided for 48 and 240 h of biooxidation in order
to visualize biofilms evolution by AFM under the presence
and absence of supplementary As(V) [11]. In the present
study, this information is complemented with additional
AFM observations in order to achieve a full and compre-
hensive description of surface processes under these con-
ditions. Figure S4 shows typical images of abiotic control
eMAE (Figs. S4a, S4b), and attached cells of A. thiooxidans
on biooxidized eMAE (Figs. S4a’, S4b’) and biooxidized
eMAE surfaces with As(V) (Figs. S4a"”, S4b"") after 12 (i.e.
incipient biofilms) and 72 h (i.e. well micro-colony struc-
ture development) of assay, respectively. The surface of the
abiotic control eMAE samples shows bigger structures than
those observed in the eMAE surface [11], after 12 and 72 h
of chemical weathering (Fig. S4), respectively, which is con-
sistent with progressive accumulation of refractory pyrite-
like compounds (Fig. 1a). In the absence of supplementary
As(V), biofilms undergo a transition from monolayer of
attached cells with a typical size between 1 and 2 pm (Fig.
S4a’,i.e. 12 h), in agreement with observations made by Liu
et al. [38], to micro-colonies (Fig. S4b’, i.e. 72 h). Note that
details associated with the underlying modified arsenopy-
rite surface and secondary compounds are distinguishable,
thus, supporting direct cell attachment mediating arsenopy-
rite and A. thiooxidans interactions (Figs. S4a’, S4b") [11].
Attached cells seem to be progressively embedded in the
resulting secondary compounds (Fig. S4b"). A low cell den-
sity flattened-structure was distinguishable on the biooxi-
dized eMAE surfaces with As(V) after 12 h (Fig. S4a'"),
while major formation of secondary compounds supports the
idea that stressed biofilms induce dynamic biooxidation with
the accelerated production of secondary compounds (i.e.

after 72 h, Fig. S4b"), in agreement with GDS observations
(Fig. 32", b"). These findings provide a critical perspective
on response of attached A. thiooxidans cells to altered arse-
nopyrite mainly in the presence of supplementary As(V),
and offer an starting point for the understanding of SOM
leaching cells behavior facing challenging environments (i.e.
at the interfacial level).

Figure 4 shows SEM images complementary to previous
assessments [11, 12] whereby the effect of supplementary
As(V) on transient biofilm properties was further assessed.
Therefore, Fig. 4 includes SEM-EDS analyses for abiotic
control eMAE with As(V) after 120 h (for instance, Fig. 4a),
and biooxidized eMAE samples with As(V) for all assayed
times (Figs. 4b1-b5). The abiotic control samples in the
presence of As(V) exhibited a similar topographic-morpho-
logic behavior regarding abiotic control samples without
supplementary As(V) [12], as well as the same secondary
products in all sampled times (i.e. pyrite-like phase). This
finding supports negligible precipitation of As-bearing com-
pounds in abiotic control and all type of biooxidized sur-
faces induced by medium conditions (i.e. contamination),
as previously discussed in the Raman study (Fig. 1a). The
identification of secondary compounds was carried out by
the energy-dispersive X-ray spectroscopy (data not shown).
Figure 4 indicated the presence of spread attached cells
in incipient stages (Fig. 4b1, b2), and also confirmed the
occurrence of compact-flattened micro-colonies with high
production of bacterial EPS in the presence of supplemen-
tary As(V) for later stages of biooxidation, as indicated by
AFM (Fig. S4). These findings involving spread and few
attached cells (Fig. 4b1, b2) enable to explain sluggishness
in incipient biooxidation stages in the presence of supple-
mentary As(V), in agreement with previous results (Figs. 1,
2, 3, S4) [39]. However, subsequent biooxidation stages
indicated important formation of bacterial EPS composing
compact-flattened micro-colonies in the presence of supple-
mentary As(V) (Fig. 4b3-b5), thus, confirming occurrence
of stressed biofilms interacting with secondary compounds
(i.e. 827, S°, pyrite-like) (Fig. 4b5). According to literature
[19, 20, 40], the secretion of exopolysaccharides is a prereq-
uisite of A. ferrooxidans cells for pyrite attachment, which
could be a common requirement for all leaching bacteria
when facing stressing conditions (i.e. As).

Figure 5 shows CLSM images for biooxidized eMAE
samples with As(V) for all assayed times (Fig. 5al—a6),
complementary to AFM and SEM studies. In this figure,
a merge between epifluorescence for exopolysaccharides
(displayed originally in green) and lipids (display origi-
nally in red) was perceived. A compilation of epifluores-
cence data from cells forming biofilms in the presence of
supplementary As(V) was depicted in Table S4. Likewise,
CLSM images without the effect of supplementary As(V)
can be consulted in [12], for comparison purposes. Figure 5
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Fig.4 Typical SEM images of the abiotic control eMAE surfaces
with As(V) after 120 h of assay (a) and biooxidized eMAE surfaces
with As(V) after 1 (bl), 12 (b2), 24 (b3), 48 (b4), 72 (b4), and 120 h

confirmed the formation and evolution of stressed bio-
films due to significant presence of extracellular lipids and
exopolysaccharides (i.e. a-mannose, a-glucose) in bacte-
rial EPS [39]; in agreement with previous observations of
SEM-EDS study (Fig. 4). Additionally, sluggish incipient
biooxidation was correlated with low cell density structure,
higher production of exopolysaccharides and minor pres-
ence of extracellular lipids (i.e. 1 h, Fig. 5al, Table S4).
The cell density structure of biofilms increased between 24

@ Springer

Biooxidized with

Biooxidized with
A_s(V ), 24 h

Pyr-like

©

(b5) of assay. Aspy=FeAsS; Pyr-like =pyrite-like; S2~=polysulfide
structures; S°=elementary sulfur (according to EDS analyses, n=10)

and 72 h (Figs. 4b4, b5, 5a3, a5, respectively), thus, involv-
ing a noteworthy and rapid increment of extracellular lipids
(i.e. yellow to red) to configure compact-flattened micro-
colonies since 12-24 h of biooxidation (Figs. 4b2-b3,
5a2-a3, respectively, Table S4). These findings indicated the
establishment of a more hydrophobic surface (i.e. stressed
biofilms and S27/S° compounds) due to bacterial reactions,
which occurs more rapid in the presence of supplementary
As(V), in comparison with that depicted in Ramirez-Aldaba
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al, biooxidized with As(V),1 h

Fig.5 CLSM images (merge) of A. thiooxidans for biofilms formed
after the biooxidation of eMAE surfaces under the influence of sup-
plementary As(V) after 1 h (al), 12 h (a2), 24 h (a3), 48 h (a4), 72 h
(a5) and 120 h (a6) of assay. Original epifluorescence of hydropho-

et al. [12] (i.e. without As). Note that the increment of bac-
terial EPS is a typical response of microorganisms to face
stressing environment and conditions (i.e. pH, As, heavy
metals, temperature) [2, 39, 41], in agreement with Figs. 3,
4, 5; helping to determine structure and function of extracel-
lular lipids in stressed biofilms (i.e. leaching cells).

The highest surface hydrophobicity was then identi-
fied after 120 h of assay in the presence of supplementary
As(V) (Fig. 5a6). Altered arsenopyrite surface was mainly
dominated by abundant hydrophobic secondary pyrite-like,
Sﬁ_ and S° compounds (Figs. 1, 2, 3), as well as stressed
biofilms with higher secretion of extracellular lipids (i.e.
lipopolysaccharides) (Figs. 4, 5, S4, Table S4) [17]. The
rapid establishment of hydrophobic biofilms after 12 h
(Fig. 5a2, Table S4) relies on the configuration of a more
stable biofilm and its progressive enclosure in secondary
products (i.e. pyrite-like, S>~, S%) (Figs. S4b”", 4b5). Accord-
ing to literature, biofilm structures organize and evolve
depending on substrate properties and their electrochemical

a2, biooxidized with As(V),12h

a3, biooxidized with As(V),24 h

bic domains as exopolysaccharides is shown in green and the original
contribution of hydrophobic domains is in red. Merge is appreciated
as a transition from yellow to red. Scanning areas of 300300 pm

characteristics [40, 42, 43]. While bacterial reactions pro-
mote secretion of extracellular lipoproteins and fatty acids
to sustain bioleaching activity [15, 44]; these characteris-
tics (i.e. biofilm, surface-bulk structure) can be significantly
modified by influence of toxic microenvironments (i.e. As
(V)). Therefore, these data confirm a strong relationship
between chemical surface speciation (i.e. 1-6 pm depth)
and bacterial reactions to supplementary As(V).

Table 1 shows the quantification of extracellular surface
proteins forming biofilms (i.e. EPS-associated protein frac-
tion) for all times in the presence of supplementary As(V).
Quantification of the corresponding extracellular surface
proteins in the absence of supplementary As(V) is presented
in Ramirez-Aldaba et al. [12], for comparison purposes. A
general diminution of extracellular surface proteins was
observed for all the experiments, which adequately agrees
with observations for biofilm evolution (Figs. 4, 5, S4,
Table 1). Not surprisingly, lower protein production was
identified for stressed biofilms, regarding protein production
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Table 1 Extracellular surface proteins of biofilms during biooxidation
of eMAE surfaces with As(V) by A. thiooxidans at different times

Biooxidation time (hours) Extracellular surface proteins

under the presence of toxic

As(V)
pg cm~2+SD
1 1.2+0.1
12 1.8+0.1
24 2.6+£0.05
48 4.1+£0.08
72 4.8+0.1
120 43+0.1

Extracellular surface proteins on planktonic cells in the presence of
supplementary As(V) are 1.7 mg L™! as reference

SD standard deviation

without the effect of supplementary As(V) [12]. These pro-
teins ranged from 1.2 to 4.3 pg cm?, indicating a general
decreasing range from 28 to 40% (i.e. damaged biofilm).
The highest protein production was observed between 24
and 48 h, which corresponded to specific point where bio-
film organization was changed from incipient structure to
compact-flattened micro-colonies in the presence of sup-
plementary As(V) (Figs. 4, 5, Table 1). This suggested an
adaptation period of cells to As(V) during biooxidation
(i.e. 1-12 h), followed by minor and sustained biooxidation
capacity [14, 24, 25]. Additionally, Devasia and Natarajan
[15] distinguished proteinaceous compounds on the surface
of A. ferrooxidans cells attached to pyrite, whence they con-
cluded that an induction of relatively hydrophobic proteins
is required for cell attachment to S>~ and S° compounds
[45], in agreement with our findings (Fig. 5, Tables S4 and
1). Hence, the reduction of extracellular surface proteins
revealed stages of difference sensibility of A. thiooxidans
biofilms responding to arsenopyrite interactions and sup-
plementary As(V) adaptation. According with Figs. 1, 2,
3,4, 5 (and Tables S4 and 1), after initial sluggishness (i.e.
1 h) bacterial activity was still active in the presence of sup-
plementary As(V), as described by extracellular surface
proteins behavior together with changes in chemical spe-
ciation (i.e. concentration vs. depth profiles). These facts
agree with observations made for microorganisms previ-
ously adapted to As species (i.e. A. ferrooxidans, Lepto-
spirillum ferrooxidans, Acidithiobacillus caldus) [23, 31,
41], whereby our results exhibit intermediate stages com-
prising biooxidation process in the presence of supplemen-
tary As(V). These results confirmed a change in a transient
biooxidation mechanism, which relies on the status of the
A. thiooxidans and arsenopyrite interactions (i.e. stressed
biofilms) [46]. Further studies (i.e. proteomics and bioin-
formatics approach) will be devoted to analyze the influ-
ence of supplementary As(V) on bacterial responses facing

@ Springer

challenging environments, thus, increasing the knowledge
of protein production in the presence of As(V) for leaching
bacteria. Indeed, this research could assist the identification
of sensitive parameters accounting for changes in biofilm
structure and performance during arsenopyrite biooxidation.
The transient molecular response of the biofilms can be sig-
nificantly elucidated by testing other relevant environmental
conditions, such as heavy metals, various forms of arsenic
and the inclusion of different mineral compounds in the sys-
tem [37, 41]. Indeed, this analysis could reveal new insights
regarding bacterial reactions (i.e. sensitive factors) during
arsenopyrite biooxidation by A. thiooxidans and/or mixed
cultures (i.e. A. thiooxidans and A. ferrooxidans) [18, 42].

Conclusions

The present study provides a new perspective disclosing cru-
cial stages of A. thiooxidans and arsenopyrite interactions
affected by supplementary As(V) after 5 days. Particular
emphasis is placed to illustrate arsenopyrite surface-bulk
changes (i.e. concentration depth-profiles) resulting from
stressed biofilm performance. Raman, XPS, SEM-EDS,
CLSM, GDS and EPS-associated protein fraction were syn-
ergistically combined to determine the following findings in
the presence of supplementary As(V), regarding previous
observations [11, 12]: (1) Surface hydropathy overcomes
rapid change from hydrophilic (i.e. exopolysaccharides) to
hydrophobic (i.e. extracellular lipids) character occurring
at early biooxidation stages (i.e. 1-12 h). (2) Formation of
more compact-flattened microcolonies with higher produc-
tion of bacterial EPS after 24 h. (3) Progressive cells covered
by abundant amount of secondary products after 120 h. (4)
Sluggish initial biooxidation process (i.e. 1 h). (5) General
diminution of extracellular surface proteins for stressed bio-
films, in comparison with non-stressed biofilms. (6) Signifi-
cant variations in arsenopyrite reactivity (i.e. concentration-
depth profiles), and (7) Change in biooxidation mechanisms
as a consequence of aforementioned bacterial reactions in
the presence of supplementary As(V).
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