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Running title

Acidophilic sulfate reducer forming biofilms

Originality-Significance Statement

Gene sequences of sulfate reducing bacteria affiliated with the genus Thermodesulfobium
are often found in natural sulfuric environments making them prospective candidates for the
remediation of acidic metal-rich waste water. In this study, we investigated a new acidophilic
strain which we isolated from sediments of an acidic mine pit lake by applying a mineral
medium containing inorganic ion concentrations similar to those of the pore water. By this
means — in contrast to previous studies — natural buffering systems were used. The
formation of Al hydroxides and Fe sulfides leads to a release of protons that counteracts

proton consumption through sulfate reduction. We found evidence that suggests that

ted Article

mineral precipitation may have a positive effect on biofilm formation and consequently on

P

ulfate reduction rates. Particularly Al hydroxides appeared to be a prerequisite for cell
attachment to solid surfaces. Thereby they take over the function of extracellular polymeric
substances that were apparently absent from the biofilm. To the best of our knowledge this
is the first study to address biofilm growth and mineral formation with respect to sulfate

reducing prokaryotes and their ability to grow at low pH levels. These processes most likely

Acce

occur in the natural environment and are crucial for a successful treatment of waters

affected by acid mine drainage.
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Abstract

Sulfate reducing prokaryotes are promising candidates for the remediation of acidic metal-
rich waste waters. However, only few acidophilic species have been described to date.
Chemolithoautotrophic strain 3baa was isolated from sediments of an acidic mine pit lake.
Based on its 16S-rRNA gene sequence it belongs to the genus Thermodesulfobium. It was
identified as an acidophile growing in artificial pore water medium in the range of pH 2.6 —
6.6. Though the highest sulfate reduction rates were obtained at the lower end of this range,
elongated cells and extended lag phases demonstrated acid stress. Sulfate reduction at low
pH was accompanied by the formation of mineral precipitates strongly adhering to solid
surfaces. A structural investigation by laser scanning microscopy, electron microscopy and X-
ray microanalysis revealed the formation of Al hydroxides and Fe sulfides which were
densely populated by cells. Al hydroxides precipitated first, enabling initial cell attachment.
Colonization of solid surfaces coincided with increased sulfate reducing activity indicating
more favorable growth conditions within biofilms compared to free-living cells. These
indings point out the importance of cell-mineral interaction for biofilm formation and
contribute to our understanding how sulfate reducing prokaryotes thrive in both natural and

engineered systems at low pH.

Introduction

Sulfate reducing prokaryotes (SRP) are able to gain their energy by anaerobic respiration
with sulfate as the terminal electron acceptor and hydrogen, low molecular weight fatty
acids or alcohols as their most common electron donors (Barton & Fauque 2009, Rabus et al.
2013). Sulfate is reduced to hydrogen sulfide which is then released by the cell (Bradley et al.

2011, Rabus et al. 2013). The free sulfide species (H,S/HS) may readily react with the
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transition metal cations Mn?*, Fe**, Co?*, Ni**, Cu**, and Zn*" to form complexes, clusters, and
eventually solid phases (Rickard & Morse 2005, Rickard & Luther 2007). Depending on the
electron donor and carbon source as well as the fate of metabolites, microbial sulfate
reduction may lead to an increased pH level (Wendt-Potthoff & Neu 1998, Gallagher et al.
2012).

Hence, microbial sulfate reduction is highly useful for the treatment of acidic waters with
high contents of dissolved metals and sulfate which are often caused by acid mine drainage
(AMD). This process refers to the weathering of primary sulfide minerals as a consequence
of coal and ore mining activities and the subsequent dissolution of carbonates and
aluminosilicates by sulfuric acid (Blowes et al. 2003, Nordstrom 2011, Chen et al. 2016).
Removal of the predominant metals from aqueous solution happens through the formation
of either sulfides or, as in the case of AI**, hydroxides and hydroxysulfates due to an increase
of pH (Furrer et al. 2002, Sdnchez-Espaia et al. 2016a, 2016b). Naturally occurring sulfate
reduction has been identified as the most important process of alkalinity generation in lakes
ffected by AMD (Geller et al. 2013, Peiffer 2016) and has found wide application in active
and passive treatment systems (Sheoran et al. 2010, Sdnchez-Andrea et al. 2014). The
operation of sulfidogenic bioreactors at low pH conditions and the selective removal of
metals have been demonstrated in several studies (e.g. Bijmans et al. 2010, Nancucheo &
Johnson 2014, Falagan et al. 2017).

Whether the role of SRP in the formation of (sulfide) minerals goes beyond the mere
production of the reactant sulfide or the consumption of protons, is still under debate
(Rickard & Morse 2005, Pdsfai & Dunin-Borkowski 2006). In general, functional groups of cell
wall polymers and extracellular polymeric substances (EPS) may interact with metal cations

and provide mineral nucleation sites (Fortin & Beveridge 2000, Harrison et al. 2007,
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Flemming et al. 2016). A close association of sulfide minerals with the EPS matrix was
observed in naturally occurring biofilms (e.g. Moreau et al. 2007, MacLean 2008) and
laboratory cultures (White and Gadd 1998, 2000). In addition, the formation of sulfides on
the cell surface or within the cell envelope (e.g. Fortin et al. 1994, Donald & Southam 1999,
Picard et al. 2018) would underline the important role of biopolymers in the formation of
sulfides. The binding of AI** and the formation of Al hydroxides on cell surfaces in mixed or
pure sulfate reducing cultures have been reported in several studies (Hard et al. 1999, Meier
et al. 2012, Falagan et al. 2017). Despite the wide application of sulfidogenic bioreactors for
the treatment of AMD affected waters, only very few studies were directed to the biofilm
formation and the interaction of cells with mineral precipitates (e.g. Koschorreck et al. 2010,
Falagan et al. 2017).

A high diversity of sulfate reducing bacteria was found in sulfidogenic bioreactors at low pH,
however, not all members were considered to be acidophilic (reviewed in Sdnchez-Andrea et
al. 2014). Acidophiles are defined as organisms optimally growing within the pH range of 0.5
— 5 (Slonczewski et al. 2009). Only few acid tolerant or (moderate) acidophilic sulfate
reducing species have been validly described so far. These include the mesophiles
Desulfosporosinus acidiphilus (Alazard et al. 2010) and Desulfosporosinus acididurans
(Sanchez-Andrea et al. 2015) as well as the thermophiles Thermodesulfobium narugense
(Mori et al. 2003) and Thermodesulfobium acidiphilum (Frolov et al. 2017) within the
Clostridia. For a putatively acid tolerant member of the Deltaproteobacteria, Desulfovibrio
sp. TomC, the draft genome has been announced (Karnachuk et al. 2015a). Most attempts in
cultivating SRPs within a mesophilic temperature range at low pH conditions using organic
electron donors resulted in the isolation of Desulfosporosinus spp. (e.g. Sen & Johnson 1999,

Klsel et al. 2001, Senko et al. 2009, Karnachuk et al. 2015b). In contrast,
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Thermosdesulfobium spp. were enriched with H; as electron donor partly outnumbering
Desulfosporosinus spp. in the media set to lower pH values (Meier et al. 2012, Sdnchez-
Andrea et al. 2013).

To further explore acid tolerant or acidophilic sulfate reducers we aimed to obtain a pure
culture using H,/CO, as electron donor/carbon source and a mineral medium containing
concentrations of the main inorganic ions corresponding to those of sediment pore waters
of an acidic pit lake (Meier et al. 2012). In order to determine the pH range and the pH
optimum of the successfully isolated strain, batch growth experiments were performed in
the so-called artificial pore water medium (APWM) with the initial pH set to values in the
range of pH 2 — 7. Furthermore, we were interested in the formation of Al and Fe
precipitates and the role cell surfaces and possibly EPS may play in it. As the formation of
precipitates strongly adhering to solid surfaces had been observed in media at low pH (pH
2.6 — 3.3), we conducted additional batch growth experiments in APWM set to pH 3
including removable carriers. In order to monitor biofilm and precipitate formation, these
ere visualized and analyzed by confocal laser scanning microscopy (CLSM), scanning (SEM)

and transmission electron microscopy (TEM) accompanied by X-ray microanalysis.

Results

Growth characteristics of strain 3baa as a function of initial pH (pH;ni 2 — 7)

The pure culture of the designated strain 3baa grew within a range of pHi,; 2.6 — 6.6. Neither
an increase in cell number nor a reduction of sulfate was observed at pHi,; 2.0 or pHi,; 6.9.
The total amount of sulfate reduced during incubation was highest at pHi,i 2.6 — 4.2 (17+1
mmol I'*) and lowest at pHi,i 6.6 (3 mmol 1) (Fig. 1A). The highest sulfate reduction rate

(SRR) was observed at pHini 2.6 with a mean of 1.44 mM d™ (Fig. 1A). In the range of pHin; 3.1
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— 5.6 similar rates of approximately 1 mM d* were determined. At higher initial pH values
SRRs decreased markedly. Cell numbers obtained from the culture liquid at the end of
incubation demonstrated highest yields in media set to intermediate pH values (Fig. 1B; pHin;
4.2 — 5.6). Lowest final cell numbers were detected at pH;,; 2.6 — 3.3 which coincided with
the formation of precipitates and/or biofilm on the walls of the serum bottles. Despite the
high variation in cell counts, differences were significant (Kruskal-Wallis; p <0.05) between
intermediate (pHini 4.2 — 5.6) and low values (pHin; 2.6 — 3.3) as well as pH;,; 6.6. A slight
increase in pH compared to pHi, was usually observed prior to the main sulfate reduction,
which was most pronounced at low initial pH values (Fig. 1C). At the end of the incubation
period all growing cultures reached a circum neutral pH, irrespective of the initial pH of the
medium (Fig. 1C). The main sulfate reduction started after a certain lapse of time
(designated as ‘lag phase SR’), which generally lasted longer at more acidic pH conditions
(Fig. 1D).

Average cell length and width for all samples retrieved at the end of incubation was 1.7+£0.4
m and 0.4+0.1 um, respectively. Overall, the variation of cell width was of such low
magnitude that it fell within the range of the resolving capacity of the microscope. Cell
length appeared to be dependent on both growth phase and pH (Supporting information Fig.
S1). As was expected, cells were significantly (Kruskal-Wallis; p <0.05) longer in the early
growth phase compared to the stationary phase. Furthermore, during the early growth
phase, cells were significantly (Kruskal-Wallis; p <0.05) longer in cultures at lower pH values
compared to those at higher pH values. At pH 3.9 and pH 4.9 (which corresponded to the pH
values during the early growth phase in the cultures at pHin 2.6 and pHi,; 4.5, respectively)
average cell lengths were 2.4+0.6 um and 2.5+0.7 um, respectively. At pH 6.4 (pH;,; 6.3), the

average cell length was only 1.7£0.4 um.
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Growth in the liquid phase and biofilm formation at pH;,; 3 as a function of time

In the culture liquid an increase in cell numbers was observed after 21 days (Fig. 2A). The
exponential increase until day 38 corresponded to a division rate of 0.39 d™* and a generation
time of 62 h. A pronounced increase in pH and a pronounced decrease in sulfate, however,
were only observed thereafter (Fig. 2B). A first visual change occurred at day 38 when the
previously clear growth medium turned turbid with a fine whitish precipitate forming. A
blackening of the culture liquid was only observed on day 49. This was also the time point
when all Al and Fe had been removed from the aqueous phase (Fig. 2C). Overall, average cell
length increased during the lag phase with a maximum of 3.1+0.8 um and decreased during
the exponential and early stationary phase reaching a minimum of 1.9+4 um (Fig. 2D).
Despite high variation in cell length differences were significant (Kruskal-Wallis; p <0.05)

between exponential/stationary phase and lag phase with the exception of day 21

ted Article

(Supporting Information Fig. S2). The relatively short cell lengths and increased cell numbers

P

n one of the duplicate samples at day 21 indicated that in this particular batch culture
growth had started earlier. Average cell width for all samples was 0.5+0.1 um and no
pronounced changes depending on the growth phase were observed.

Biofilms grown on the two different solid substrata (glass and polycarbonate) did not reveal

obvious differences in respect of cell density or biofilm 3-D structure as observed by CLSM

Acce

(exemplarily shown for mature biofilms from day 57 in Supporting Information Fig. S3).
Mainly single cells, more or less evenly spread, were observed on the substratum early on at
day 28 (Fig. 3A — C). The signal for the nucleic acid stain corresponded to the signal for the
protein stain. While the cells in the liquid culture had already reached early stationary phase

at day 38, only a small increase in colonization of the substratum was found. The biofilm was

This article is protected by copyright. All rights reserved.



ted Article

P

Acce

still organized to a great extent as a cell monolayer, though displaying an increasing number
of microcolonies and associated particles. Particles at this stage were mostly seen in
transmission mode and not in CLSM reflection mode indicating an amorphous structure
(Supporting Information Fig. S4). In contrast, after 49 days, a relatively thick, patchy looking
biofilm with mineral precipitates had developed (Fig. 3D — M). Below the gas-liquid interface
microcolonies were identified which were more or less uniformly distributed (Fig. 3D — H).
The protein signal still exhibited the contour of the cell, however, the signal of the nucleic
stain was limited to a much narrower region, more central to the cell (Fig. 3E, F). Minerals
with high reflection signal intensities were abundant in the upper region. In addition, larger
mineral aggregates of different sizes and with overall lower reflection signal intensities were
detected (Fig. 31 — M). The surfaces of these larger mineral aggregates were in parts densely
covered with cells. The overall protein signal was weaker and also corresponded to the
reflection signal (Fig. 3K, 3M). Biofilms did not change noticeably with respect to cell density
and mineral precipitates after day 49 (for direct comparisons with biofilms sampled at day

3 see Supporting Information Fig. S5). Cell densities reached 139+58-10° and 71+44-10°
cells cm™ at the top and bottom side of the carrier, respectively. This would equal to
191+81-10° biofilm cells mI™ and account for 91% of the total population in a 50-ml batch
culture (with 18+2-10° planktonic cells mI™ for the corresponding batches).

Investigation by SEM/EDX revealed two kinds of Al-rich precipitates at an early stage of
biofilm formation (day 38) (for EDX spectra see Supporting Information S6). First, Al
precipitates formed a thin and primarily smooth layer on the carrier surface (Fig. 4A). Cracks
and scales were most likely artifacts resulting from dehydration during SEM sample
preparation. Cells were exclusively found on top of this layer, suggesting that the layer

formed prior to cell adhesion. Secondly, globules rich in Al and of different sizes were
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formed and could be found partly embedded in the Al layer or on top of it, as individuals or
in larger aggregates with cells attached to them (Fig. 4A, B). In the more mature biofilm (day
49), aggregates also contained precipitates with a ‘flaky’ appearance which were enriched in
Fe and S next to Al (Fig. 4C; for EDX spectra see Supporting Information S7). The Fe:S ratio
was 1.13+0.07 (mean # standard deviation; n = 4). More cells were observed which were
completely covered with Al-rich globules, some cells showed a damaged cell envelope (Fig.
4D). At the liquid-gas interface conspicuous crystals formed that were arranged as edges of a
cross or a star (Fig. 4E, F). These minerals had a layered structure and gave very strong
signals for both Fe and S (for EDX spectra see Supporting Information S8). The Fe:S ratio was
1.11+0.12 (mean % standard deviation; n = 4). An average cell length of 2.41+0.24 and
2.2940.24 um and an average cell width of 276134 and 330£32 nm were determined for day
38 and day 49, respectively. Whereas the difference in cell length was not significant it was
significant in cell width (t-Test; p < 0.05).

Ultrathin sections in TEM revealed needle-like structures rich in Fe and S corresponding to
ross-sections of flakes seen in SEM as well as circular structures rich in Al (Fig. 5A). Al-rich
globules were directly attached to cell surfaces and seemed to ‘sit’ on the cells (Fig. 5B)
whereas FeS minerals were randomly dispersed. No Al or FeS precipitates were found within
the cells. TEM suggested a Gram-negative cell wall type showing a pronounced three-layer
morphology consisting in general of the cytoplasmic membrane, a thin murein layer, and an

outer membrane (Fig. 5B).

Phylogeny of strain 3baa

The 16S-rRNA gene of sulfate reducing strain 3baa (1442 nucleotides) exhibited 98%

sequence similarity to the 165 rRNA gene of T. narugense Na82" and T. acidiphilum 3127-1".
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T. narugense Na82" was isolated from pH-neutral hot spring Narugo in Miyagi, Japan (58°C,
pH 6.9; Mori et al. 2003) and T. acidiphilum 3127-1" was isolated from acidic thermal spring
Oil site of the Uzon caldera, Kamchatka, Russia (60°C, pH 4.8; Frolov et al. 2017).
Interestingly, strain 3baa forms a separate cluster with two sequences obtained from
enrichments or directly from sediments of acidic Rio Tinto, Spain (HQ730662, JQ420033;
Sanchez-Andrea et al. 2011, 2013) (Fig. 6). High sequence similarities (297%) were also
shown to sequences retrieved from previous enrichments from sediments of mine pit lake
111 (Meier et al. 2012), and to environmental sequences found in microbial mats of Los
Azufres geothermal field, Mexico (Brito et al. 2014) and thermal pool Arkashin of the Uzon
caldera, Kamchatka, Russia (Burgess et al. 2012). According to current taxonomy in RDP-I
the Thermodesulfobiaceae belong to the order of Thermoanaerobacterales within the class
of Clostridia of the phylum Firmicutes. Other authors (Mori et al. 2003, Muyzer & Stams

2008, Kunisawa 2015) suggested a placement outside the Firmicutes.

iscussion

Acidophilic sulfate reducing bacteria and their pH range and optimum for growth

Based on 16S-rRNA gene sequence similarity, strain 3baa is more closely related to
sequences obtained from other environments of moderate temperature than it is to the
thermophilic species, T. narugense Na82" and T. acidiphilum 3127-1", and hence might
present a different species. Chemolithoautotrophic growth, cell morphology, a Gram-
negative cell wall structure, and the lack of flagella and/or motility are common to all three
strains. In contrast to strain Na82" with a pH range of 4.0 — 6.5 and a pH optimum at pH 5.5 —
6.0 (Mori et al. 2003), and strain 3127-1" with a pH range of 3.7 — 6.5 and a pH optimum at

4.8 — 5.0 (Frolov et al. 2017), strain 3baa showed a preference for more acidic conditions.
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The pH range of growth expanded to pH 2.6 with highest amounts of sulfate reduced at pH
<4.2. The pH ranges of growth determined for acidophilic D. acidiphilus SJ4" and D.
acididurans M1" were pH 3.6 — 5.5 (optimum at pH 5.2) (Alazard et al. 2010) and pH 3.8 — 7.0
(optimum at pH 5.5) (Sanchez-Andrea et al. 2015).

However, direct comparisons of pH ranges and pH optima for growth are constrained by
several factors. In this study the formation of Al hydroxides and Fe sulfides buffered in the
lower pH range of growth. While in other studies phosphate (e.g. Mori et al. 2003, Frolov et
al. 2017) or citrate buffers (e.g. Alazard et al. 2010) were used, these buffers appeared to be
inhibitory to strain 3baa at low pH (unpublished results). A carbonate buffer (e.g. Sdnchez-
Andrea et al. 2015) is only effective in the circum neutral pH range. Electron donors will also
have an impact on growth if these are weak organic acids (e.g. lactate, acetate) or if these
are metabolized to acetate (e.g. glycerol, ethanol) (Rabus et al. 2013). Weak organic acids
function as a proton transporter into the cell (Kimura et al. 2006, Slonczewski et al. 2009),
leading to acidification of the cytoplasm and growth inhibition. This inhibitory effect does

ot occur when SRP are growing on H, and CO,, and it may explain why
chemolithoautotrophs tolerate lower pH values than chemoorganoheterotrophs.

In order to determine the pH range and pH optimum for growth of SRPs, sulfate reduction
rates are often determined (e.g. Mori et al. 2003, Alazard et al. 2010, Sanchez-Andrea et al.
2015). However, high SRRs do not necessarily relate to high growth rates and/or high growth
yields (e.g. Knoblauch & Jgrgensen 1999). The high SRRs could have resulted from high
respiration rates in order to remove protons from the cytoplasm by means of primary proton
pumps. Along with the down-regulation of the F1Fo-ATPase to limit the influx of protons this
represents a common mechanism for pH homeostasis displayed by acidophiles and

neutrophiles alike under low pH conditions (Slonczewski et al. 2009, Krulwich et al. 2011,
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Mols & Abee 2011). Both, low ATP synthesis and the relocation of energy towards cell
maintenance instead of cell growth, would result in a lower growth yield. Although cell
numbers were low in the culture liquid at low pH conditions, the majority of the biomass
was located in the biofilm. We therefore assume that high SRRs were linked to energy
generation (ATP synthesis) and biosynthesis in strain 3baa, even at lower pH values.
Microniches with higher pH values may have been present within the biofilm (see discussion
below), nonetheless most cells appeared to sit on top of the minerals being directly exposed
to the culture liquid. Strain 3baa needed much longer to adapt under more acidic pH
conditions. In addition, elongated cells or filamentation is a common response of bacteria to
environmental stresses including acid stress (Krliger et al. 1994, Everis & Betts 2001, Justice
et al. 2008). It may result from disturbance and malfunctioning of cell components involved
in cell division. At low pH (<£3.5) the protein FtsZ will not assemble to protofilaments
required for cell division (Santra & Panda 2007). This would imply at least a transient acidic
intracellular pH. Further investigations are needed in order to find out how strain 3baa
dapts to acidic conditions and what mechanisms of pH homeostasis it deploys in planktonic

and sessile state.

Biofilm formation and the role minerals may play in it

Biofilm growth may also present a defense mechanism against unsuitable environmental
conditions (Slonczewski et al. 2009, Lemire et al. 2013, Flemming et al. 2016). Within the
biofilm matrix (which is most often organic), the transport of solutes is generally diffusion
controlled. If protons are consumed faster by sulfate reduction than the rate of diffusion,
microniches with higher pH levels may form. Using a simple diffusion-based model proposed

by Koschorreck (2008) and estimates for cellular sulfate reduction rates (cSRR), we
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calculated the minimum biofilm thickness needed to sustain an internal pH 4 at an external
pH 3 (for calculation see Supporting Information S2). At a rate of 6.89 fmol SO,> cell* d%, the
minimum thickness was estimated to be 250 um which was well above the observed
maximum height of 100 um. However, under the assumption that cSRR were probably
higher during early biofilm formation and that proton diffusion rates were possibly lower
within the biofilm, slightly elevated pH values in the centre of larger microcolonies could not
be ruled out completely. Different sulfate reducers including members of the genera
Desulfovibrio, Desulfobacterium, and Desulfomicrobium were shown to produce copious
amounts of EPS which consist of various amounts of polysaccharides, proteins and/or DNA
(Zinkevich et al. 1999, Chan et al. 2002, Hockin & Gadd 2003, Beech & Sunner 2004,
Braissant et al. 2007, Yang et al. 2016). The production of an extensive polysaccharide matrix
is not necessarily a prerequisite for the adhesion to solid surfaces and biofilm formation as
was shown for Desulfovibrio vulgaris, which used flagella to establish and maintain biofilm
structure (Clark et al. 2007). In the case of strain 3baa, neither the production of EPS matrix
or protein filaments was observed. Biofilm formation was apparently linked to the
precipitation of Al hydroxides and Fe sulfides.

Although the globular Al-rich precipitates obtained here were almost identical in appearance
and size to Al hydroxysulfates found in anoxic waters of acidic pit lakes (Sanchez-Espaiia et
al. 2016a), we could not detect sulfur by EDX. This suggests the formation of Al hydroxides in
our cultures instead of Al hydroxysulfates. The formation of X-ray-amorphous Al(OH); and
microcrystalline gibbsite was observed for acidic effluents enriched in Al mixing with near
neutral surface water in the pH range 4.2 — 4.9 (Furrer et al. 2002). Aluminum started to
precipitate in our cultures at pH 3.5 —3.7. If Al precipitation had only taken place on

bacterial cell surfaces in the culture liquid, more cells covered with Al precipitates should
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have already been observed at the early stage of biofilm formation. On the contrary, most
cells detected were free of Al precipitates. The cell wall charge of Gram-negative and Gram-
positive bacteria is considered to be very similar despite large differences in macromolecular
structures (Claessens et al. 2006). The most prominent proton and metal binding sites at the
bacterial surface are carboxyl functional groups with low pKa (4 — 5) values, phosphate
functional groups with neutral pKa (6 — 7) values, and hydroxyl as well as amine functional
groups with high pKa (8 — 9) values (Fein et al. 1997, Cox et al. 1999, Haas 2004). Although
the exact composition of the outer membrane of strain 3baa is not known, the presence of
lipopolysaccharides rich in phosphate and carboxyl functional groups may be postulated
(Fortin & Beveridge 2000). At low pH (<4) all phosphate sites and the majority of carboxyl
sites would be protonated and bacterial surfaces would have a low affinity for Al cations.
With increasing pH, the sites become deprotonated allowing the binding of Al cations,
heterogeneous nucleation, and subsequently mineral precipitation. This may explain why
the majority of cells were covered with Al-rich spheres in the more mature biofilm.
nterestingly, the bacterial cells only colonized the carrier surface after an amorphous Al
hydroxide layer had formed. This suggested that an increased affinity for Al-hydroxides
probably enabled biofilm formation. The average value of the point of zero charge (PZC) for
amorphous Al hydroxide and gibbsite is 9.0 (Karamalidis & Dzombak 2010). At pH below the
PZC, the net surface charge of the mineral is positive and this would enhance the ionic
interaction with the negative net surface charge of the bacterium. Here, the Al hydroxides,
instead of polysaccharides or proteins, appear to be functioning as ‘glue’, cementing the
cells to the solid surface and holding microcolonies, i.e. the growing biofilm, in place.

Unlike Al precipitates, FeS precipitates were not encountered directly on cell surfaces in our

cultures. In contrast to Al** as well as Fe**, Fe?* shows a low affinity towards carboxyl or
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phosphate groups even at near neutral pH (Lemire et al. 2013). Instead, Fe?* interacts more
strongly with other functional groups, such as sulfhydryl, imidazole, and phenyl groups, all of
which are rarely displayed at the cell surface. Sulfhydryl groups account for only 5 — 10% of
the total binding sites on the cell surface and have a relatively high pKa value of ~7 (Nell &
Fein 2017). This may explain why the precipitation of FeS is only minor at least on intact
cells. Mackinawite and also greigite appear to form as main mineral products in biotically
mediated as well as purely chemical precipitation of iron sulfides from aqueous sulfide and
aqueous ferrous iron (e.g. Herbert et al. 1998, Ohfuji & Rickard 2006, Gramp et al. 2010,
Csakberényi-Malasics et al. 2012, Picard et al. 2018). Nanoparticulate mackinawite is usually
the first condensed phase precipitating and its composition closely approximates
stoichiometric FeS (Rickard & Morse 2005). Despite the Fe:S ratio of >1, based on the
precipitate morphology (the platy structure of Fe and S rich ‘flakes’ as well as the layered
structure of crystals arranged as crosses or stars), we presume that mackinawite also formed
in our cultures. Mackinawite possesses a layer structure where the Fe atoms form sheets

nd the tetrahedrally coordinated S atoms to both sides shield the Fe sheets (Wolthers et al.
2003). The FeS crystal grows in a tabular form with the most prominent surface being apolar
and the least reactive (Wolthers et al. 2005, Dzade et al. 2014). This may lessen the affinity
of the negatively charged bacterial cells. Still, we observed a densely populated carrier
surface with pronounced microcolony formation consisting of both minerals and bacterial

cells.
Conclusions
Thermodesulfobium sp. strain 3baa is considered to be acidophilic, however, the exact

degree of its acidophily is still to be determined. The attachment to solid surfaces enables
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strain 3baa to attain high sulfate reduction and growth rates, even at lower pH levels.
Mineral precipitation may play a crucial role in biofilm formation as illustrated in Figure 7.
Sulfate reduction by planktonic cells proceeds at very low rates at pH >2.5 (Fig. 7A), leading
to a slight increase of pH, and the precipitation of Al hydroxides at pH >3.5 (Fig. 7B). Al
hydroxides and bacterial cells most likely interact based on electrostatic attraction of
oppositely charged surfaces, permitting the attachment of cells to solid surfaces and the
growth of microcolonies (Fig. 7C). Increasing cell numbers and higher sulfate reduction rates
eventually lead to the precipitation of Fe sulfides at pH >4.5 (Fig. 7D). Mineral precipitation
does not seem to hamper further growth. On the contrary, mineral surfaces appear to
provide a favorable microenvironment for growth. In a natural setting, such as the
sediments of acidic mine pit lake 111, growth may occur on clay minerals and quartz
minerals coated with Al/Fe hydroxides/hydroxysulfates. In engineered systems, the

achievement of stable biofilms and high sulfate reduction rates are of particular importance
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for an effective treatment of acidic metal-rich waste waters. Hence, further investigations

P

hould address in more detail cell-mineral interactions and the possible effects on the

physiological state of cells at low pH conditions.

Material and Methods

Source and isolation of bacterial strain 3baa

Acce

The sulfate reducing strain 3baa was isolated from sediments of acidic mine pit lake 111
situated in the Lusatian lignite mining district in Brandenburg, Germany (Biittner et al., 1998;
Meier et al., 2004). A sediment core was retrieved from the northern basin at a water depth
of 6 m. At this site, the water temperature above the sediments varies annually from 2 —

11°C. Oxygen may penetrate into the sediments to a maximum depth of 10 mm. During lake
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stratification, the sediments can also become completely anoxic. The pH in the top 10 cm of
sediments ranges from 2.6 to 3.0 with a slight increase with depth. The main pore water ions
are calcium (4.8 — 5.9 mM), magnesium (1.1 — 1.3 mM), iron (0.7 — 7.9 mM), aluminum (1.1 —
1.7 mM), and sulfate (9 — 16 mM) (Herzsprung et al., 2002). Sediment from the depth
interval of 1 — 5 cm was taken as inoculum for the primary enrichment culture.
The composition of the mineral medium used for enrichment and subsequent isolation was
adapted to pore water ion concentrations and contained per liter 0.5 mM Na,SO4, 1 mM KCl,
1 mM MgS0O4-7H,0, 6 mM CaSO4-2H,0, 2 mM Al,(SO4)5:18H,0, 5 mM FeSO4:7H,0, 0.5 mM
Na,Si03:9H,0, 0.05 mM MnS0,4-H,0, 0.02 mM ZnCl;, 2 mM NH,Cl, and 1 mM KH,PO, (Meier
et al. 2012). According to Widdel & Bak (1992), 1 ml vitamin solution, 1 ml non-chelated
trace element solution and 100 pl selenate-tungstate solution were added per liter of
medium. The pH of this artificial pore water medium (APWM) was set to pH 3 using 0.5 M
H,S0,. Sulfate reducers were grown with H, as electron donor and CO, as carbon source.
Accordingly, headspaces of serum bottles as well as anaerobic jars were purged with 80%
2/20% CO,. Cultivation in liquid media was conducted in 125-ml serum bottles containing
50 ml APWM. Isolation was performed by a modified roll-tube technique (Widdel & Bak
1992) using 50-ml centrifuge tubes incubated in anaerobic jars with catalyst (HPOO11A,
Oxoid, Basingstoke, UK). Gellan gum (GELRITE'™, Roth, Karlsruhe, Germany) served as gelling

agent at a final concentration of 0.6%. After several weeks to months colonies became
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visible. Single colonies were picked and transferred to liquid medium. The isolation
procedure was repeated at least two times. All incubations took place in the dark at 25°C.
Incubations at temperatures closer to ambient values (15 and 20°C) had led eventually to
the enrichment of representatives of the same species (unpublished results). Medium

preparation, isolation procedures, and sampling were carried out within an anaerobic
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chamber using a 95% N,/5% H, gas mixture and a palladium catalyst (Vinyl Anaerobic Airlock
Chamber, Coy Laboratory Products Inc., Grass Lake, MlI). The culture was checked for

chemoorganoheterotrophic contaminants (for details see Supporting Information S1).

Growth experiments

Growth experiments were performed as batch cultures in 125-ml serum bottles containing
APWM and H,/CO, in the headspace as described above. The bottles were inoculated with 1
vol% culture of strain 3baa pre-grown in liquid APWM set to pH 3 and incubated on a
horizontal shaker set to 200 rpm at 25°C in the dark over a time period of approximately 60
days. In order to determine the pH optimum for growth, a batch series was conducted with
APWM set to eleven different initial pH values (pHin;) in the range of pH 2 — 7 at intervals of
approximately 0.5 pH units. For each of the eleven values of pH;,, growth experiments were
performed in duplicate, with the exception of pH;,; 2.5 and 3.0 for which growth experiments
were performed in two series with two replicates in the first and one replicate in the second.
he bottles were sampled every 3 to 5 days and the culture liquid was analysed for pH and
sulfate. Cell numbers and sizes were determined at the end of incubation (stationary growth
phase) and for the cultures at pH;,i 2.6, 4.5, and 6.3 also during the early growth phase (just
before the main sulfate reduction phase started). In order to investigate biofilm formation
by strain 3baa, a batch series was performed with a total of twenty bottles. Each contained
APWM pHi,i 3.2 and one removable carrier (11.5 x 76 mm) made of either polycarbonate
(PC) or glass (G). The carriers stood almost upright and were submersed for the lower 3.8
cm. For each sampling every 6 to 11 days, two bottles, one with PC and one with G carrier,
were sacrificed, with the exception of day 28 when a total of four bottles was sampled. The

carriers were removed, rinsed with sterile 0.9% NaCl and stored under anoxic conditions in
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0.9% NaCl with 4% formaldehyde for CLSM (G) or Karnovsky fixative (Karnovsky 1965) for EM
(PC). The liquid phase was sampled for the determination of pH, cell number and size,
sulfate, and the dissolved elements Al and Fe. To estimate biofilm cell numbers, two
additional bottles with G carriers were incubated. At the end of incubation, the biofilm was
scraped off with a razorblade and collected in 1 ml 0.9% NaCl. The area available for
colonization included the submersed surface of the carrier (2x 4.4 cm?) as well as the
submersed side walls (43.7 cm?) and the bottom (18.1 cm?) of the bottle when filled with 50

ml medium.

Analytical methods

Measurement of pH was performed directly upon sampling using a SenTix 940 pH electrode
and a Multi 3430 SET F meter (WTW, Weilheim, Germany). Dissolved Al, Fe, and Mg were
determined by atomic absorption spectroscopy (AAnalyst 400, Perkin ElImer, Waltham, USA).
Samples were 0.2-um filtered and acidified with HNO3 (2%). For sulfate measurements either
.2-um filtered samples or the supernatant after centrifugation at 16,000 x g for 15 min
were used. Sulfate was determined by ion chromatography using an IC 690 (Metrohm,
Herisau, Switzerland) equipped with a PRP-X100 column (Hamilton, Bonaduz, Switzerland)
and 2 mM Na-benzoate as eluent. Sulfate measurements were performed on one sample
(batch series to determine pH optimum for growth) or triplicate samples (batch series to

investigate biofilm formation).

Cell counts and cell measurements

Samples were fixed with formaldehyde (4%) and stored under anoxic conditions. Aliquots of

cell suspensions were treated with 10% methanol (or 4% NaCl for biofilm samples),
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ultrasonication and 0.5 M HClI prior to filtering on black membrane filters of 0.2-um pore size
(Isopore GTBE; Merck Millipore, Darmstadt, Germany) and staining with 1:250 diluted
nucleic acid stain SYBR Green | (Molecular Probes, Eugene, Oregon, USA). Per sample one
(batch series to investigate biofilm formation) or two filters (batch series to determine pH
optimum for growth; biofilm samples) were prepared and 30 images per filter were recorded
using Axiolmager.M2 epifluorescence microscope (Carl Zeiss Microscopy, Jena, Germany)
and a 38HE filter set. Width and length measurements were performed on approximately 30

cells per filter.

Confocal laser scanning microscopy (CLSM)

Staining and microscopic examination followed immediately after removing the respective
carrier from the anoxic storing device. Carriers were rinsed with ultrapure water and stained
with 1:1000 diluted nucleic acid stain SYBR Green | and 1:1000 diluted protein stain SYPRO
Red (Molecular Probes, Eugene, Oregon, USA). Subsequently carriers were placed in Petri
ishes and submersed in water. Samples were examined with an upright TCS SP5X confocal
laser scanning microscope (Leica Microsystems, Wetzlar, Germany) equipped with a
supercontinuum light source. Imaging was done with the two long distance, water
immersible lenses 25x NA 0.95 and 63x NA 0.9. For orientation, the carrier was divided into 1
cm segments, whereby the lower end corresponded to 0 — 1 cm and the upper end, above
the liquid-gas interface, to 4 — 5 cm. Signals were recorded in i) the green channel for SYBR
Green | (excitation, 490 nm; emission, 510 to 580 nm), ii) the red channel for SYPRO Red
(excitation, 550 nm; emission, 600 to 700 nm), and iii) the grey channel for the CLSM-
reflection mode (excitation, 490 nm; emission, 485 to 495 nm). Stepsize for sections was 0.5

um. Imaging was performed using the microscope software LASAF version 2.6.1 (Leica
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Microsystems, Wetzlar, Germany). Data sets were further processed using the software

IMARIS versions 8.3.1 (Bitplane, Zurich, Switzerland).

Electron microscopy and micro-analysis

For electron microscopy PC carriers were cut into 1-cm segments corresponding to the
scheme applied for CLSM. In order to minimize the exposure of wet samples to oxygen, all
steps including fixation, segmentation, rinsing, and in case of SEM also the ethanol series
were carried out in the anaerobic chamber. After retrieval from the Karnovsky fixative,
carrier segments were rinsed 3x in 0.1 M cacodylate buffer. For scanning electron
microscopy (SEM), samples were subsequently dehydrated in a graded ethanol series and a
final replacement of the ethanol by hexamethyldisilazane. Samples were coated with 20 nm
Au. For transmission electron microscopy (TEM), samples were postfixed with 1% OsOy, .

Samples were then dehydrated, treated with propylene oxide and embedded in Spurr resin

ted Article

(Sigma-Aldrich, Munich, Germany). Ultra-thin sections of 70 nm were placed on copper grids

P

nd contrasted with uranyl acetate (2% in H,0) and lead citrate (3%, pH 12; Ultrostain 2,
Laurylab, Brindas, France). Samples ready for microscopic investigation were stored under
vacuum. Samples were viewed in a SEM Zeiss Gemini 1530 and a TEM Zeiss EM910, both
equipped with an INCA EDX detector (Oxford Instruments, Abingdon, UK) for energy-

dispersive X-ray micro-analysis. Length and width of 25 cells were determined from SEM

Acce

images of selected samples.

16S rRNA gene analysis

Cells for DNA extraction were obtained from 10 ml stationary phase liquid culture by

centrifugation at 4,200 x g and 10°C for 15 min and pellets washed two times in TE buffer (10
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mM TRIS-HCI, 1 mM EDTA; pH 8). Genomic DNA was extracted using the PowerSoil® DNA
Isolation Kit from MoBio Laboratories Inc. (Sued-Laborbedarf, Gauting, Germany). Bacterial
16S rRNA genes were amplified from DNA extracts using the universal bacterial primers 27f
and 1492r (Biomers, Ulm, Germany; for sequences see supporting material Table S1).
Amplification was performed by an initial denaturation step at 94°C for 4 min, 30 cycles of 45
s at 94°C, 1 min at 58°C, and 2 min at 72°C, followed by a final extension step at 72°C for 10
min. PCR products were purified with the Isolate PCR and Gel Kit (Bioline, Luckenwalde,
Germany). Sequencing of forward and reverse strand was performed by LGC Genomics
(Berlin, Germany). The partial sequences were manually checked for ambiguous sequences
and assembled applying the Manual Sequence Alignment Editor version 11/2001 (SequentiX,
Klein Raden, Germany). The BLASTN program (www.ncbi.nlm.nih.gov/BLAST; Zhang et al.
2000, Morgulis et al. 2008) was used to search for similar sequences in the GenBank
nucleotide sequence database, and the Sequence Match tool was used to search for similar
sequences compiled by the Ribosomal Database Project-Il Release 11.3
http://rdp.cme.msu.edu; Cole et al. 2014). The determined 16S rRNA gene sequence has
been deposited in the GenBank nucleotide sequence database under accession no.
KY928402. Sequences selected for phylogenetic tree construction were retrieved from RDP
and NCBI and aligned using ClustalX 2.1 (http://www.clustal.org/clustal2; Larkin et al. 2007)
choosing the default settings for accurate pairwise comparison and the option to iterate
each alignment step. The alignment was checked using the Manual Sequence Alignment
Editor version 11/2001 and short or poorly aligned sequences were removed. The remaining
sequences were trimmed to the same length so that the alignment still covered 1390 bp.

Trees were constructed again in ClustalX 2.1 using the Neighbour Joining algorithm and 1000
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bootstrap trials and drawn with NJplot (http://doua.prabi.fr/software/njplot; Perriére &

Gouy 1996).

Determination of sulfate removal rates and statistical analysis

Sulfate removal rates (SRR) were determined as the coefficient of linear regression for the
time interval showing a distinct maximum linear decrease of sulfate concentration. As the
time interval matched for duplicate batches, data sets were combined for linear regression
analysis performed with Microsoft Office Excel 2007. Standard errors (S.E.) of coefficients
were determined. Statistical analysis of cell numbers, cell length, and cell width (the latter
only from those measurements obtained from SEM images) was performed using IBM SPSS
Statistics 23 (IBM, Ehningen, Germany). Normal distribution was checked using the tests of
Kolmogorov-Smirnov (n 250) or Shapiro-Wilk (n <50). When the data for mean comparison
was normally distributed a t-test or one factorial ANOVA was performed using post hoc
analysis of Bonferroni (in case of homogeneity of variances) or Dunnett-T3 (in case of non-
omogeneous variances). For non-normally distributed data a comparison according to

Kruskal-Wallis was performed.
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Figure legends

Fig. 1: Growth characteristics of strain 3baa in relation to the initial pH of the medium (pHini)
with sulfate reduction rates (SRR) and total amount of sulfate reduced during incubation (A),
cell numbers of the culture liquid in the stationary phase (B), pH values at which main sulfate
reduction started and pH values at the end of incubation (linear regression as dashed line;
pH = pHi,i as dotted line) (C), lapse of time until main sulfate reduction started (‘Lag phase

SR’) (D). SRRs correspond to slope coefficients of linear regression lines with bars indicating

ted Article

standard error. Cell numbers are given as mean of four counts with bars indicating standard

P

deviation. All other values are displayed as mean of duplicate samples with bars indicating
min. and max. values. For cultures at pH,; 2.6 and 3.1, results from the duplicate samples of
first series and from the one replicate of second series are shown separately. Lag phase SR is

only shown for the second series.

Acce

Fig. 2: Growth of strain 3baa in the culture liquid at pHi, 3.2 with logarithmized cell numbers
(A), pH and sulfate concentration (B), concentrations of the dissolved elements Al and Fe (C),
and cell length (D) as a function of time. Results are displayed as mean of duplicate or
guadruplicate (day 28) samples with bars indicating min. and max. values or standard

deviation (day 28).
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Fig. 3: CLSM images of biofilms from day 28 (A — C) and day 49 (D — M). Images are displayed
as maximum intensity projection (MIP) along Z direction from the overlay of all channels (A,
D, I) and separately for the green channel (nucleic acid stain) (B, E, J), the red channel
(protein stain) (C, F, K), and the white channel (reflection) (H, M). MIPs along Y direction
from the overlay of all channels (G, L). Images were taken from segment 1-2 on day 28 (A —

C) and segments 3-4 (D — H) and 2-3 on day 49 (I — M). Scale bar = 20 um.

Fig. 4: SEM images of biofilms showing cell and mineral precipitates in segment 1-2 on day
38 (A, B) and segments 1-2 (C, D) and 4-5 on day 49 (E, F). During an early stage of biofilm
formation an Al-rich surface layer and Al-rich globules were observed (A, B), at a later stage
precipitates rich in Fe and S were observed either shaped as ‘flakes’ (C) or as ‘crosses’ and

‘stars’ (E, F). At this later stage many cells become heavily coated with Al-rich globules (D).

ig. 5: TEM images showing a cross section through the biofilm with several cells and mineral
precipitates (A) and through a single cell with Al-rich globules attached to the cell surface (B).
OM: outer membrane; IM: inner membrane; arrow: indicates a middle layer between the

two membranes.

Fig. 6: Phylogenetic tree based on 165-rRNA gene sequences of strain 3baa, related clones,
and type species of sulfate reducers of the Firmicutes. The Neighbour Joining method was
used as cluster algorithm. Bootstrap values are indicated on corresponding branches. Scale

bar indicates the number of nucleotide substitutions per site.
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Fig. 7: Sequence of biofilm formation: sulfate reduction by planktonic cells at low rates
starting at pH 22.5 (A), precipitation of Al hydroxides at pH >3.5 (B), attachment and growth
of bacterial cells on solid surface facilitated by ionic bonding with Al hydroxides (C),
precipitation of Fe sulfides at pH 24.5 and further biofilm growth leading to increasing

sulfate reduction rates (D).
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