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Abstract

Biomineralization by heavy metal resistant streptomycetes was tested to evaluate the
potential influence on metal mobilities in soil. Thus, we designed an experiment adopt-
ing conditions from classical laboratory methods to natural conditions prevailing in
metal-rich soils with media spiked with heavy metals, soil agar, and nutrient enriched
or unamended soil incubated with the bacteria. As a result, all strains were able to form
struvite minerals on tryptic soy broth (TSB) media supplemented with AICI,, MnCl, and
CuSO,, as well as on soil agar. Some strains additionally formed struvite on nutrient
enriched contaminated and control soil, as well as on metal contaminated soil with-
out addition of media components. In contrast, switzerite was exclusively formed on
minimal media spiked with MnCl, by four heavy metal resistant strains, and on nutri-
ent enriched control soil by one strain. Hydrated nickel hydrogen phosphate was only
crystallized on complex media supplemented with NiSO, by most strains. Thus, min-
eralization is a dominant property of streptomycetes, with different processes likely to
occur under laboratory conditions and sub-natural to natural conditions. This new un-
derstanding may be transferred to formation of minerals in rock and sediment evolution,
to ore deposit formation, and also might have implications for our understanding of bio-
logical metal resistance mechanisms. We assume that biogeochemical cycles, nutrient
storage and metal resistance might be affected by formation and re-solubilization of
minerals like struvite in soil at microscale.

1 Introduction

Biomineralization can be seen as formation of crystals intracellularly or in the ex-
tracellular matrix of organisms (Adele, 1998). A more detailed definition implies that
biomineral deposition requires, or is associated to, a living organism (Veis, 2003). Two
mechanisms are described according to the contribution of the involved organisms
(Konhauser and Riding, 2012), namely biologically induced, passive and microbially
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controlled, active biomineralization. The properties of the latter crystals, down to the
minutiae, are meticulously controlled (Konhauser and Riding, 2012; Weiner and Dove,
2003). Consequently, interactions between living organisms and their abiotic environ-
ment need to be taken into account to understand the physico-chemical processes at
or near the Earth’s surface coupling biosphere and geosphere evolution (Cappellen,
2003; Schutze and Kothe, 2012).

Almost all groups of minerals, including carbonates, phosphates, sulfates and sul-
fides, arsenates, silica, chlorides, fluorides, oxides, hydroxides and Fe-Mn-oxides are
known to be produced by biomineralization. Phosphates are the main class beside iron
oxides and represent about 25 % of the biogenic minerals which are usually formed
in a biologically controlled fashion. Exceptions are struvite and brushite which are
known to be formed biologically induced (Konhauser and Riding, 2012; Weiner and
Dove, 2003). Struvite is a well-known (bio)mineral occurring in human urinary sedi-
ments and as kidney stones with a nominal composition MgNH,PQO, -6H,O (Le Corre
et al., 2007a; Stefov et al., 2005; Lee et al., 2003). It shows a high potential for in-
dustrial use since phosphate and ammonia can be precipitated from wastewaters (Le
Corre et al., 2007a; Lee et al., 2003; Kofina and Koutsoukos, 2005). The solubility of
struvite is known to be low (0.2 g L™ in water), although it is known to be entirely citrate
soluble (Hesse et al., 1989).

The influence of microorganisms on struvite mineralization was tested in a number
of studies (Rivadeneyra et al., 1992; Kamnev et al., 1999; Stefov et al., 2005; Ben
Omar et al., 1998; Da Silva et al., 2000).These works showed that 58.3 % of the tested
bacteria isolated from soil and fresh water were able to produce struvite, including
strains of the genera Acinetobacter, Arthrobacter, Bacillus, Corynebacterium, Kurthia,
Staphylococcus, Desulfobrio, Listeria, Proteus, Yersinia, Escherichia (and other mem-
bers of the family of Enterobacteriaceae), Ureaplasma, Aeromonas, Alcaligenes, Mi-
crococcus, Murraya, Plesiomonas, Myxococcus and Brucella. Struvite biomineraliza-
tion is suggested to be linked to the release of ammonium from organic matter, either
by decomposition of organic material or by urea hydrolysis through microbial urase
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activity (Rivadeneyra et al., 1999). Other processes have been postulated, because
urease-negative bacteria have also been shown to be capable of struvite mineraliza-
tion. Additionally, some urease-positive strains did not induce crystallization of struvite,
even though high concentrations of ammonia were produced (Rivadeneyra et al., 1990,
1999).

An important biogeochemical factor influencing struvite formation is pH,with struvite
formation between pH 5 and 9.5, increasing above 8.8 (Doyle et al., 2000; Pérez-
Garcia et al., 1989; Prywer and Torzewska, 2009; Da Silva et al., 2000). In a pilot-scale
reactor experiment, small variations of pH, concentration of Mg or Ca, and the reten-
tion time had a significant impact on struvite crystal characteristics and/or production
(Le Corre et al., 2007b). CO, degassing suppressed struvite biomineralization (Saidou
et al., 2009).

A new phase isostructural with struvite, in which Mg is replaced by Ni (although Mg
had been present in the media) has been reported to be formed by heavy metal resis-
tant Strepromyces acidiscabies E13 (Haferburg et al., 2008). This phase has a nomi-
nal composition (NH,4)Ni(PO,) - 6H,O and had prior to this study been known only from
technical production.

Although intracellular binding of nickel to polyphosphate bodies is reported for
Staphylococcus aureus (Gonzalez and Jensen, 1998), no further biomineralization of
nickel phosphates is described in literature. However, microbially enhanced chemisorp-
tion of heavy metals into pre-existing minerals has been reported for Ni (Basnakova
et al., 1998).

In comparison to uncontaminated soils, heavy metal contaminated soils show ev-
idence for prevalence of Gram-positives (Schitze and Kothe, 2012). Thus, strepto-
mycetes were investigated to study biomineralization in soils to understand the pro-
cesses involved, as well as the ecological relevance of mineral formation, in treatments
mimicking sub-natural to natural conditions. To our knowledge, natural and artificial
soil extract was used in one example so far to determine calcite biomineralization in
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vitro (Parraga et al., 2004). Hence, our approach leads to a deeper insight into natural
conditions under which different minerals can be formed.

2 Material and methods
2.1 Strains and growth of bacteria

Extremely heavy metal resistant streptomycetes (Schmidt et al., 2008) isolated from
the former uranium mining site WISMUT, Ronneburg, Germany, were used to study
biomineralization on heavy metal supplemented media, soil agar and directly in soil
from different sampling sites.

S. chromofuscus P10A-4, S. mirabilis P10A-3, S. mirabilis K7A-1, S. prunicolor P6A-
1, S. naganishii P9A-1, S. mirabilis P16B-1, S. chromofuscus P4B-1, S. acidiscabies
E13 and heavy metal sensitive control strain S. lividans TK23 were cultured on agar
plates containing oatmeal media (20 g oatmeal, 2 g glucose, 1.8 % agar) for spore pro-
duction. Spore suspensions were harvested after 7 days of growth at 28 °C and purified
by filtration through absorbent cotton using distilled water (Kieser et al., 2000). CFU
was determined on actinomycete minimal (AM) medium (Schmidt et al., 2008). For
preparation of dead biomass (control), AM or TSB medium (tryptic soy broth, Bacto)
in 100 mL test tubes was inoculated and incubated 7 days at 28 °C. Culture aeration
started 48 h after inoculation by shaking at 160 rpm. The mycelium was harvested
(4000 rpm, 4°C, 30 min, Megafuge 1.0R Heraeus), washed with distilled water, and
autoclaved.

2.2 Soil samples and analysis of soil

The soils used for these experiments were a non-contaminated control (C), contami-
nated test field soil (M1) and a highly contaminated soil from a creek bank (M2). Heavy
metal contaminated soil samples were collected at the former uranium mining site
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WISMUT, Ronneburg, Germany, from our testfield (M1) area and sample site K7 (M2)
from the bank of the creek Gessenbach (Schmidt et al., 2005). Control soil was taken
from a central park, “Paradies” (C), Jena, Germany (GPS 44709773, GK 5642870). All
soil were dried at 30 °C and sieved to a maximum grain size of 2mm.

For the determination of water holding capacity (WHC), 100 g of soil were transferred
into a glass drip and dowsed with 100 mL of distilled water. After 24 h, the discharge
was quantified and WHC was calculated. Sequential extraction was performed to as-
sess the bioavailable fractions of mobile (F1) and specifically adsorbed (F2) metals
(Zeien and Brimmer, 1989) using ICP-MS/ICP-OES (XSeries Il, ThermoFisher Scien-
tific, Bremen, Germany) and /ICP-OES (725 ES, Varian, Darmstadt, Germany).

For carbon (C), nitrogen (N) and sulfur (S) contents, soil was ground to a maximum
grain size of <63 um. From each sample, 20 mg were transferred into tin capsules
and mixed with tungsten trioxide. Analysis was performed using VarioEL (version F,
ElementarAnalysesysteme GmbH) with sulfanilic acid (5 mg, without WO, C 41.61 %,
N 8.09 %, H 4.07 %, S 18.51 %, O 27.71 %) and T100 (beech tree leaves: 28.5 mg, with
WOg;, C 50.30 %, N 2.629 %, H 6.335 %, S 0.269 %) as standards.

2.3 Biomineralization experiments and characterization of minerals

Biomineralization experiments were performed under artificial, sub-natural and natural
conditions on metal supplemented media (MSM), soil agar (SA) and nutrient-enriched
soil (NES). Nutrient supply resulted from addition of AM or TSB.

For biomineralization under artificial conditions, metal-supplemented media (MSM)
were used. Stock solutions of metals (sterilized by filtration) were added to the auto-
claved media to final concentrations of 30 mM NiSO,4, 1 mM CuSO,, 20 mM MnCl,,
1 mM AICl; and 20 mM ZnSO, mimicking the natural conditions at the metal conatmi-
anted test site. Petri dishes were inoculated in duplicates with 5 droplets of 3 uL spore
suspension per strain. As a control, dead biomass was used in addition to plates not
inoculated. All treatments were performed in triplicates.
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To mimic subnatural and natural conditions, soil agar (SA content: 1:1,1:5,1:10;
Schmidt et al., 2008) and nutrient enriched soil (NES prepared from 100 g autoclaved
soil containing 1 mL media per gram soil (C, M1, M2) at final WHC of 50 %) were used.
Control plates were prepared without the addition of any media components. Soil and
soil agar was inoculated in plates in duplicates with 5 droplets of 3 UL spore suspension
per strain, sealed with parafilm to avoid desiccation, and incubated at 28 °C for 56 days
(MSM, SA) and 70 days (NES).

Microphotographs and semi-quantitative chemical analyses were acquired with
a scanning electron microscopes (SEM, LEO-1450 VP/ Oxford-Link Isis or Zeiss Ul-
tra Plus with a built-in energy-dispersive X-ray spectrometer). The acceleration voltage
was 20kV and the observation were done on air dried cultures after carbon coating.
Electron microprobe analyses (EMPA) were performed with a Cameca SX50 instru-
ment with an acceleration voltage of 20kV and beam current of 20 nA. The cultures
were dried at 80°C, fixed on glass slides by self-adhesive label, coated with carbon
and analyzed. Crystal structure of the biominerals was investigated with a X-ray diffrac-
tometer (Bruker AXS D8 Advance), employing Cu Ka radiation. The samples were pow-
dered and smeared onto a zero-background silicon sample holder and scanned in the
angular range of 5-80° 29, step size of 0.01° 26 and dwell time of 2s.

2.4 Microbial processes influencing geochemical parameters

Ammonification (colorimetrically using universal indicator, Unitest) and pH changes
of the media (via pH probe noLab pH 720, WTW) were verified in liquid cultures af-
ter 10 days of growth at 28°C and 160 rpm or on indicator plates containing 0.05g
bromothymol blue or 0.025 gmethyl L™ of media. Urease production was measured
(Bioassay Systems) for extracellular (supernatant) and intracellular (crude extract of
mycelium ground in liquid nitrogen, dissolved in sodium phosphate buffer 50 mM,
pH 7.8, centrifugation 11,000 rpm, 4 °C, 20 min, Hettich) activity in AM media to mimic
nutrient-poor conditions.
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3 Results
3.1 Growth and crystal production under artificial conditions

All tested strains were able to grow on rich TSB and depleted mineral AM media.
Addition of 1 mM metal salts to AM medium suppressed growth of the sensitive control
strain S. lividans TK23, but also some of the heavy metal resistant isolates (Table 1).
TSB supported growth with metal addition, even with the metal sensitive strain, in three
of the five metals tested: Cu, Al and Mn. At least one metal at the concentration of
1 mM was tolerated in AM by each of the metal resistant isolates, with growth on AM
with up to 4 of the 5 metals tested being observed with multi-metal resistant S. mirabilis
P16B-1. For heavy metal supplemented plates, three different kinds of minerals could
be detected: struvite on TSB without metal addition or with Al, Cu or Mn in all cases;
nickel hydrogen phosphate was produced on nickel containing TSB by 6 of the metal
resistant isolates; switzerite (Mn3(PO,), - 7H,0) was found on AM plates containing Mn
for 4 strains (Fig. 1).

The morphology of struvite was variable (Fig. 1a—f; Table 2) for different strains,
biomineralization occurred not only on the colony surface, but also in the media close to
the colony. Most common habitus of struvite is acicular, but the products also included
radial aggregates of acicular crystals, platy crystals with a wedge-like outline, paral-
lel intergrowths of subhedral crystals, or fine-grained aggregates (Table 2). Switzerite
occured as fine-grained aggregates devoid of crystal forms.

3.2 Establishing conditions for sub-natural to natural conditions for
biomineralization

To mimic field conditions, but still being easy-to-manipulate conditions, soil agar plates
were chosen. In order to simulate natural conditions even better, soils were used di-
rectly, without the addition of agar, but instead adding nutrient solution to allow for better
growth of the streptomycetes inoculated in the soil.
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The soils used for these experiments were the non-contaminated control (C), con-
taminated test field soil (M1), and a highly contaminated soil from a creek bank (M2).
The elemental analyses for these soils revealed that, albeit higher in bioavailable metal
concentration (Fig. 2), M2 soil was intermediate in respect to C and N contents, while
the test field soil was extremely deprived in carbon, nitrogen and sulfur (Table 3). In
addition, phosphate was under detection limit in all soils for both mobile and specif-
ically adsorbed fractions, while potassium and sodium were below detection limit in
the specifically adsorbed fractions with different contents in the mobile fractions (see
Table S1). Magnesium was present at elevated levels in C and M2 with more than
600 ug g‘1, while approximately 150 ug g‘1 were found in the nutrient-poor test field
soil M1. Values for Ca and Mg have been lowest in M1 soil (F1 + F2: 362 ugCag‘1 soil,
137 ug Mgg‘1 soil) and highest in C soil (F1 + F2: 12078 ug Cag‘1, 589 ug Mgg'1 soil).
As for the heavy metal load, M2 soil clearly showed the highest concentrations with
additional contamination of Cd (0.292ugg™ mobile), Co (2.391 pgg'1 mobile), and U
(0.152 g g’1 mobile and 171 pg g'1 specifically absorbed), while Fe, as well as Al, was
highest in control soil.

3.3 Growth and crystal production under sub-natural conditions on soil agar
(SA)

Sub-natural conditions were achieved by the use of soil agar with two different amounts
of C, M1, or M2 soil at 1:5 and 1: 1 soil contents in either rich TSB or minimal AM
medium, respectively. As a control, water agar was used to which the soil was added.
For the highly metal contaminated M2 soil, a third soil concentration of 1: 10 was in-
cluded. On all C soil agar plates, all strains grew, albeit without crystals being observed.
On M1 and M2, formation of struvite was observed in some samples (Table 4) where
mycelium was partly encrusted by struvite (Fig. 1g). Interestingly, small amounts of
Mn were detected in the minerals formed by S. mirabilis P16B-1 on M2 soil by ele-
ment mapping (Fig. 3b). This indicates that other metals can either be incorporated or
sorbed to the surface of struvite. In comparison to the laboratory plate assays (MSM),
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the availability of Ni or Mn did not lead to switzerite or nickel hydrogen phosphate for-
mation.

3.4 Growth and production of crystals under natural conditions

To mimic natural conditions most similar to the original environment, soil was used for
microcosms with and without addition of media components imitating fertilized soils.
Again, all strains were able to grow on C soil with or without media components, as
well as on TSB supplemented M1 and M2 soil. In general, the bacteria grew better
on M2 soil than on M1 soil, most likely linking the higher intrinsic nutrition to growth.
Surprisingly, the heavy metal resistant strains grew better on M2 soil without addition
of any media components than on media supplemented soil, which might indicate that
addition of mineral nutrient elements might lead to salt stress in the highly contami-
nated soil. Struvite and switzerite (Fig. 1i, j) were obtained from some of these nutrient
enriched soil microcosms (Table 5). Specifically for the contaminated M1 soil, if growth
occurred, crystallization of struvite could be verified in almost all cases.

4 Investigation of potential mechanisms for biomineralization

To determine factors involved in biologically-induced mineral formation, pH changes,
ammonification and urease activity were tested. The shift of pH varied, with both posi-
tive and negative shifts, in a wide range. On TSB media, rather changes to alkaline con-
ditions could be detected, while acidification was found to be associated with growth
on AM (Table 6). Using indicator plates, diffusion of the acids produced on AM could
be shown, which leads to a diffusion gradient in physico-chemical conditions linked
to the bacterial metabolism (Fig. 4a). For TSB containing indicator plates, neutral to
slightly alkaline pH in a close vicinity to the colony could be shown (Fig. 4b). Thus,
alteration of pH strongly depends on media components, their buffer capacity and ex-
creted metabolites. Ammonification could be revealed in liquid TSB medium for the
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tested strains, while liquid AM medium did not allow for ammonium formation (Table 6).
Hence, urease excretion was tested with AM grown cells. As a control, also intracellular
urease levels were determined. Both intracellular and extracellular urease activity was
shown for all tested strains (Fig. 5).

5 Discussion

Bacteria can contribute actively to geological processes in biogeochemical cycling,
metal mobility, mineral transformation, decomposition, bioweathering, and soil and sed-
iment formation (Gadd, 2010; Cappellen, 2003). With respect to heavy metal containing
soils, resistance is a prerequisite for survival and contribution to biogeochemical pro-
cesses. The strains S. chromofuscus P10A-4 and P4B-1, S. mirabilis K7A-1, P10A-3
and P16B-1, S. naganishii P9A-1 and S. prunicolor P6A-1 were previously tested for
their metal resistance on minimal media containing different concentration of NiCl,,
NiSQO,, AICl;, CdCl,, CoCl,, CuSO, and ZnSO, (Schmidt et al., 2008). Here, we could
show that all strains were able to form biominerals and that media influenced crystal
formation. Indeed, all tested strains induced struvite formation under certain conditions,
and two other, formerly not detected streptomycete biominerals, namely switzerite and
nickel hydrogen phosphate could be produced on metal spiked plates. The formation
of another phosphate containing mineral, Ni-struvite, had been reported before for S.
acidiscabies E13 (Haferburg et al., 2008). In that case, however, NiCl, instead of the
sulfate was used, which might have resulted in conditions favoring the Ni-struvite pre-
Cipitation.

The struvite crystals formed differed in macroscopic appearance, which has been
described earlier for struvite biominerals with shapes from planar, X-shapped (McLean
et al., 1991), hemimorphic, coffin-lid, twining (Prywer and Torzewska, 2010), to complex
superstructures like tetragonal bipyramids or prismatic structures (Chen et al., 2010).
Time, and especially pH, have been reported to exert a major impact on resulting crys-
tal shape (Chen et al., 2010; Prywer and Torzewska, 2009, 2010). In addition, for the
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synthetic production of struvite, it could be shown that the morphology of the crystals
was influenced by the initial concentration of Mg in solution, with increasing Mg con-
centrations leading to more frequent orthorhombic shape and biger size of the crystals.
Ca ions also showed a significant impact on size, shape and purity of the product re-
covered (Le Corre et al., 2005), which is of importance specifically in our trials where
the soils contained different concentrations of Ca as well as other metals. The Mg con-
tents led to Ca : Mg ratios of 2.6 : 1 for M1 soil, 6.4 : 1 for M2 soil and 20 : 1 for C soil.
It has been shown by Le Corre et al. (2005) that increasing Ca concentration reduced
the crystal size and also inhibited struvite formation at high Ca loads. In these labora-
tory based investigations, it has been found that Ca : Mg ratios of less than 1 inhibited
struvite formation and favored formation of amorphous calcium phosphate instead. The
high Ca : Mg ratios up to 20 : 1 and the fact that struvite was formed nevertheless in-
dicate that in soil, biomineralization of struvite is influenced by other parameters, most
likely depending on the bacterial activities in our inoculated samples.

In one instance, manganese incorporation or adsorption to struvite could be shown.
The same effect has been published for metal addition to stored urine which resulted
in co-precipitation of Cd, Cu and Pb with switzerite, while Co, Cr and Ni as well as As
were not incorporated (Ronteltap et al., 2007).

Urease activity was detected both intracellularly and exctreted. Since the presence
of urea is unlikely in soil without addition of manure, the induction of enzyme expres-
sion is likely dependent on other inducers not yet known. In accordance to struvite
biomineralization having been suggested to be linked to the release of ammonium from
organic matter by decomposition of organic material through microbial urease activity
(Rivadeneyra et al., 1999), urease activity could be shown to be correlated to organic
C, total N and cation exchange capacity. In addition, clay showed a weak positive cor-
relation, while with sand, a negative correlation has been observed. No correlation was
shown for pH, silt or CaCOg presence (Zantua et al., 1977). We could show that urease
is also expressed in minimal medium, indicating a broader spectrum of inducers for the
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enzyme and potentially wider substrate spectra linked to a possible role for biomineral-
ization in natural soils.

We also could detect switzerite, a Mn-Fe phosphate (Fanfani and Zanazzi, 1979;
Yakubovich et al., 2003), which in our case contained only Mn despite the presence
of Fe in the media. Switzerite had been reported to be formed in the presence of the
Gram-negative bacterium Shewanella oneidensis MR-1 under Fe(lll)-reducing condi-
tions, but with unknown genesis (Reardon et al., 2010). Here, we found several Gram-
positive streptomycetes to be able to biomineralize switzerite. The role of the bacteria
in formation of the mineral is evident from the finding that in all our assays, minerals
were never formed on non-inoculated media or at larger distances from the colonies.

The green radial aggregates on TSB media spiked with NiSO, were identified as
hydrated nickel hydrogen phosphate with the chemical formula Ni(H,O)sHPO, - H,O.
The crystal structure of hexa-aqua-nickel(ll) hydrogen phosphate monohydrate was
published by Wang et al. (2005) after addition of Ni(CIO,), - H,O to an aqueous solution
of o-phospho-L-serine. However no biomineralization had been reported so far.

In this study, we have used sub-natural to natural conditions rather than soil ex-
tract to detect biominerals. It seems noteworthy that all three biominerals, all new at
least for the genus Streptomyces which is dominant in our metal contaminated soil
(Schitze and Kothe, 2012), were phosphates. In case of struvite precipitation, an ex-
ternal storage of P may be coupled to metal detoxification. Struvite has a very low
solubility in water of about 160 mg L' at 25°C (Bhuiyan et al., 2007; Ohlinger et al.,
1998; Kim et al., 2007). Since struvite is well soluble in an acidic environment (Hutnik
et al., 2011) and streptomcetes are able to excrete acidic secondary metabolites (Bibb,
2005), they easily can (re)solubilize struvite, which is faster than for other phosphate
minerals (Roncal-Herrero and Oelkers, 2011).

This study first showed biomineralization directly in soil and could show that strepto-
mycetes are able to mineralize struvite independent of their metal resistance, whereas
only heavy metal resistant streptomycetes have been involved in formation of switzerite
and nickel hydrogen phosphate. Switzerite precipitation is first reported for the genus
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Streptomyces. For mechanisms of biomineralization, in case of struvite, the excretion
of secondary metabolites, pH changes induced and urease activity can be proposed as
a mechanism with the potential benefit of remobilization and use of P, N and Mg. These
findings may help to interpret the role of Streptomyces induced biomineralization and
offer an explanation for biomineral formation in soil.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/10/2345/2013/
bgd-10-2345-2013-supplement.pdf.
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Table 1. Growth and biomineralization under artificial conditions. The strains were grown on

plates containing 1 mM of the indicated heavy metal for 56 days (n = 3).

control AICI, CuSO, MnCl, NiSO, ZnSO,

genus strain TSB AM TSB AM TSB AM TSB AM TSB AM TSB AM
S. lividans TK23 1 0 1 n.g.” 1 n.g. 1 ng. ng. ng. ng. ng.
S. acidiscabies E13 1 0 1 n.g. 1 n.g. 1 2 ng. ng. ng. ng.
S. chromofuscus  P10A-4 1 0 1 n.g. 1 n.g. 1 2 3 0 ng ng

P4B-1 1 0 1 n.g. 1 n.g. 1 0 0 0 0 0
S. mirabilis K7A-1 1 0 1 n.g. 1 n.g. 1 2 3 0 ng O

P10A-3 1 0 1 n.g. 1 n.g. 1 0 3 0 n.g. 0

P16B-1 1 0 1 0 1 n.g. 1 0 3 0 0 0
S. naganishii P9A-1 1 0 1 n.g. 1 n.g. 1 2 3 0 0 0
S. prunicolor P6A-1 1 0 1 n.g. 1 n.g. 1 0 3 0 0 0

Biominerals: 1, struvite; 2, switzerite; 3, nickel hydrogen phosphate; 0, no crytsals.

* n.g., no growth.
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Table 2. Appearance of struvite crystal on TSB spiked with 1 mM metal salt.

genus strain AICI, CuSO,
S. lividans TK23 radial aggregates of acicular no defined shape
crystals
S. acidiscabies E13 acicular; grains, no defined shape
partly acicular
S. chromofuscus P10A-4 close to colony: aggregates of no defined shape
grains; farther apart: radial
aggregates of acicular crystals
P4B-1 acicular; near colonies: parallel acicular, size negative correlated
intergrowth of subhedral crystals with distance to colony
M2A-1  radial aggregates of acicular no defined shape
crystals; platy crystals with
wedge-like outline; grains; acicular
S. mirabilis P10A-3 at distance: radial aggregates at distance: radial aggregates
of acicular crystals of acicular crystals;
aggregates of grains
P16B-1 acicular; parallel intergrowth acicular; aggregates of grains
of subhedral crystals
S. naganishii P9A-1 acicular; grains radial aggregates of acicular
crystals; acicular, grains; parallel
intergrowth of subhedral crystals
S. prunicolor PBA-1 no defined shape parallel intergrowth of subhedral

crystals
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Table 4. Growth and biomineralization under sub-natural conditions on soil agar (SA from M2, o o Sl aiE
M1) after 56 days (n = 3). e
7
M1 M2 &
genus strain TSB AM Con TSB AM Con = _
a® b a b a b a b c¢c a b c a b c Ny
S. lividans TK23 1 1 0 0 0 0O 0 0 0 O 0 ng. 0 O 0 ® ! !
S. acidiscabies E13 1 0 0 ng ng ng O O O ng ng ng 0 ng nag a
S. chromofuscus P10A-4 1 0 ng. 0 ng. 0 O O O O ng. O O O 0 — ! !
P4B-1 1 0O0ng O ng O OOO O ng. O O O 0
S. mirabilis K7A1 1 1 ng O ng 0O 00O O O 0 0 O O o - -
P10A-3 1 1 ng. 0 ng O O O O O 0 0 0 O 0 o
P16B-1 1 1 n.g. 0 n.g. 0O O 0 O 0 0 0 0 O 0 5
S. naganishii P9A-1 1 1 0 0 0 0O 0 0 0 O 0 0O 0 O 0 @, ! !
S. prunicolor P6A-1 1 1 0 0 0 0O 0 0 0 o 0O ng 0 O 0 8
S. tendae F4 0 1t 0 ngo 0 ng 0O OO O ng ng O ng nag g ! !
* soil dilution: a, 1:1; b, 1:5; ¢, 1:10. 8 ! !
n.g.: no growth after 56 days.
1: struvite formation; 0, no crytsals. — _
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Table 5. Growth and biomineralization under natural conditions directly in soil with (M2, M1) or
without metal contamination (C). The soil was nutrient enriched with either complex (TSB) or
minimal (AM) medium, or left unamended with the respective amount of water added (n = 3).

genus strain C M1 M2
TSB AM Con TSB AM Con TSB AM Con
S. lividans TK23 2 0 0 1 ng.” ng. 0 n.g. n.ag.
S. acidiscabies E13 0 0 0 0 n.g. n.g. 0 n.g. 0
S. chromofuscus P10A-4 0 0 0 1 n.g. n.g. 0 n.g. 0
P4B-1 0 0 0 0 n.g. n.g. 0 0 0
S.mirabilis K7A-1 2 0 0 1 n.g. 1 0 n.g. 0
P10A-3 1 0 0 0 n.g. 0 0 n.g. 0
P16B-1 1 0 0 1 0 0 0 n.g. 0
S. naganishii P9A-1 0 0 0 1 n.g. n.g. 0 0 0
S.prunicolor P6A-1 0 0 0 1 n.g. 0 0 ng ng

Biominerals: 1: struvite; 2, switzerite; 3, nickel hydrogen phosphate; 0, no crystals.

* n.g., no growth.
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Table 6. pH shift and ammonification in liquid AM (starting pH of 6) and TSB (starting pH of 7)

after 7 days of growth.

genus strain TSB AM
pH shift NH, pH shift NH,

S. lividans TK23 0.2 - 1.4 -
S. acidiscabies E13 n.d. - -0.5 -
S. chromofuscus P10A-4 2.7 + 0.8 -
S. mirabilis P16A-1 0.1 - -0.01 -

P10A-3 2.7 + 0.7 -

P16B-1 2.2 + 0.5 -
S. naganishii P9A-1 2.5 + -1.3 -
S. prunicolor P6A-1 0.3 + 0.2 -
S. tendae F4 n.d. - 0.2 -

Ammonification: +: positive reaction; —: no reaction; no entry, ambiguous results.

pH shift: +: positive shift; —: negative shift; n.d.: not determined.
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Table A1. Available metals [ugg™" soil] of mobile (F1) and specifically adsorbed fraction (F2)
from control soil (C) and heavy metal contaminated soils M1 and M2 measured by ESI ICP-MS,

respectively ESI ICP-OES, (n=3).

M1 FA M1 F2 CF1 CF2 M2 FA M2 F2

Al 20.2+0.2 0.9+0.07 3.02+0.07 31+9 1.8+£0.07 142+04
As u.r. u.r. 0.4+0.07 0.5+0.07 u.r. u.r.

B u.r. u.r. 53+0.2 24+0A1 u.r. u.r.

Ba 19.5+0.005 1.6+0.04 134.1 £0.02 66.8 +£0.03 113+2 71.1+0.4
Ca 348z%5 13.9+0.3 7011 +25 5067 +4 2033+ 22 399+3
Cd 0.04 +0.00002 u.r. 0.02 +0.005 0.2+0.03 0.3+0.007 1.4+£0.007
Co 2.4+0.001 0.1 £0.007 0.1 £0.005 0.3+0.01 2.9+0.02 3.02 +0.001
Cr 0.03+0.005 0.02 +0.0003 0.1 +£0.01 0.3+0.0001 0.02+0.007 0.09+0.01
Cu 0.6+0.02 0.3+0.04 1.1+£0.002 0.8 +£0.004 8.1 £0.05 70.7+0
Fe 30+0.01 1.6+0.1 42+0.1 51+0.2 u.r. 1.6 £0.002
K 64+5 u.r. 154+ 2 u.r. 56+10 u.r.

Li 0.08 +£0.01 0.1+0.01 0.2+0.02 0.1+0.001 0.1 £0.01 0.2+0.007
Mg 131x0.7 6.8 +£0.002 98.9 +0.002 490+4 347 +£2 32.1+£0.2
Mn 92.4+0.2 4.3+0.07 68.3+0.2 161.3+0.7 220 +1 99.7+0.3
Na 4.9+0A1 u.r. 6.8+0.1 u.r. 22.9+0.05 u.r.

Ni 1.8+0.05 0.2+0.04 0.2+0.01 0.3+0.04 2.6 +0.07 3.5+0.1
P u.r. u.r. 16+2 u.r. u.r. u.r.

Pb 0.1 +0.0005 0.2+0.007 0.004 +0.0002 0.9+0.03 u.r. 0.5+ 0.007
S 105 u.r. 75+5 23.5+0.1 3277 151.6+0.3
Si 14.7+0.5 12+1 57+2 138+ 11 47 £1 46.1 £0.1
Sr 1.4+0.01 0.09 £ 0.0007 47 1 20.1+0.2 15.2+0.2 4.5+0.002
Ti u.r. u.r. u.r. u.r. u.r. u.r.

\'% u.r. u.r. 0.2+0.02 0.2+0.02 u.r. 0.04 £ 0.01
Zn 0.9+0.07 u.r. u.r. 3.3+0.2 10.05+£0.07 28.3+0.3
Sc u.r u.r. u.r. 0.1+0.02 u.r. 0.08+£0.02
Y 0.7+£0.02 0.3+0.01 0.03 +£0.002 0.09+0.0007 0.02+0.001 05+0

" u.r.: under range
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Table A1. Continued.

M1 F1 M1 F2 CF1 CF2 M2 F1 M2 F2
Cs u.r u.r. u.r. u.r. 0.04 £0.007 u.r.
La 0.3+0.005 0.08 +0.003 0.02 £ 0.0007 0.06 £0.007  0.005+0.00002 0.04 +0.0007
Ce 1.5+0.01 0.5+0.007 0.03+0.002 0.1+0.01 0.005 +0.001 0.09 +0.003
Pr  0.1+0.002 0.05+£0.003 0.005+0.0002 0.02+0.002 u.r. 0.02 +0.001
Nd 0.5+0.01 0.2+0.003 0.02 £ 0.005 0.08 £ 0.004 0.005 +0.0007 0.1+0.007
Sm 0.1+£0.002 0.09 + 0.007 u.r. 0.02 +0.004 u.r. 0.05+0.007
Eu 0.03+0.00007 0.02+0.002 0.001+0.0005 0.004+0.002 u.r. 0.02 +£0.003
Tb  0.02+0.0001 0.01 £0.0007 u.r. 0.004 +0.001 u.r. 0.01+0
Gd 0.1+0.005 0.1+0.007 0.005 +0.001 0.03+0.004  0.003 +0.00007 0.1+0.004
Dy 0.1+0.005 0.07 £0.0003 0.006+£0.0005 0.02+0.002 0.002 +0.0002 0.06 +0.001
Ho 0.02+0.001 0.01 £0.0007 0.001+0.0001 0.004 +0.0004 u.r. 0.02 +0.00003
Er  0.05+0.001 0.03+0.0004 0.004+0.0007 0.01+0.003 u.r. 0.04 £0.002
Tm 0.006 +£0.0002 0.004 +0.0003 u.r. u.r. u.r. 0.004 +0.0007
Yb 0.03+0.002 0.02+0.00004 0.003+0.0007 0.008 +0.002 u.r. 0.02 +0.001
Lu 0.005+0.0005 0.003+0.0002 u.r. u.r. u.r. 0.004 +0.0004
Th ur u.r. u.r. 0.009 + 0.001 u.r. u.r.
U 0.06 +£0.002 0.7 £0.007 0.02 +0.001 0.04 +0.002 0.2+ 0.001 171+£0.9

* u.r.: under range
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Fig. 1. Crystals mineralized in the presence of streptomycetes: assymmetric macroscopic
structures of struvite (A—F) near colonies of S. mirabilis P16A-1 (A—C) and S. acidiscabies E13
(E-F); encrusted mycelium of S. acidiscabies E13 (G), nickel hydrogen phosphate (hydrated)
of S. chromofuscus P10A-4 (H); switzerite crystals of S. acidiscabies E13 (I-J).
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Fig. 2. Available metals and micronutrients [ug g’1 soil] of mobile fraction (F1) and specifically
adsorbed fraction (F2) from control soil (C) and heavy metal contaminated soils M1 and M2.
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Fig. 3. Struvite crystals on the colony surface of S. mirabilis P16B-1: back scatter image (A);
corresponding element mapping (B): blue, Mg; red, P; yellow, Mn; derived colour, elements

corresponding to respective fast colours.
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Fig. 4. Indicator plates display pH gradient due to bacterial inoculation after 7 days of growth:
S. lividans TK23 on AM medium containing bromothymol blue (A), neutral pH: green, acidic
pH: yellow; S. naganishii PO9A-1 on TSB medium containing methyl red (B), neutral pH: yellow,

basic pH: orange.
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