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Abstract. Biomineralization by heavy metal-resistant strep-
tomycetes was tested to evaluate the potential influence
on metal mobilities in soil. Thus, we designed an exper-
iment adopting conditions from classical laboratory meth-
ods 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 miner-
als (MgNH4PO4

� 6H2O) on tryptic soy broth (TSB)-media
supplemented with AlCl3, MnCl2 and CuSO4, 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 without addition of media compo-
nents. In contrast, switzerite (Mn3(PO4)2

� 7H2O) was exclu-
sively formed on minimal media spiked with MnCl2 by four
heavy metal-resistant strains, and on nutrient-enriched con-
trol soil by one strain. Hydrated nickel hydrogen phosphate
was only crystallized on complex media supplemented with
NiSO4 by most strains. Thus, mineralization is a dominant
property of streptomycetes, with different processes likely
to occur under laboratory conditions and sub-natural to nat-
ural conditions. This new understanding might have impli-
cations for our understanding of biological metal resistance
mechanisms. We assume that biogeochemical cycles, nutri-

ent storage and metal resistance might be affected by forma-
tion and re-solubilization of minerals like struvite in soil at
microscale.

1 Introduction

Biomineralization can be seen as the formation of crystals
intracellularly or in the extracellular matrix of organisms
(Lowenstam, 1981; Lowenstein and Weiner, 1989; Mann,
1983; Adele, 1998). A more detailed definition implies that
biomineral deposition requires, or is associated to, a living
organism (Veis, 2003). Two mechanisms are described ac-
cording to the contribution of the involved organisms (Kon-
hauser and Riding, 2012), namely biologically induced, pas-
sive and microbially controlled, and 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 environment need to be
taken into account to understand the physico-chemical pro-
cesses at or near the earth’s surface, coupling biosphere and
geosphere evolution (Cappellen, 2003; Schütze and Kothe,
2012).

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Almost all groups of minerals, including carbonates, phos-
phates, sulfates and sulfides, arsenates, silica, chlorides, fluo-
rides, oxides, hydroxides and Fe-Mn-oxides are known to be
produced by biomineralization (Skinner, 2005). Phosphates
are the main class beside iron oxides and represent about
25 % of the biogenic minerals usually formed in a biologi-
cally controlled fashion. Exceptions are struvite and brushite,
which are known to be formed biologically induced (Kon-
hauser and Riding, 2012; Weiner and Dove, 2003). Struvite
is a well-known (bio)mineral occurring in human urinary
sediments and as kidney stones with a nominal composi-
tion MgNH4PO4

� 6H2O (Le Corre et al., 2007a; Stefov et al.,
2005; Lee et al., 2003). It shows a high potential for indus-
trial 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 slight in water (0.2 g L−1 in water), although it
is known to be entirely citrate-soluble (Hesse et al., 1989).

The influence of microorganisms on struvite mineraliza-
tion 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 wa-
ter were able to produce struvite, including strains of the
generaAcinetobacter, Arthrobacter, Bacillus, Corynebac-
terium, Kurthia, Staphylococcus, Desulfovibrio, Listeria,
Proteus, Yersinia, Escherichia(and other members of the
family of Enterobacteriaceae),Ureaplasma, Aeromonas, Al-
caligenes, Micrococcus,Murraya, Plesiomonas, Myxococcus
andBrucella. Struvite biomineralization is suggested to be
linked to the release of ammonium from organic matter, ei-
ther by decomposition of organic material or by urea hy-
drolysis through microbial urease activity (Rivadeneyra et
al., 1999). Other processes have been postulated, because
urease-negative bacteria have also been shown to be capa-
ble of struvite mineralization. Additionally, some urease-
positive strains did not induce crystallization of struvite, even
though high concentrations of ammonia were produced (Ri-
vadeneyra et al., 1999, 1990).

An important biogeochemical factor influencing struvite
formation is pH, with struvite formation between pH 5 and
9.5, increasing above pH 8.8 (Doyle et al., 2000; Pérez-
Garćıa et al., 1989; Prywer and Torzewska, 2009; Da Silva
et al., 2000). In a pilot-scale reactor experiment, small vari-
ations of pH, concentration of Mg or Ca, and the retention
time had a significant impact on struvite crystal character-
istics and/or production (Le Corre et al., 2007b). CO2 de-
gassing 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 me-
dia), has been reported to be formed by heavy metal-resistant
Streptomyces acidiscabiesE13 (Haferburg et al., 2008). This
phase has a nominal composition (NH4)Ni(PO4)

� 6H2O and

had prior to this study been known only from technical pro-
duction.

Although intracellular binding of nickel to polyphosphate
bodies is reported forStaphylococcus aureus(Gonzalez and
Jensen, 1998), no further biomineralization of nickel phos-
phates is described in the literature. However, microbially en-
hanced chemisorption of heavy metals into pre-existing min-
erals has been reported for Ni (Basnakova et al., 1998).

In comparison to uncontaminated soils, heavy metal-
contaminated soils show evidence for prevalence of Gram-
positives (Scḧutze and Kothe, 2012). Thus, streptomycetes
were investigated to study biomineralization in soils to un-
derstand the processes involved, as well as the ecological rel-
evance 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 deter-
mine calcite biomineralization in vitro (Ṕarraga 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 WIS-
MUT, Ronneburg, Germany, were used for biomineralization
experiments on heavy metal-supplemented media, soil agar
and directly in soil from different sampling sites.

S. chromofuscusP10A-4,S. mirabilisP10A-3,S. mirabilis
K7A-1, S. prunicolor P6A-1, S. naganishii P9A-1, S.
mirabilis P16B-1,S. chromofuscusP4B-1, S. acidiscabies
E13 and heavy metal-sensitive control strainS. lividans
TK23 were cultured on agar plates containing oatmeal media
(20 g oatmeal, 2 g glucose, 1.8 % agar) for spore production.
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 deter-
mined 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
were inoculated and incubated 7 days at 28◦C. Culture aera-
tion started 48 h after inoculation by shaking at 160 rpm. The
mycelium was harvested (4000 rpm, 4◦C, 30 min, Megafuge
1.OR 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), contaminated 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 WISMUT, Ronneb-
urg, Germany, from our test field (M1) area and sam-
ple site K7 (M2) from the bank of the creek Gessenbach
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(Schmidt et al., 2005). Control soil was taken from a central
park, “Paradies” (C), Jena, Germany (GPS 44709773, GK
5642870). All soil was dried at 30◦C and sieved to a maxi-
mum grain size of 2 mm.

For the determination of water holding capacity (WHC),
100 g of soil was 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 assess the bioavailable fractions of mo-
bile (F1) and specifically adsorbed (F2) metals (Zeien and
Brümmer, 1989) using ICP-MS/ICP-OES (XSeries II, Ther-
moFisher Scientific, 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 µm. From each
sample, 20 mg were transferred into tin capsules and mixed
with tungsten trioxide. Analysis was performed using Vari-
oEL (version F, ElementarAnalysesysteme GmbH) with sul-
fanilic acid (5 mg, without WO3, C 41.61 %, N 8.09 %, H
4.07 %, S 18.51 %, O 27.71 %) and T100 (beech tree leaves:
28.5 mg, with WO3, 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 arti-
ficial, sub-natural and natural conditions on metal supple-
mented 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 NiSO4, 1 mM
CuSO4, 20 mM MnCl2, 1 mM AlCl3 and 20 mM ZnSO4,
mimicking the natural conditions at the metal contaminated
test site. Petri dishes were inoculated in duplicates with 5
droplets of 3 µL spore suspension per strain. As a control,
dead biomass was used in addition to plates not inoculated.
All treatments were performed in triplicates.

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 fi-
nal 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 µL 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 anal-
yses were acquired with a scanning electron microscopes
(SEM)LEO-1450 VP/ Oxford-Link Isis or Zeiss Ultra Plus
with a built-in energy-dispersive X-ray spectrometer. The ac-

celeration voltage was 20 kV and the observations were done
on air-dried cultures after carbon coating. Electron micro-
probe analyses (EMPA) were done with a Cameca SX50 in-
strument with an acceleration voltage of 20 kV and beam cur-
rent of 20 nA. The cultures were dried at 80◦C, fixed on glass
slides by self-adhesive labels, coated with carbon and ana-
lyzed. Crystal structure of the biominerals was investigated
with an X-ray diffractometer Bruker AXS D8 Advance, em-
ploying Cu Ka radiation. The samples were powdered and
smeared onto a zero-background silicon sample holder and
scanned in the angular range of 5–80◦ 2θ , step size of 0.01◦

2θ and dwell time of 2 s.

2.4 Microbial processes influencing geochemical
parameters

Ammonification (colorimetrically using universal indicator:
Unitest) and pH changes of the media (via pH probe (no-
Lab pH 720, WTW)) were verified in liquid cultures after
10 days of growth at 28◦C and 160 rpm or on indicator plates
containing 0.05 g bromothymol blue or 0.025 g methyl red
per liter of media. Urease production was measured (Bioas-
say Systems) for extracellular (supernatant) and intracellular
(crude extract of mycelium ground in liquid nitrogen, dis-
solved in sodium phosphate buffer 50 mM, pH 7.8, centrifu-
gation 11 000 rpm, 4◦C, 20 min, Hettich) activity in AM me-
dia to mimic nutrient-poor conditions.

3 Results

3.1 Growth and crystal production under artificial
conditions

All tested strains were able to grow on rich TSB and de-
pleted mineral AM media. Addition of metal salts to AM
medium suppressed growth of the sensitive control strainS.
lividans TK23, but also some of the heavy metal-resistant
isolates (Table 1). TSB supported growth with metal addi-
tion, even with the metal-sensitive strain, in three of the five
metals tested: Cu, Al and Mn. At least one metal at the con-
centration was tolerated in AM by each of the metal-resistant
isolates, and with growth on AM with up to 4 of the 5 metals
tested being observed with multi-metal resistantS. mirabilis
P16B-1. For heavy metal-supplemented plates, three differ-
ent 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 contain-
ing TSB by 6 of the metal resistant isolates; and switzerite
(Mn3(PO4)2

� 7H2O) was found on AM plates containing Mn
for 4 strains (Fig. 1).

The morphology of struvite was variable (Fig. 1a–f; Ta-
ble 2) for different strains; biomineralization occurred not
only on the colony surface, but also in the media close to
the colony. The most common habitus of struvite is acicular,
but the products also included radial aggregates of acicular

www.biogeosciences.net/10/3605/2013/ Biogeosciences, 10, 3605–3614, 2013
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Table 1.Growth and biomineralization under artificial conditions. The strains were grown on plates containing the indicated heavy metal for
56 days (n = 3).

control AlCl3 CuSO4 MnCl2 NiSO4 ZnSO4
[1 mM] [1 mM] [20 mM] [30 mM] [20 mM]

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 n.g. n.g. n.g. n.g. n.g.
S. acidiscabies E13 1 0 1 n.g. 1 n.g. 1 2 n.g. n.g. n.g. n.g.
S. chromofuscus P10A-4 1 0 1 n.g. 1 n.g. 1 2 3 0 n.g. n.g.

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 n.g. 0

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

Fig. 1. Crystals mineralized in the presence of streptomycetes: asymmetric macroscopic structures of struvite(A–F) near colonies ofS.
mirabilis P16A-1 (A–C) andS. acidiscabiesE13 (D–F); encrusted mycelium ofS. acidiscabiesE13 (G), nickel hydrogen phosphate (hy-
drated) ofS. chromofuscusP10A-4(H); switzerite crystals ofS. acidiscabiesE13(I–J); bars, 0.5 mm.

crystals, platy crystals with a wedge-like outline, parallel in-
tergrowths of subhedral crystals, or fine-grained aggregates
(Table 2). Switzerite occurred as fine-grained aggregates de-
void 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 directly, with-
out the addition of agar, but instead adding nutrient solution

to allow for better growth of the streptomycetes inoculated in
the soil.

The soils used for these experiments were the non-
contaminated control (C), contaminated 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 de-
tection limit in all soils for both mobile and specifically ad-
sorbed fractions, while potassium and sodium were below
detection limit in the specifically adsorbed fractions with

Biogeosciences, 10, 3605–3614, 2013 www.biogeosciences.net/10/3605/2013/
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Table 2.Appearance of struvite crystal on TSB spiked with 1 mM metal salt.

genus strain AlCl3 CuSO4

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 with distance to colony
crystals

K7A-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 of at distance: radial aggregates of
acicular crystals, acicular crystals; aggregates of

grains
P16B-1 acicular; parallel intergrowth of acicular; aggregates of grains

subhedral crystals
S. naganishii P9A-1 acicular; grains radial aggregates of acicular

crystals; acicular grains; parallel
intergrowth of subhedral crystals

S. prunicolor P6A-1 no defined shape parallel intergrowth of subhedral
crystals

Table 3.CNS analysis of soil samples from contaminated site (M2,
M1) and control site (C).

C M1 M2

Ctotal[%] 8.55± 0.18 0.19± 0.03 4.05± 0.005
N [%] 0.58± 0.01 0.03± 0.00003 0.26± 0.007
S [%] 0.18± 0.004 n.d.∗ 0.17± 0.008

∗ not detectable

different contents in the mobile fractions (see supplemen-
tary Table S1). Magnesium was present at elevated levels in
C and M2 with more than 600 µg g−1, while approximately
150 µg 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 µg Ca g−1 soil, 137 µg Mg g−1 soil) and highest in C soil
(F1+ F2: 12078 µg Ca g−1, 589 µg Mg g−1 soil). As for the
heavy metal load, M2 soil clearly showed the highest concen-
trations with additional contamination of Cd (0.292 µg g−1

mobile), Co (2.391 µg g−1 mobile), and U (0.152 µg g−1 mo-
bile and 171µg g−1 specifically absorbed), while Fe, as well
as Al, was highest in C.

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 included. On all C
soil agar plates, all strains grew, albeit without crystals be-
ing observed. On M1 and M2, formation of struvite was ob-
served 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 byS. mirabilis
P16B-1 on M2 soil by element mapping (Fig. 3b). This indi-
cates that other metals can either be incorporated or sorbed to
the surface of struvite. In comparison to the laboratory plate
assays (MSM), the availability of Ni or Mn did not lead to
switzerite or nickel hydrogen phosphate formation.

3.4 Growth and production of crystals under natural
conditions

To mimic natural conditions most similar to the original envi-
ronment, soil was used for microcosms with and without ad-
dition of media components imitating fertilized soils. Again,
all strains were able to grow on C soil with or without media

www.biogeosciences.net/10/3605/2013/ Biogeosciences, 10, 3605–3614, 2013
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Table 4.Growth and biomineralization under sub-natural conditions on soil agar (SA from M2, M1) after 56 days (n = 3).

M1 M2
genus strain TSB AM Con TSB AM Con

a∗ b a b a b a b c a b c a b c

S. lividans TK23 1 1 0 0 0 0 0 0 0 0 0 n.g. 0 0 0
S. acidiscabies E13 1 0 0 n.g. n.g. n.g. 0 0 0 n.g. n.g. n.g. 0 n.g. n.g.
S. chromofuscus P10A-4 1 0 n.g. 0 n.g. 0 0 0 0 0 n.g. 0 0 0 0

P4B-1 1 0 n.g. 0 n.g. 0 0 0 0 0 n.g. 0 0 0 0
S. mirabilis K7A-1 1 1 n.g. 0 n.g. 0 0 0 0 0 0 0 0 0 0

P10A-3 1 1 n.g. 0 n.g. 0 0 0 0 0 0 0 0 0 0
P16B-1 1 1 n.g. 0 n.g. 0 0 0 0 0 0 0 0 0 0

S. naganishii P9A-1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
S. prunicolor P6A-1 1 1 0 0 0 0 0 0 0 0 0 n.g. 0 0 0
S. tendae F4 0 1 0 n.g. 0 n.g. 0 0 0 0 n.g. n.g. 0 n.g. n.g.

∗ soil dilution: a,1 : 1; b, 1 : 5; c, 1 : 10
n.g.: no growth after 56 days
1: struvite formation; 0: no crytsals

Fig. 2. Available metals and micronutrients [µg g−1 soil] of mobile
fraction (F1) and specifically adsorbed fraction (F2) from control
soil (C) and heavy metal-contaminated soils M1 and M2

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 nutri-
tion to growth. Surprisingly, the heavy metal-resistant strains

Table 5.Growth and biomineralization under natural conditions di-
rectly in nutrient enriched soil with (M1) or without metal contam-
ination (C); (n = 3).

genus strain C M1

S. lividans TK23 2 1
S. acidiscabies E13 0 0

S. chromofuscus
P10A-4 0 1
P4B-1 0 0

S.mirabilis
K7A-1 2 1
P10A-3 1 0
P16B-1 1 1

S. naganishii P9A-1 0 1
S. prunicolor P6A-1 0 1

biominerals: 1: struvite; 2: switzerite; 0: no crystals

grew better on M2 soil without addition of any media com-
ponents than on media-supplemented soil, which might in-
dicate that the addition of mineral nutrient elements might
lead to salt stress in the highly contaminated soil. Struvite
and switzerite (Fig. 1i–j) were obtained from some of these
nutrient-enriched soil microcosms (Table 5) on soil amended
with complex TSB medium. No crystal formation was ob-
served if minimal medium had been added, and only in one
case with water added to the contaminated soil, was struvite
mineralization found (S. mirabilisK7A-1).

3.5 Investigation of potential mechanisms for
biomineralization

To determine factors involved in biologically induced min-
eral formation, pH changes, ammonification and urease ac-
tivity were tested. The sensitivity of biomineralization to
pH allows for bacterial control of biomineralization due to
ammonification, a process provided by urease activity. The

Biogeosciences, 10, 3605–3614, 2013 www.biogeosciences.net/10/3605/2013/
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Fig. 3.Struvite crystals on the colony surface ofS. mirabilisP16B-1: back scatter image(A); corresponding element mapping(B): blue, Mg;
red, P; yellow, Mn; derived color, elements corresponding to respective fast colors.

shift of pH varied, with both positive and negative shifts in
a wide range. On TSB media however, changes to alkaline
conditions occurring could be detected. Ammonification for
at least two pH units were observed withS. chromofuscus
P10A-4,S. mirabilisP10A-3 and P16B-1 (but not with the
third strain of this species, P16A-1) and withS. naganishii
P9A-1. Acidification was found to be associated with growth
on AM. Using indicator plates, diffusion of the acids pro-
duced on AM could be shown, which leads to a diffusion
gradient in physico-chemical conditions linked to the bac-
terial 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 excreted metabolites. Ammonification could be revealed
in liquid TSB medium for the tested strains, while liquid AM
medium did not allow for ammonium formation. Hence, ure-
ase excretion was tested with AM grown cells. As a control,
intracellular urease levels were also determined. Both intra-
cellular and extracellular urease activity was shown for all
tested strains (Fig. 5).

4 Discussion

Bacteria can contribute actively to geological processes in
biogeochemical cycling, metal mobility, mineral transfor-
mation, decomposition, bioweathering, and soil and sedi-
ment formation (Gadd, 2010; Cappellen, 2003). With re-
spect to heavy metal-containing soils, resistance is a pre-
requisite for survival and contribution to biogeochemical
processes. The strainsS. chromofuscusP10A-4 and P4B-
1, S. mirabilis K7A-1, P10A-3 and P16B-1,S. naganishii
P9A-1 andS. prunicolorP6A-1 were previously tested for
their metal resistance on minimal media containing differ-

ent concentration of NiCl2, NiSO4, AlCl3, CdCl2, CoCl2,
CuSO4 and ZnSO4 (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 undetected streptomycete biominer-
als, namely switzerite and nickel hydrogen phosphate could
be produced on metal-spiked plates. The formation of an-
other phosphate-containing mineral, Ni-struvite, had been
reported before forS. acidiscabiesE13 (Haferburg et al.,
2008). In that case, however, NiCl2 was used instead of the
sulfate, which might have resulted in conditions favoring the
Ni-struvite precipitation.

The struvite crystals formed differed in macroscopic ap-
pearance, which has been described earlier for struvite
biominerals with shapes from planar, X-shaped (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 im-
pact on resulting crystal shapes (Chen et al., 2010; Prywer
and Torzewska, 2010, 2009). In addition, for the synthetic
production of struvite, it could be shown that the morphol-
ogy of the crystals was influenced by the initial concentration
of Mg in solution, with increasing Mg concentrations lead-
ing to more frequent orthorhombic shapes and bigger size
of the crystals. Ca ions also showed a significant impact on
size, shape and purity of the product recovered (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 contents 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 laboratory-based
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Fig. 4. Indicator plates display pH gradient due to bacterial inoculation after 7 days of growth:S. lividansTK23 on AM medium containing
bromothymol blue(A), neutral pH: green, acidic pH: yellow;S. naganishiiP9A-1 on TSB medium containing methyl red(B), neutral pH:
yellow, basic pH: orange.

Fig. 5. Urease activity [U L−1] in supernatant and specific activity
[U µg−1] in crude extract

investigations, it has been found that Ca/Mg ratios of less
than 1 inhibited struvite formation and favored formation
of amorphous calcium phosphate instead (Le Corre et al.,
2005). The high Ca/Mg ratios up to 20: 1 and the fact that
struvite was formed nevertheless indicate that in soil, biomin-
eralization 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 pub-
lished 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 excreted. Since the presence of urea is unlikely in soil
without the addition of manure, the induction of enzyme ex-
pression is likely dependent on other inducers not yet known.

In accordance to struvite biomineralization having been sug-
gested to be linked to the release of ammonium from organic
matter by decomposition of organic material through micro-
bial 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 correlation, while with sand, a negative correlation
has been observed. No correlation was shown for pH, silt or
CaCO3 presence (Zantua et al., 1977). We could show that
urease is also expressed in minimal medium, indicating a
broader spectrum of inducers for the enzyme and potentially
wider substrate spectra linked to a possible role for biomin-
eralization in natural soils.

We also could detect switzerite, a Mn-Fe phosphate (Fan-
fani 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 bacteriumShewanella onei-
densisMR-1 under Fe(III)-reducing conditions, but with un-
known genesis (Reardon et al., 2010). Here, we found sev-
eral Gram-positive streptomycetes to be able to biomineral-
ize switzerite. The role of the bacteria in formation of the
mineral is evident from the finding that in all our assays, min-
erals were never formed on non-inoculated media or at larger
distances from the colonies.

The green radial aggregates on TSB media spiked with
NiSO4 were identified as hydrated nickel hydrogen phos-
phate with the chemical formula Ni(H2O)6HPO4

� H2O. The
crystal structure of hexa-aqua-nickel(II) hydrogen phosphate
monohydrate was published by Wang et al. (2005) after the
addition of Ni(ClO4)2

� H2O to an aqueous solution of o-
phospho-L-serine. However, no biomineralization has been
reported so far.

In this study, we have used sub-natural to natural condi-
tions rather than soil extract to detect biominerals. It seems
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noteworthy that all three biominerals, all new at least for
the genusStreptomyces(which is dominant in our metal
contaminated soil; (Schütze and Kothe, 2012)), were phos-
phates. In case of struvite precipitation, an external stor-
age of P may be coupled to metal detoxification. Struvite
has a very slight solubility in water of about 160 mg L−1 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 streptomycetes are able to excrete
acidic secondary metabolites (Bibb, 2005), they easily can
(re)solubilize struvite, which is faster than for other phos-
phate minerals (Roncal-Herrero and Oelkers, 2011). Thus,
the bacteria have used nutrients to be able to precipitate met-
als by formation of biominerals which might be associates
with metal resistance.

This study first showed biomineralization directly in soil
and could show that streptomycetes 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 genusStrep-
tomyces. For mechanisms of biomineralization, in case of
struvite, the excretion of secondary metabolites, pH changes-
induced and urease activity can be proposed as a poten-
tial benefit through remobilization and use of P, N and Mg.
These findings may help to interpret the role ofStrepto-
myces-induced biomineralization and offer an explanation
for biomineral formation in soil.

Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
3605/2013/bg-10-3605-2013-supplement.pdf.
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