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Abstract To understand the links between the long-term im-
pact of uranium and other metals on microbial community
composition, ground- and surface water-influenced soils vary-
ing greatly in uranium and metal concentrations were investi-
gated at the former uranium-mining district in Ronneburg,
Germany. A soil-based 16S PhyloChip approach revealed
2358 bacterial and 35 archaeal operational taxonomic units
(OTU) within diverse phylogenetic groups with higher OTU
numbers than at other uranium-contaminated sites, e.g., at
Oak Ridge. Iron- and sulfate-reducing bacteria (FeRB and
SRB), which have the potential to attenuate uranium and other
metals by the enzymatic and/or abiotic reduction of metal
ions, were found at all sites. Although soil concentrations of
solid-phase uranium were high, ranging from 5 to 1569 μg·g
(dry weight)soil−1, redundancy analysis (RDA) and forward
selection indicated that neither total nor bio-available uranium

concentrations contributed significantly to the observed OTU
distribution. Instead, microbial community composition ap-
peared to be influenced more by redox potential. Bacterial
communities were also influenced by bio-available manga-
nese and total cobalt and cadmium concentrations. Bio-
available cadmium impacted FeRB distribution while bio-
available manganese and copper as well as solid-phase zinc
concentrations in the soil affected SRB composition. Archaeal
communities were influenced by the bio-available lead as well
as total zinc and cobalt concentrations. These results suggest
that (i) microbial richness was not impacted by heavy metals
and radionuclides and that (ii) redox potential and secondary
metal contaminants had the strongest effect on microbial com-
munity composition, as opposed to uranium, the primary
source of contamination.

Keywords Uraniummining . Heavymetal and radionuclide
contamination .Microbial community composition .

Soil bacteria

Introduction

Mining and processing of uranium for nuclear weapon and
fuel production resulted in the widespread contamination by
uranium and other heavy metals in soils and subsurface sedi-
ments worldwide. Uranium-contaminated sites are often co-
contaminated with heavy metals (Jakubick et al. 1997), sulfate
(Chang et al. 2005; Jakubick et al. 1997) or nitrate and tech-
netium (Michalsen et al. 2006). Metals can be hazardous to
human health, affecting the functionality of several organs as
well as increasing the potential for carcinogenesis due tometal
toxicity (e.g., Craft et al. 2004; Denkhaus and Salnikow 2002;
Miller andMcClain 2007). Consequently, the migration of such
toxic aqueous metal cations to the groundwater and their
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infiltration into adjacent ecosystems is a significant environ-
mental problem. Several microorganisms may contribute to
uranium and metal attenuation by direct and indirect mecha-
nisms, usually via the enzymatic reduction of metal ions into
their insoluble and chemically inert forms (Kostka and Green
2011; Lloyd 2003; Wall and Krumholz 2006). Dissimilatory
iron- and sulfate-reducing bacteria (FeRB and SRB) in partic-
ular are known for these reactions and may further contribute to
metal retention by abiotic reduction via their Fe(II) and sulfide
metabolic products (Fude et al. 1994; Liger et al. 1999).

Less microbial species are present at uranium-
contaminated sites in comparison to pristine soils as deter-
mined by 16S ribosomal RNA (rRNA) gene microarray and
pyrosequencing analyses (e.g., Rastogi et al. 2010; Roesch
et al. 2007), likely as a consequence of the inhibitory to lethal
effects of metals and radionuclides (Bruins et al. 2000). At
uranium-contaminated sites, the numbers of operational taxo-
nomic units (OTU) detected using 16S rRNA genemicroarray
range from 978 to 1715 (Brodie et al. 2006; DeSantis et al.
2007; Rastogi et al. 2010), while uncontaminated soils contain
1917 to about 5400 OTU (Acosta-Martınez et al. 2008;
DeAngelis et al. 2009; Roesch et al. 2007). Gans et al.
(2005) calculated that a metal amendment of cadmium, cop-
per, nickel, and zinc reduces species richness by 99.9%,main-
ly by eliminating rare taxa, while another study shows that a
fourfold increase in low-level uranium concentrations results
in a 22 % decrease in OTU (Rastogi et al. 2010). Indigenous
bacteria in both uranium-contaminated and pristine sites most-
ly belong to the Actinobacteria, Bacteroidetes, Firmicutes,
Proteobacteria, and Acidobacteria phyla, and contamination
does not appear to affect the relative occurrence of species
(e.g., Brodie et al. 2006; DeAngelis et al. 2009; Rastogi
et al. 2010; Roesch et al. 2007). To date, most attention has
been paid to a metal contaminant’s solid-phase concentra-
tions; however, it is the bio-available fraction and not the total
concentration that seems to correlate best with toxicity param-
eters (Vig et al. 2003).

In this study, microbial communities of soils of the former
Ronneburg uranium-mining district (Thuringia, Germany)
contaminated since decades to varying degrees by uranium
were investigated using a 16S rRNA gene microarray ap-
proach that allowed direct comparison to similar investiga-
tions at other contaminated sites. Pyrite oxidation and the
leaching of low-grade black shale by acid mine drainage and
sulfuric acid from 1971 to 1989 resulted in a large-scale con-
tamination by heavy metals and radionuclides (Jakubick et al.
1997). Although the district was remediated by removing the
contaminated top soil, uranium and metal accumulation local-
ly remains, particularly in the former leaching heap area and
towards the drainage system of the catchment area (Carlsson
and Büchel 2005). This study focused on the comparison of
microbial communities inhabiting soils and sediments in this
catchment affected by different levels of contaminated

groundwater and/or surface water. We hypothesize that the
exposure to uranium and other metals over four decades had
a long-term impact on the indigenous microbial community
composition reflected in fundamental changes on DNA basis,
particularly when the metal fractions are analyzed that are
available to microorganisms.

Material and methods

Selection and description of sampling sites

Soil and sediment samples were obtained from six locations in
the former Ronneburg uranium-mining district (Thuringia,
Germany). Of these sites, low metal concentrations were ex-
pected at site I, the Gessenwiese test site (Grawunder et al.
2009), located on the former, remediated leaching heap
(Fig. 1). The dump material and up to 10 m of the underlying
material were removed during remediation (carried out from
1991 to 1995 and 2002 to 2003, respectively), and the base-
ment area was recontoured using allochthonous soil as fill
(Carlsson and Büchel 2005; Grawunder et al. 2009).
Quaternary sediments below the dumped black shales are still
contaminated due to former leachate penetration through
drainage and barrier layers and contaminated groundwater
flow. We focused on two metal contaminated groundwater
affected layers now located in 55- to 75-cm soil depth
(Fig. 1) of a sediment profile near a trench, which has been
studied in more detail earlier (Burkhardt et al. 2009). The
upper layer is characterized as manganese rich (site I layer
V) and the lower as iron rich (site I layer VI/VII). Due to the
remediation activities, site I presented a drastic alteration of
the original soil structure.

The east-west-lying Gessen valley is the hydrological re-
laxation zone of the basement and is located to the north of the
excavated leaching heap and to the northwest of the former
waste rock dump Nordhalde (Geletneky and Fengler 2004).
The Gessen Creek therefore represents the main drainage sys-
tem for leachate as well as upcoming mine and seepage waters
(Carlsson and Büchel 2005).

At the Gessen creek, we studied a catena of five sites in-
cluding the sediment of the Gessen Creek (Fig. 1). We started
with an inbound soil profile at site II located at the heap-
associated site, approximately 4 m in distance orthogonally
to the Gessen Creek bank (Fig. 1). Further, two creek bank
soils located at the heap-associated creek bank (site III) and
the heap-opposite creek bank (site VI) were studied. Previous
studies showed that the soil profile at site III contained two
contaminated upper iron-rich, oxidized horizons (site III BElc
and Btlc) and two lower reduced horizons (site III Br1 and
Br2) reaching to 110 cm in depth that were characterized by
high uranium and metal concentrations (Burkhardt et al. 2010;
Sitte et al. 2010). The creek bank soil of the heap-opposite
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area located on the other site of Gessen Creek (site VI)
showed similar pedological characteristics and served as a
control site for the heap-associated bank soils (site III). In
contrast to site III, soils at site VI should have received
metal contact only by water of the Gessen Creek which
should have resulted in reduced metal load compared to
site III. All groundwater-influenced horizons at both creek
banks (sites III and VI) are temporarily in direct water
exchange because of fluctuating creek water levels or af-
fected indirectly via influence/effluence processes and
capillary rising. Thus, we also studied the creek sediments
(sites IV and V) which are directly impacted by surface
water of the Gessen Creek. The two surface sediment
samples were taken from the heap adjacent (site IV, sed-
iment A) and the heap-averting site (site V, sediment B)
with a distance of about 2 m.

Creek-associated soils (sites II, III, and VI) were all char-
acterized as Luvic Gleysol, and the focus was upon temporar-
ily (Blc, Bl, BElc, Btlc) and permanent reduced (Br1, Br2, Br)
groundwater-influenced horizons but not the topsoil, since the
contamination plume reached only the deeper horizons and
discharge was likely. Geochemical investigations of these six
groundwater- and surface water-affected sites showed a broad
range of metal contamination which could have been affected
the microbial community composition.

Soil and sediment sampling

Soil was sampled with sterilized spatulas into sterile plastic
vials and bags, respectively. Creek sediment was directly
scooped with sterile tubes. Triplicate samples were then com-
bined and homogenized as a composite sample. Sample ali-
quots were stored at 4 °C in the dark for geochemical analyses
or at −20 °C prior to extraction of genomic DNA for
PhyloChip analysis. Samples for geochemistry were air-
dried and sieved for the fraction <2 mm.

Geochemical analysis of soil and sediment samples

Determination of geochemical parameters

Soil pH was determined by the CaCl2 method (Forster 1995)
using a pH meter pH330 (WTW, Weilheim, Germany) with a
micro-electrode (Inlab 423; Mettler-Toledo, Gießen,
Germany). Redox potential was determined by inserting a
redox electrode (PT 4800-M5-S7/80; Mettler-Toledo,
Gießen, Germany) directly into the soil, and values were re-
ported relative to the SHE. For CNS analysis, soil fractions
<2 mm were finely ground to <63 μm with a centrifugal ball
mill (S100, Retsch, Hahn, Germany) for 45 min and analyzed
in a CHNOS elementary analyzer VARIO EL (Elementar
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Fig. 1 Scheme of sampling sites at the former uranium-mining district
Ronneburg with (i) the former leaching heap (quaternary sediment; site I),
where top soil was removed up to 10 m due to remediation, and (ii) three
Luvic Gleysols associated with the Gessen Creek, where the sites II and
III were located at the heap-facing creek bank (sites II and III) and site VI

was on the heap-opposite area as well as (iii) the creek sediments (sites IV
and V). Arrows indicate direction of water flow and exchange.
Additionally, site I is connected to the creek-associated sites by surface
run-off that is transported via the Gessen Creek
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Analysensysteme, Hanau, Germany). Soil organic carbon
content was determined by loss-on-ignition at 500 °C for 5 h
after samples were dried at 105 °C for 24 h. Soil texture was
determined by separation of sand, clay, silt, and gravel using a
laser diffraction particle size analyzer LS 13320 (Beckmann
Coulter GmbH, USA). Granulometry was performed using
the soil mapping manual (Sponagel et al. 2005).

Determination of soil metal concentrations

Finely ground soils (<63μm)were digested with concentrated
hydrofluoric acid, nitric acid, and perchloric acid at 150 to
170 °C in a pressure digestion system (DAS, PicoTrace,
Bovenden, Germany) for total soil metal measurements.
Single elements were measured in the resulting solutions
using inductively coupled plasma-optical emission spectros-
copy (ICP-OES; Spectroflame P FAV05; Spectro Analytical
Instruments, Kleve, Germany) for Fe and Mn and inductively
coupled plasma-mass spectrometry (ICP-MS; X-SeriesII;
Thermo Fisher Scientific, Bremen, Germany) for As, Cd,
Co, Cr, Cu, Ni, U, Zn, and Pb.

Sequential extractions to determine the binding forms of
metals were determined on air-dried and sieved (<2 mm) soil
samples according to Zeien and Brümmer (1989). The
resulting fractions were analyzed with ICP-OES and ICP-
MS as described above. The water-soluble (fraction 1, F1)
and specifically adsorbed (fraction 2, F2) fractions were ana-
lyzed for all soil and sediment samples. Remaining fractions
based on the sequential extraction (bound to manganese ox-
ides [fraction 3, F3], organic material [fraction 4, F4], amor-
phous iron oxides [fraction 5, F5], crystalline iron oxides
[fraction 6, F6] or to the residual fraction, presumably mainly
silicates [fraction 7, F7]) were determined for soil samples of
site III with the highest metal concentrations. Values of the
Btlc horizon at site III were obtained from Burkhardt et al.
(2011a) and for site I from Burkhardt et al. (2009).

Amplification of 16S ribosomal RNA genes

Genomic DNA of soil and creek sediments was isolated in
triplicate using the PowerSoil DNA Isolation Kit (Mo Bio
Laboratories, Carlsbad, CA) and purified DNA from tripli-
cates were combined for each sample. Amplification of 16S
rRNA genes was carried out in triplicate using the universal
bacterial primers fd1 (Weisburg et al. 1991) and 1492R (Eden
et al. 1991) or universal archaeal primers 4Fa (Hershberger
et al. 1996) and 1492R. PCR reactions contained 0.21 μM of
each primer, 1× Premix F (Epicentre Biotechnologies,
Madison, WI), and 5 U μL−1 Taq polymerase (Jena
Bioscience, Jena, Germany). Thermal cycling was performed
using an initial denaturation step for 3 min at 95 °C, followed
by 25 cycles of denaturation at 95 °C for 30 s, annealing at
eight temperatures ranging from 48 to 58 °C for 25 s,

elongation at 72 °C for 2 min, and a final elongation step at
72 °C for 10 min.

Microbial community analysis by 16S rRNA PhyloChip

16S rRNA gene amplicons were identified using a PhyloChip
approach (high-density 16S rRNA microarray) that has been
successfully applied to other uranium-contaminated sedi-
ments and soils (Brodie et al. 2006; Rastogi et al. 2010;
Tokunaga et al. 2008). Within 121 demarcated prokaryotic
families, abundant as well as rare species of 8935 bacterial
and archaeal OTU can be detected with high resolution
(Brodie et al. 2006). It allows a rapid profiling of microbial
populations, although unknown OTU remain undetected.
Bacterial (500 ng) and archaeal (15 ng) 16S gene amplicons
were concentrated, fragmented, and biotin labeled as previ-
ously described (DeSantis et al. 2007). Biotin-labeled DNA
was hybridized to PhyloChips (Affymetrix GeneChips;
Affymetrix, Santa Clara, CA) according to DeSantis et al.
(2007) with washing and staining steps performed according
to Affymetrix standard protocols.

Statistical analysis of bacterial and archaeal communities

Operational taxonomic units (OTU) were classified at level of
phylum, class, order, and family according to sequence simi-
larity cut-off values of 80, 85, 90, and 92 %, respectively
(DeSantis et al. 2007), and microbial richness at different tax-
onomic levels was determined. The impact of environmental
variables on microbial OTU distribution was analyzed by re-
dundancy analysis (RDA) and forward selection performed in
the R software environment version 2.10.1 (R Development
Core Team 2005) using the Vegan package version 1.17-2
(Oksanen et al. 2008) and packfor package version 0.0-7
(Dray 2007). For RDA analysis, subsets of total archaea, total
bacteria, and sulfate- and Fe(III)-reducing bacteria were con-
structed. Redox potential, pH, and concentrations of bio-
relevant metals (both bio-available and total) with a ratio stan-
dard deviation to average concentrations ≥0.48were chosen as
environmental variables (Tables 1 and 2). Detrended corre-
spondence analysis (DCA) was performed prior to RDA to
confirm linearity of species data. RDA results were plotted
with species ordination scores scaled using scaling −1 default
function, where species data were divided by standard devia-
tion and multiplied by compensative constant. Forward selec-
tion was performed with a reduced set of environmental var-
iables to minimize correlation (inflation factor <10) between
the parameters. Hierarchical cluster analysis was performed
using the Euclidean distance function with average linkage.
The function heatmap was used within the made4 package
with its default settings (Culhane et al. 2005) for metal con-
centrations/pH/redox potential as well as the HybScores for
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microbial OTU to investigate whether single groups of micro-
organisms follow a pattern of environmental variables.

Results

Geochemical characteristics of soil and sediment

Leaching processes likely acidified the oxidized, glacial sandy
and silty layers at site I (soil pH ~4), whose total nitrogen and
sulfur contents in the solid phase were below detection limits
(Burkhardt et al. 2009). Very low concentrations of organic
carbon were found at the excavated leaching heap (≤0.9 % dry
weight [dw]) (Table 1), where the upper horizons were re-
moved by remediation processes, and vegetative cover has
only developed sparsely. Creek-associated soils were moder-
ately acidic, and redox potentials (220 to 570 mV) indicated
oxidizing conditions for site II and the upper creek bank soil
horizons (site III BElc and Btlc, site VI Blc; Table 1) while
reducing conditions (−30 to 180 mV) were observed for the
lower creek bank soil horizons (site III Br1 and Br2, site VI
Br). Organic carbon (≤5.4 % [dw]) and, in part, total nitrogen
(≤0.36 % [dw]) accumulated at the heap-associated creek
bank (site III) and total sulfur was highest at site III, especially
in the lower, reduced horizon (site III Br2 1.98 % [dw] Stotal).
The gravel creek sediment (sites IVand V) was characterized
by circum-neutral pH and low redox potentials, indicating
reducing conditions. Organic carbon content was 1.2 and
1.9 %, respectively (Table 1).

Metal content of soil and sediment

Total metal concentrations of all soil samples exceeded back-
ground levels given for non-contaminated reference soils
(Table 1). Uranium was highest in the heap-associated creek
bank (site III) with concentrations up to 1569 μg·g−1, while
Quaternary sediments at the excavated leaching heap (site I)
contained comparably lower concentrations (≤11 μg·g−1) and
sites II, IV, V, and VI all had uranium concentrations ≤85 μg·
g−1. Arsenic and manganese were highest at the excavated
leaching heap (site I layer VI/VII and layer V, respectively;
Burkhardt et al. 2009) but were found at lower concentrations
at the other sites. Other heavy metals were also found at their
highest concentrations in the heap-associated creek bank soil
(site III), and in particular, copper (942 μg·g−1), zinc (564 μg·
g−1), and nickel (229 μg·g−1) were detected with high concen-
trations for all horizons at site III (Table 1). Thus, metals were
significantly higher in the heap-associated soil (site III) as
compared to the heap-opposite soil (site VI), especially with
the upper horizon showing even a 1000-fold higher uranium
concentration (Table 1). The sediment samples (sites IV and
V) did not show a significant difference, since water turbation

processes might cover up any effects of heavy metal enrich-
ment at the heap-associated creek bank.

In addition to iron, bio-available uranium and manganese
(F1 and F2) were detected in the soils as potentially used
electron acceptors for microorganisms, while arsenic and
chromium concentrations were mostly below detection limits
(Table 2). Bio-available uranium was found in the highest
concentrations at site III, primarily in the specifically adsorbed
fraction (≤471 μg·g−1), representing up to 36.4 % of the total
uranium present. It was also found in the samples of the other
sampling sites, but to a lower extent (≤23.32 μg·g−1). Water-
soluble and specifically adsorbed copper (≤83.71 μg·g−1),
zinc (≤53.83 μg·g−1), and nickel (≤57.10 μg·g−1) were also
highly accumulated at the heap-associated creek bank (site
III), whereas lead (≤6.56 μg·g−1), copper (≤10.15 μg·g−1),
and cadmium (≤2.79 μg·g−1) were found in relatively low
concentrations (Table 2). Bio-available fractions at sites I, II,
IV, V, and VI were generally less enriched in metals than site
III (Table 2). In general, bio-available concentrations followed
the pattern observed for the soil solid phase.

Sequential extractions were performed from the heap-
associated creek bank soils (site III) with the highest metal
concentrations. Fe-oxides were important sorbents with amor-
phous Fe phases being slightly more adsorbed to (max. 38 %
for uranium and nickel in BElc) than crystalline Fe-oxides
(max. 21 % for nickel in BElc) (Fig. 2). The role of organic
matter as a sorbent for metals was negligible (≤12 %) with the
exception of copper, where 33 % was bound to organic mate-
rial in the BElc horizon. Additionally, manganese oxides ap-
peared not to be an important sorbent for heavy metals
(≤13 %) with the exception of cobalt in the Btlc horizon with
31 % bound (Fig. 2).

Microbial communities

In total, 2393 OTU were positively detected at the Ronneburg
site (Table 3), with 2358 bacterial OTU found within 45 phyla
and 35 archaeal OTU found within 2 phyla. Total OTU num-
bers were lower for the heap sediment at site I (≤1455OTU) as
well as the reduced soil horizons (site III Br1 and Br2) of the
heap-associated creek bank (≤1439 OTU) (Table 3). In com-
parison, the oxidized Btlc horizon at site III, which has higher
concentrations of heavy metals, contained 1708 OTU
(Table 3). Numbers of all taxonomic levels were in a similar
range for the oxidized soil horizons of both creek banks (site
III BElc and Btlc and site VI Blc, respectively), while numbers
of the reduced horizons were higher at the heap-opposite site
(site VI Br) compared to the heap-associated bank (site III Br1
and Br2) (Table 3). Phylogenic phyla and classes of
Proteobacteria and Firmicuteswere rather homogenously dis-
tributed among all soil and sediment samples (data not
shown). However, the detected OTU affiliated to the
Actinobacteria were 13 % above average and numbers of
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Bacilli OTU were lowered by 80 % in the glacial sediment
samples (site I). Gammaproteobacteria OTU numbers were
less in the reduced creek bank soils (130±38 OTU compared
to an average of 210±69 OTU), and highest OTU number of
Bacteroidetes were found in both creek sediments at sites IV
and V, respectively (125±4 OTU compared to an average of
95±28 OTU). The low total OTU number in the site III Br2
soil sample was mainly due to the absence or strong reduction
of representatives belonging to the Actinobacteria (e.g.,
Cellulomonadaceae, Dermabacteriaceae, Nocardiaceae, and
Micrococcaceae), Alphaproteobacteria (Bradyrhizobiaceae,
Caulobacteraceae, Sphingomonadaceae, and several families
within the Rhizobiales), and Gammaproteobacteria
(Al t e romonadaceae , Pseudoa l t e romonadaceae ,
Shewanellaceae, and Chromatiaceae).

Heatmap patterns of the environmental variables and
microbial groups illustrated only negligible similarities
between the microbial communities of the soil and sed-
iment samples (data not shown): Desulfobulbaceae were
present where low redox potentials occurred, whereas
Alteromonadaceae, Acidobacteriaceae, Actinomycetales,
Acidimicrobiales, and Rhizobiales were detected at sites
with comparatively higher redox potentials. Bacillaceae,
Clostridiaceae, Peptococcaceae, and different families
within the Actinomycetales were found mainly at sites
with a pH ≤4.1. Exclusively total cobalt concentration
was negatively correlated with the presence of
Bacillaceae, Halobacteriaceae, Aerococcaceae, and
Enterococcaceae.

Bacteria The majority of bacterial clones were related to
Proteobacteria (1081 OTU), Firmicutes (416 OTU),
Actinobacteria (208 OTU), Bacteroidetes (160 OTU), and
Acidobacteria (78 OTU). The 2358 OTU were found in 100
phylogenetic orders, 55 classes, and 45 phyla. Hierarchical clus-
ter analysis revealed rather similar bacterial communities sam-
pled from the creek-associated oxidized and reduced soils (sites
III and VI), which clustered with the communities originated
from the excavated leaching heap at site I (Fig. 3). Contrarily,
OTU composition of both sediments (sites IVand V) and two of
the reduced creek bank horizons (sites III Br2 and VI Br) sepa-
rated out from this cluster (Fig. 3a). RDA-biplots indicated that
the redox potential was strongly correlated to the first axis
(Figs. 4a and 5a). Further, bio-available and total manganese
concentrations were correlated with the second RDA axis,
while bio-available and total cobalt concentrations corre-
lated with the first and second axis, respectively (Figs. 4a
and 5a). Forward selection revealed that the redox poten-
tial and the bio-available manganese significantly ex-
plained 13.3 and 17.0 % variance in OTU distribution,
respectively (Table 4). Once the redox potential and total
cobalt concentrations were selected, total cadmium con-
centrations explained 19.0 % of spatial OTU distribution
(Table 4), although soil concentrations were low relative
to other metals (Table 1). Mainly, the bacterial III Br2
community was correlated to low redox potentials, as ex-
pected, and to high concentrations of nickel in the soil
solid phase in addition to most of the bio-available metals
(Figs. 4a and 5a). In contrast, communities originated

Fig. 2 Concentration of selected metals in fractions determined by sequential extraction from soils of the heap-associated creek bank (site III; BEw/Ah,
BElc, Btlc, Br1, and Br2 horizons). Btlc values were recently published by Burkhardt et al. (2011a)
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from VI Br, III Btlc, and I layer V samples were correlat-
ed to low concentrations of most metals in their bio-
available form (Fig. 4a).

FeRB Iron-reducing bacteria were present in all samples with a
total of 45 OTU detected within the known groups of dissimi-
latory FeRB (e.g., Geobacteraceae, Acidithiobacillaceae,
Shewanella, or Clostridiaceae) and groups of bacteria with
the ability to reduce iron without gaining energy (e.g.,
Enterobacterales, Rhodobacterales, Comamonadaceae, or
Acidobacteriaceae). The lowest number of OTU (20 OTU)
was detected at the excavated leaching heap (site I), while the
highest number of 37 OTU inhabited the creek sediment (sites
IV and V). Soils of the creek bank harbored 29 and 28 FeRB
OTU at sites III and VI, respectively (data not shown).
Hierarchical cluster analysis showed rather similar FeRB
OTU communities within the investigated samples as observed
for the total bacterial communities. The FeRB communities
from the oxidized and reduced creek-associated soils (sites II
to V) and sediment layers from the excavated leaching heap
clustered (site I). In addition to the creek sediments (sites IVand
V), the lowest, reduced creek bank horizons (III Br2 and VI Br)
separated from this cluster (Fig. 3c). According to RDA, the
redox potential correlated with the second axis and cobalt (both

bio-available and total) as well as bio-available manganese con-
centrations correlated with the first axis (Figs. 4c and 5c). Once
the variations in OTU distribution due to bio-available manga-
nese concentrations were considered, the redox potential signif-
icantly explained 17.3 % of the observed OTU variability with-
in the samples (Table 4). Similarly, total cadmium concentra-
tions and redox potential explained 28.0 and 43.6 % of spatial
OTU variability, respectively, after the consideration of total
cobalt concentrations (Table 4). In particular, the FeRB com-
munity of the Br2 horizon of site III was correlated to bio-
available cobalt, cadmium, nickel, and uranium and very low
redox potentials (Fig. 4c). In contrast, this FeRB community
was correlated only to soil solid phase nickel and zinc (Fig. 5c).
FeRB communities of the Btlc horizon at site III and the Br
horizon of site VI were negatively correlated with several bio-
available metals (cobalt, uranium, and nickel), although they
were positively correlated with metals in the soil solid phase,
such as copper, arsenic, and chromium (Figs. 4c and 5c).

SRB Sulfate-reducing bacteria were detected with a total of 64
OTU at all soil and sediment samples. The majority of clones
belonged to the Desulfobacteraceae, Desulfobulbaceae,
Syntrophobacteraceae, and Desulfovibrionaceae. The soils of
the creek bank (sites III and VI) harbored the highest numbers

Table 3 Number of microbial
phylotypes (Bacteria and
Archaea) at five different
taxonomic levels

Sampling site Taxonomic levela

Phylum Class Order Family OTU (species richness)

Excavated leaching heap (site I)

Layer V 42 47 89 141 1329

Layer VI/VII 41 48 88 139 1455

Inbound, heap-associated soil core (site II)

Blc 43 51 94 155 1560

Bl NDb ND ND ND ND

Br1 43 52 103 151 1517

Br2 44 44 95 153 1601

Heap-associated creek bank (site III)

BElc 43 52 94 151 1672

Btlc 44 53 98 156 1708

Br1 41 52 91 148 1439

Br2 40 50 85 119 984

Creek sediments

Sediment A (site IV) 41 52 99 145 1662

Sediment B (site V) 39 51 96 141 1521

Heap-opposite creek bank (site VI)

Blc 43 52 91 149 1611

Br 43 56 99 153 1693

Total 47 62 109 170 2393

a Taxonomic levels based on sequence similarity cut-off values of 80, 85, 90, 92, and 97 % for phylum, class,
order, family, and OTU, respectively (DeSantis et al. 2007)
b ND, PhyloChip analysis was not performed for Bl soil of site II
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of SRB OTU (57 OTU at site III, 60 OTU at site VI), and
differences in depth were marginal at all locations.
According to OTU composition, sediment B (site V) and
the Br2 horizon of the heap-associated creek bank (site
III) separated out from the cluster of the other creek-
associated samples (sites II to VI) and the sediment layers
of the excavated leaching heap (site I) (Fig. 3d). RDA
indicated that the redox potential as well as cobalt con-
centrations of the soil solid phase correlated with the sec-
ond RDA axis (Figs. 4d and 5d). No distant environmen-
tal variable correlated with the first RDA axis that ex-
plained 72.6 % of the variance in SRB composition within
the samples (Figs. 4d and 5d). Forward selection showed
that the bio-available manganese and copper concentra-
tions accounted for 24.8 and 17.9 % of the variability in
OTU composition, respectively, once the variation due to
the redox potential was accounted (Table 4). The redox
potential is suggested to explain 18.4 % OTU variability
analyzing the environmental dataset including the total
metal concentrations and after the removal of variance
potentially explained by the cadmium concentrations

(Table 4). Metal concentrations were highly correlated
with each other, and bio-available ones were negatively
correlated with the redox potential and pH, respectively
(Figs. 4d and 5d). SRB communities of the heap-
associated creek bank (site III Br1 and Br2) correlated
with most metals, such as nickel or zinc, and a low redox
potential as indicated by the RDA biplot (Figs. 4d and
5d). In addition, communities of other samples clustered
and did not correlate with any of the bio-available metals
(Fig. 4d).

Archaea Archaeal OTU were likely not to be present at
the excavated leaching heap (site I), since results of the
archaea-specific PCR were negative for both sediment
layers of site I. Crenarchaeota (total of 15 OTU) were
equally distributed along the other sediment and soil
samples, while Euryarchaeota (total of 20 OTU), with
mainly Methanomicrobia and Halobacteria, were primar-
ily detected only in the reduced horizons of the creek
bank soil (sites III and VI). According to hierarchical
cluster analysis, archaeal communities from the creek
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sediment and the Btlc horizon of site III were separated
from the other creek-associated soil samples (Fig. 3b).
RDA analyses revealed that soil solid manganese and
cobalt correlated with the first axis, while the second
RDA axis correlated with the redox potential in addition
to either the total cadmium and zinc concentrations
(Fig. 5b) or the bio-available cobalt concentration. Most
of the bio-available metal concentrations were highly
correlated with each other (Fig. 4b), so any of the envi-
ronmental measured variable could be clearly determined
to correlate with the first RDA axis that explained
62.1 % of variability in archaeal OTU distribution
(Fig. 4b). Once the variability due to the redox potential
was accounted, bio-available lead concentrations as well
as the pH were suggested to explain 21.0 and 31.5 % of
variance in archaeal OTU distribution (Table 4).
Additionally, total cobalt and zinc concentrations
accounted for 21.9 and 38.5 %, respectively, for the ob-
served variabili ty in archaeal OTU composition
(Table 4). Archaeal communities of the Br2 horizon at
the heap-associated site (site III) correlated with a low
redox potential and most of the bio-available as well as
total metal concentrations (Figs. 4b and 5b). Contrarily,

archaea originated from site II, and the oxidized horizon
Blc at the heap-opposite creek bank (site VI) were not
correlated or did not response to metal concentrations,
considering both the bio-available and total ones
(Figs. 4b and 5b).

Discussion

Metal contamination

Nearly all metals exceeded background levels in both the soil
and sediment, although total and bio-available concentrations
showed a high spatial heterogeneity within sampling sites
providing advantageous conditions for the investigation of
metal-microbe interaction. This same tendency has been ob-
served at the US Department of Energy’s Oak Ridge Field
Research Center (ORFRC), TN, USA, where total uranium
concentrations range from background levels to about
740 μg·g−1 in the soil (Brooks 2001; Watson et al. 2004), less
than half the maximum concentrations observed at the
Ronneburg site. Higher accumulations in the soil solid phase
were also detected in a limited area for most of the other

)
%1.32( 2A

D
R

RDA1 (47.9%)
0 5

0
5

-5

Zn Cd

Cu

Pb

U

Ni
pH

Mn

Eh

Co
III Br2II Br2

III Br1

II Br1

II Blc

I layer V

Zn
Cd

Cu

Pb

Ni

pH

Mn

Eh

Co
III Br2

II Br2

III Br1

II Br1 II Blc

III BElc

III Btlc

+

R
D

A2
 (3

2.
1%

)

RDA1 (62.1%)

0
1

2

0 1 2

0
1

Zn

Cd

Cu

Pb

Ni

pH

Eh

Co
III Br2

II Br2
III Br1

II Br1
II Blc

III BElc

III Btlc

I layer V
I layer VI/VII

U

U

Zn
Cd

Pb

Ni

pH

Eh

Co

III Br2

II Br1

II Blc

I layer V

I layer VI/VII

U

RDA1 (47.5%)

0 1 2

0
1

)
%0.13( 2A

D
R

RDA1 (72.6%)

0 1 2 3
0

1
2

3

R
D

A2
 (1

3.
4%

)

II Br2

III BElc

III Btlc
I layer VI/VII

Mn

III BElc
III Btlc

Cu

Mn

III Br1

IV Sediment A

VI Br

VI Blc

V Sediment B

IV Sediment A

VI Br

VI BlcV Sediment B

IV Sediment A

VI Br

V Sediment B

VI Blc

IV Sediment A

VI Br

VI Blc

V Sediment B

(a) Bacteria (b)  Archaea

(c) FeRB (d) SRB

Fig. 4 RDA plots showing the
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communities at the different sites
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metals (e.g., 6-fold more zinc and 13-fold more cobalt) com-
pared to other uranium-contaminated sites that also have the
risk of downstream contamination (Brooks 2001; Rastogi
et al. 2010; U.S. Department of Energy 1999). Although iron
oxides served as important sorbents for metals, uranium, zinc,
manganese, nickel, and cobalt remained available for micro-
organisms and plants and therefore constituting a potential
risk for life in adjacent soils and waters. Downstream uranium
contamination has also been observed in the Weiße Elster
river sediments (Zerling et al. 2003), into which the Gessen
Creek empties, about 12 km below the former mining site.

The heap-associated creek bank (site III) was enriched with
high concentrations of uranium and other heavy metals in the
soil solid phase due to extensive uranium mining. Iron oxides,
identified as relevant metal adsorbents, show the potential to
adsorb and co-precipitate with metal cations (Cooper et al.
2006; Cornell and Schwertmann 2003). Metal cations were
predominantly adsorbed to amorphous Fe-oxide forms in the
creek bank soil (site III). Contrary, crystalline Fe-oxides as
well as silicates (maximum values up to 49.2 % for cobalt
and 59.8% for nickel, respectively) were more important met-
al sorbents at the excavated leaching heap (site I) as compared
to amorphous Fe-oxides with a maximum of 19.0% for cobalt
(Burkhardt et al. 2009). Divalent metals could also be
absorbed and co-precipitated by Fe sulfides (Morse and

Arakaki 1993; Özverdi and Erdem 2006) that were not distin-
guishable by sequential extraction. However, acid volatile sul-
fur is present at the creek bank in concentrations of up to
126 mmol·kg [dw]soil−1 in the reduced horizons (Sitte et al.
2010). In addition to chemical transformations, microbially
mediated Fe(II) oxidation as well as sulfate reduction might
have also resulted in the metal-capturing during biogenic Fe-
oxide or metal sulfide precipitation (Emerson and Moyer
1997; Muyzer and Stams 2008).

Influence of contaminants on microbial communities

Both, bacterial and archaeal community compositions, did not
appear to be significantly affected by bio-available and total
concentrations of uranium, the primary contamination source,
which can be harmful due to its metal toxicity but with negli-
gible effect because of radioactivity at the detected concentra-
tions (Sani et al. 2006; Vanengelen et al. 2011). Microbial
community distribution was rather influenced by the second-
ary contaminants, such as manganese, zinc, or copper, as well
as by the redox potential. Redox potential is known as a main
driver for shifts in microbial community structures especially
in sediments where electron acceptors can be readily depleted
with increasing depth (e.g., Jørgensen 2006; Tokunaga et al.
2008). Thus, differences between soils of more oxidized (site
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I) and more reduced sites (sites III and VI) were expected.
However, no profound impact was detected at sites with sim-
ilar reduced horizons (site III and site VI) but different urani-
um concentrations.

A differentiation of effects due to a single metal species on
in situ microbial communities is difficult; microbes are never
confronted with one single contaminant only in the field
(Bååth 1989). Furthermore, applications of metals to soil mi-
crobial communities in the field and laboratory have been
shown to have different effects on community composition:
(i) addition of zinc tested up to 13 mg·g−1 soil, results in
changes of soil microbial phospholipid fatty acid (PLFA) pro-
files with a decrease of indicator PLFAs for gram-positive

bacteria and Actinomycetes (Kelly et al. 2003); (ii) Cu appli-
cation (250 μg·g−1 soil) causes no community shift by dena-
turing gradient gel electrophoresis (Girvan et al. 2005), while
opposingly even lower concentrations have an effect on bac-
terial composition determined by terminal restriction fragment
length polymorphism patterns (Tom-Petersen et al. 2003); and
(iii) metal mixtures, such as cadmium, zinc, copper, or lead,
cause shifts in microbial community structures (Frostegård
et al. 1993; Griffiths et al. 1997; Macdonald et al. 2008).
Bacterial species affiliated to the, e.g., Streptomycetaceae,
Alcaligenaceae, Microbacteriaceae, or Rhizobiaceae show
resistance towards metals in the millimolar range (Abou-
Shanab et al. 2007; Schmidt et al. 2009) and representative
OTU were present at Ronneburg, however, without any cor-
relation between the detected OTU number and metal concen-
trations among the samples (data not shown). Especially mi-
crobial communities of site III Br2 soil were suggested to
tolerate metal stress in addition to preferring low redox poten-
tials. Little information exists about cobalt tolerances of
Bacillaceae and Enterococcaceae (Amoozegar et al. 2005;
Kimiran-Erdem et al. 2007), which seemed to avoid the pres-
ence of cobalt at the Ronneburg site (data not shown). These
results obtained at Ronneburg are in contrast to observations
at the Rifle and ORFRC sites, respectively, where the uranium
is accounted for the microbial functional gene structure (Liang
et al. 2012) or for the microbial 16S rRNAgene diversity (Cho
et al. 2012; Gihring et al. 2011) among redox conditions and
the presence of other metals.

As FeRB and SRB are involved in in situ bioremediation
processes (Gadd 2000), an impact of certain metals, such as
uranium or chromium, on community composition was ex-
pected. However, as observed for the total bacterial commu-
nity, both bio-available as well as total uranium concentrations
did not explain variability within FeRB and SRB communi-
ties. At the excavated leaching heap (site I), there is no indi-
cation of either sulfate or iron reduction likely due to the
deficiency in organic carbon (Burkhardt et al. 2009), although
representative OTU capable of carrying out these processes
were present. In contrast, sulfate- and Fe(III)-reducing micro-
organisms are shown to carry out the dominating electron-
accepting processes in the heap-associated creek bank soil at
site III (Burkhardt et al. 2010; Sitte et al. 2010). Microcosm
studies showed that indigenous bacteria present at the heap-
associated creek bank soil (site III) can tolerate metals in the
millimolar range; Fe(III)-reducing bacteria could tolerate
2.5 mM Zn and sulfate-reducing bacteria 30 mM Ni and even
40 mM Co. The microbial communities in the microcosms
showed a shift towards the genera of Geobacter,
Desulfosporosinus, Clostridium, Sedimentibacter, and
Citrobacter (Burkhardt et al. 2011b; Sitte et al. 2013).
Whereas nickel and cobalt are attenuated from site III Br2
soils during sulfate-reducing conditions likely by precipitation
of metal sulfides (Sitte et al. 2010), in site III Btlc soils,

Table 4 Summary of the forward selection analysis. Explained
contribution is given by the adjusted R2 values and the significance
level (*p≤0.05)

Variable Contribution p value

Environmental data (incl. bio-available metal concentrations)

Bacteria

Eh 0.1331 0.027*

Mn 0.1695 0.025*

Archaea

Eh 0.1161 0.120

Pb 0.2098 0.042*

pH 0.3146 0.009*

FeRB

Mn 0.0921 0.094

Eh 0.1731 0.022*

SRB

Eh 0.1063 0.109

Mn 0.2477 0.028*

Cu 0.1787 0.024*

Environmental data II (incl. total metal concentrations)

Bacteria

Eh 0.1331 0.029*

Co 0.0526 0.153

Cd 0.1896 0.013*

Archaea

Co 0.2192 0.043*

Zn 0.3851 0.049*

FeRB

Co 0.1058 0.062

Cd 0.2800 0.016*

Eh 0.4364 0.024*

SRB

Cd 0.1247 0.106

Eh 0.1837 0.047*

Mn 0.0350 0.186

Zn 0.3869 0.003*
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uranium, zinc, and cobalt are unexpectedly released in parallel
with manganese and iron(III) reduction (Burkhardt et al.
2010). Therefore, SRB but not FeRB could be involved in
metal attenuation at the Ronneburg site, especially at the
heap-associated creek bank, resulting in the prevention of
metal migration.

The abundance of OTU detected at all samples was higher
at all examined phylogenetic levels than at other uranium-
contaminated sites (DeSantis et al. 2007; Rastogi et al.
2010). The maximum OTU number was detected in the Btlc
horizon at the heap-associated creek bank (site III), which also
had the highest uranium concentration in the soil solid phase.
Species richness of site III Btlc was similar to OTU numbers
found in the uncontaminated soil of the Avena fatua (wild oat)
rhizosphere (DeAngelis et al. 2009) and was even 38% higher
than uranium-contaminated subsurface soils at the ORFRC
site (DeSantis et al. 2007). This suggests that the very high
metal load had no overall impact on species richness at the
Ronneburg site. The low OTU abundances at the ORFRC and
Hanford sites (Johnson et al. 2001; Kaplan et al. 2012; Lin
et al. 2012) might be explained by low concentrations of sed-
iment organic carbon and, therefore, a lack of variable energy
sources. The reduced OTU numbers at the former heap (site I)
could be likely explained by the low organic carbon content
that resulted from the removal of topsoil during physical re-
mediation. Most of the indigenous phyla (Proteobacteria,
Firmicu tes , Bactero ide tes , Act inobac ter ia , and
Acidobacteria) were similar to those found previously at a
number of different uranium-contaminated sites using the
PhyloChip (Brodie et al. 2006; DeSantis et al. 2007;
Handley et al. 2012; Rastogi et al. 2010) or further 16S
rRNA gene analysis techniques (Bondici et al. 2013; Cho
et al. 2012), including recently observed relatives within the
Thermodesulfobacteria , Dictyoglomi , Synergists ,
Thermotogae, Deferribacter, OP3, TM6, and SR1 divisions
(Gihring et al. 2011; Rastogi et al. 2010; Tokunaga et al.
2 008 ) . Membe r s o f t h e Sph i ngomonada c e a e ,
Xanthomonadaceae, Bacteriodaceae, and Bacillaceae, for ex-
ample, have been found in the metabolically active fraction of
the indigenous microbial communities in uranium-
contaminated sediments from the ORFRC site (Akob et al.
2007; Leigh et al. 2014). Sandaa et al. (1999) previously
discussed archaeal diversity in contaminated soils. The
methanogen Methanocalculus pumilus as well as the sulfur-
oxidizer Sulfolobus metallicus have been shown to resist high
concentrations of copper, zinc, or nickel (Huber and Stetter
1991; Mori et al. 2000). Interestingly, few representatives of
the Halobacteria were present in reduced, heap-associated
creek bank soil (site III), even though this archaeal class is
generally restricted to hypersaline environments, and high
concentrations of divalent cations are supposed to be of con-
siderable ecological importance to this group (Oren 2006).
Otherwise, Halobacteria sp. is recently described in sulfate-

reducing wells of the uranium-contaminated Rifle site by the
detection of its cellulase genes (Liang et al. 2012). This sug-
gests that these indigenous, archaeal OTU inhabits a wider
range of non-saline environments than generally assumed
rather than being a remnant from the active leaching period.

Summary

This study showed that uranium concentrations alone did not
explain variability within indigenous microorganisms at
Ronneburg, suggesting (i) their adaptation towards metal
stress during the last decades was due to the constant release
of acid mine drainage and/or (ii) that the present microbial
communities were rather robust towards metal and radionu-
clide exposure with relatively high tolerances against multiple
metals. The discrepancy between high energy costs for metal
homoeostasis and low energy gain due to anaerobic respira-
tion might have resulted in the loss of microbial OTU in the
lowest, reduced soil horizon at the heap-associated creek bank
(site III Br2 horizon), since neither the high metal concentra-
tions (site III Btlc horizon) nor the low redox potential (site VI
Br horizon) alone resulted in the reduction in OTU numbers
observed with a soil-based 16S PhyloChip analysis. However,
many OTU will not be detected by this approach. Thus, next
generation sequencing techniques are needed to investigate in
more detail differences in the diversity of microorganisms
affected by long-term metal exposure. In addition, fungal
DNA sequences should be also included to obtain a more
holistic view on the adaption of microorganisms to uranium
and heavy metal exposure at the former uranium-mining site
Ronneburg.
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