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Biological Mn oxidation is responsible for producing highly reactive and abundant Mn oxide phases in the environment that can
mitigate metal contamination. However, little is known about Mn oxidation in low-pH environments, where metal contamina-
tion often is a problem as the result of mining activities. We isolated two Mn(II)-oxidizing bacteria (MOB) at pH 5.5 (Duganella
isolate AB_14 and Albidiferax isolate TB-2) and nine strains at pH 7 from a former uranium mining site. Isolate TB-2 may con-
tribute to Mn oxidation in the acidic Mn-rich subsoil, as a closely related clone represented 16% of the total community. All iso-
lates oxidized Mn over a small pH range, and isolates from low-pH samples only oxidized Mn below pH 6. Two strains with dif-
ferent pH optima differed in their Fe requirements for Mn oxidation, suggesting that Mn oxidation by the strain found at neutral
pH was linked to Fe oxidation. Isolates tolerated Ni, Cu, and Cd and produced Mn oxides with similarities to todorokite and
birnessite, with the latter being present in subsurface layers where metal enrichment was associated with Mn oxides. This dem-
onstrates that MOB can be involved in the formation of biogenic Mn oxides in both moderately acidic and neutral pH
environments.

Oxidation of soluble Mn(II) to insoluble Mn(III, IV) oxide
minerals, although thermodynamically favored, tends to be

slow in natural environments (1). Microorganisms, bacteria and
fungi, catalyze Mn oxidation and increase the reaction rate by
several orders of magnitude relative to abiotic reactions (1–3).
Therefore, environmental Mn oxides, such as birnessite, are pre-
sumed to be of biological origin, e.g., biogenic (3). Mn(II)-oxidiz-
ing bacteria (MOB) are phylogenetically diverse and are detected
in many different environments, such as soils, water (fresh to ma-
rine), and sediments (4). While microorganisms readily oxidize
Mn(II) and precipitate Mn oxides at pH �7 under oxic and hy-
poxic conditions (5), little is known about biological oxidation at
acidic pH. Under these conditions, chemical Mn oxidation with
oxygen is predicted to be thermodynamically unfavorable and
Mn(II) is stable in the environment (2, 5–7). All MOB isolated to
date are neutrophiles, including the model organisms Roseobacter
sp. AzwK-3b (8), Bacillus sp. SG-1 (9), Leptothrix sp (10), Pseu-
domonas putida GB-1 (11), and Aurantimonas manganoxydans
(12), and have been studied for mechanisms of Mn oxidation and
biomineral formation. The only reports of microbial Mn oxidiza-
tion at low pH have come from the work of Bromfield, who ana-
lyzed cell extracts of Streptomyces spp. (13) and soil microorgan-
isms (14) that oxidized Mn(II) at pH levels of �6, and from
Ivarson, who reported that the fungus Cephalosportium sp. oxi-
dized Mn(II) at pH 4.5 (15). Although to the best of our knowl-
edge no MOB has been isolated from low-pH environments, there
is evidence for biologically driven Mn oxidation at pH levels of �7
in the environment, such as that observed by Sparrow (16) for
acidic soils.

Mn oxidation is catalyzed by heterotrophic organisms, and
both direct and indirect mechanisms are identified for Mn oxida-
tion (as summarized in reference 2). Indirect mechanisms are
when the microbe modifies the pH or redox of the local environ-
ment or releases a chemical oxidant for Mn, such as superoxide

(17). Direct oxidation, on the other hand, can occur via the pro-
duction of polysaccharides or enzymatic activity (as summarized
in reference 2). Although Mn(IV) formation could generate en-
ergy for organisms, this has not been definitively shown for any
organism (4, 5). However, Mn oxidation was shown to increase
the survival of Pseudomonas putida GB-1 in the presence of reac-
tive oxygen species (ROS) (18). In addition, Mn oxidation has
been speculated to provide other advantages to the cell, such as
abiotic oxidation of refractory organic matter by Mn oxides (3) or
controlling the availability of toxic metal ions (2, 3, 19). Biogenic
Mn oxides are effective metal sorbents (2, 20–23), with two to five
times more Pb-adsorbing capacities than abiotic Mn oxides and
crystalline MnO2 minerals (20). However, this previous work was
performed with model microorganisms cultivated at neutral pH,
and little is known about the advantages of MOB in low-pH met-
al-contaminated environments.

In the former uranium mining area near Ronneburg, Ger-
many, there is evidence for the natural attenuation of metal con-
taminants in Mn-rich subsurface layers with pH levels of 4 to 5
(24–26). In these layers, metal contaminants (e.g., Cd, Ni, and Co)
are primarily associated with Mn oxides (24), suggesting a role for

Received 18 April 2014 Accepted 2 June 2014

Published ahead of print 13 June 2014

Editor: C. R. Lovell

Address correspondence to Denise M. Akob, dakob@usgs.gov.

* Present address: Andrea Beyer, Institute for Microbiology, Friedrich Schiller
University Jena, Jena, Germany.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.01296-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.01296-14

5086 aem.asm.org Applied and Environmental Microbiology p. 5086 –5097 August 2014 Volume 80 Number 16

http://dx.doi.org/10.1128/AEM.01296-14
http://dx.doi.org/10.1128/AEM.01296-14
http://dx.doi.org/10.1128/AEM.01296-14
http://aem.asm.org


the oxides as geochemical barriers, with selected elements retained
in local epigenetic zones of soils or sediments inhibiting further
transport of such elements (27). Thus, it is important to determine
the mechanisms behind the formation of these geochemical bar-
riers in order to maintain the status quo or exploit the attenuation
process for more widespread remediation of contaminants. We
hypothesized that MOB contribute to the formation of Mn oxides
and are thereby affecting the fate of metals in the Ronneburg min-
ing area. Therefore, we aimed in this study to (i) isolate MOB from
the contaminated mining site at a variety of pH levels, (ii) evaluate
the biological formation of Mn oxides, and (iii) characterize mi-
crobial communities associated with Mn oxide-rich geochemical
barriers.

MATERIALS AND METHODS
Site and sampling description. The study sites are located within the
former Ronneburg uranium mining district in Thuringia, Germany. Ura-
nium was leached from low-grade black shale with acid mine drainage
(AMD) and sulfuric acid from the 1970s to 1989, and this resulted in
widespread environmental contamination with acid mine drainage and
high concentrations of metals. Physical remediation was completed in
2004, although contaminated groundwater still threatens nearby ecosys-
tems; for a more detailed description of the site history, see references 25,
26, 28, and 29. Contaminated Mn-rich samples were collected in 2010
from three locations: the Gessenwiese test field (GTF; location E 4510469,
N 5635476 [Gauss-Krueger Potsdam coordinate system]), the bed of the
Gessen Creek (R3; location E 4510271, N 5635859), and soil material from
the Gessen Creek bank (B; location, E 4510121, N 5635807), as shown in
Fig. S1 in the supplemental material. A soil depth profile was excavated at
the GTF a few meters southeast from the formerly described profile of
Burkhardt et al. (24), and soil materials were collected from three layers:
an Mn-rich layer (gray-black soil layer located at a depth of 56 to 70 cm),
top (above the Mn layer), and bottom (reddish soil layer below the Mn-
rich layer) (see Fig. S1). The Gessen Creek location was chosen for study as
it is located downhill from the former leaching heap (site GTF) and is
currently receiving contaminated groundwater inputs due to flooding of
the former mines. Samples from site GTF were used for geochemical char-
acterization, microbial community characterization, and isolation; the
soil solution was collected from water-saturated subsurface layers by us-
ing Rhizon dialysis samplers. Site R3 and B samples were used for isolation
and geochemical characterization. Samples for microbial analyses were
collected aseptically and stored at 4°C until analysis or stored at �80°C for
microbial community characterization.

Geochemical characterization. The redox potential (Eh) was mea-
sured in situ by using a Pt4800-M5-S7/80 redox probe (Mettler-Toledo).
At site R3, the pH was measured in situ, whereas for sites B and GTF the
pH of the soil and sediment was measured by the CaCl2 method as previ-
ously described (30). Total element content was determined for air-dried,
sieved (�2 mm), and mortared sediment and soil samples after digestion
using ICP-OES (inductively coupled plasma-optical emission spectrom-
etry; 725 ES; Varian) and ICP-MS (inductively coupled plasma-mass
spectrometry; XSeries II; Thermo Fisher Scientific), as previously de-
scribed (24). Total organic carbon (TOC) was measured with a CN ana-
lyzer (varioMAXCN; Elementar, Germany) as previously described (31).
Soil solution samples were collected by using miniature plastic suction
cups (ecoTech). Samples were filtered directly (�0.2 �m) via the poly-
meric membrane of the suction tubes. Samples for cation analysis were
additionally acidified with HNO3 (68%; Suprapur; Merck) to a pH of �2.
The solutions were then analyzed using ICP-OES and ICP-MS.

Isolation of Mn(II)-oxidizing bacteria. Soil and sediment samples
were serially diluted (10�1 to 10�5) in 0.7% NaCl, and 100 �l of each
dilution was plated onto three types of MnCO3-containing agar at pH 5.5,
6.5, or 7.0. Basic MnCO3 agar (BM; modified Leptothrix medium [32])
contained (per liter): 2.0 g MnCO3, 0.5 g meat extract, 0.5 g yeast extract,

0.28 g Fe(NH4)2(SO4)2·6H2O, 0.17 g sodium citrate, 5.0 �g vitamin B12, 2
ml trace element solution SL9 (33), and 50 mg cycloheximide (to inhibit
fungal growth). BM7 refers to plates at pH 7.0 buffered with 10 mM
HEPES (pH 7.0), whereas BM5.5 refers to plates at pH 5.5 buffered with
10 mM morpholineethanesulfonic acid (MES). All plates were incubated
at 15°C in the dark.

MOB were identified by using leucoberbelin blue (LBB) and benzi-
dine, which react with Mn(III/IV) oxides, in colorimetric assays (34). In
brief, a drop of the LBB or benzidine reagent was applied directly to a
brownish-black colony, and the mixture was incubated for 20 min at
room temperature in the dark prior to a visual inspection for color
change. An additional spot of reagent was placed on a spare area of the
same agar plate as a control for abiotic oxidation. No quantification was
possible with the visual method.

LBB-positive colonies were transferred at least 5 times, and purity was
controlled based on colony morphology. pH was monitored before and
after incubation in the medium by homogenizing a subsample of the agar
medium from plates and then using a pH electrode. No change in the bulk
pH of the medium was observed during the time of incubation (1 week to
3 months).

Isolate 16S rRNA gene analysis. Genomic DNA was isolated from
pure cultures by boiling a loopful of bacterial cells in 100 �l 5% Chelex 100
solution (Bio-Rad) for 10 min. After 2 min of centrifugation at full speed,
the supernatant was used as the template for PCR amplification. 16S
rRNA genes were amplified with the universal primers 27F and 1492R, as
previously described (35). Isolates were screened by amplified rRNA gene
restriction analysis (ARDRA), and representative operational taxonomic
units (OTUs) were chosen for Sanger sequencing (performed at Macro-
gen, Inc., South Korea and The Netherlands). Sequences were assembled
using Geneious Pro version 4.6.4 (36), and isolates were grouped together
if colony morphologies were identical and 16S rRNA gene sequences had
�97% sequence similarity. Sequence identity was determined using the
BLAST algorithm against the GenBank database available from NCBI
(37). The closest type strains to the representative strains were determined
by using the EzTaxon server (38). Sequences were aligned using the Fast
Aligner algorithm within the ARB software package (39). Phylogenetic
trees incorporating a Jukes-Cantor distance correction with the neighbor-
joining algorithm and 1,000 bootstrap replicates were constructed using
Geneious v5.6.5 (36).

pH and metal tolerance. The pH ranges for growth and Mn(II) oxi-
dation were determined in BM agar plates with the pH adjusted to 4.0, 5.0,
5.5, 6.0, 7.0, or 8.0 with NaOH or HCl and without the addition of a
buffer. Isolates were plated in triplicate and incubated at 15°C in the dark.
pH was monitored before and after incubation (growth) in the bulk me-
dium, as described above, for control and inoculated plates, and no
change in the pH was observed. Growth was monitored visually based on
the appearance of colonies. Mn(II) oxidation was confirmed via the LBB
and benzidine spot tests, as described above.

Isolates AB_14, AB_18, and TB-2 were evaluated for their tolerance to
3 concentrations of cadmium, copper, and nickel in liquid medium. Liq-
uid BM medium was prepared as described above without agar and with
100 �M MnCl2 instead of MnCO3 as the Mn(II) source. AB_14 and TB-2
were cultivated at pH 5.5 with MES as a buffer, whereas AB_18 was culti-
vated at pH 7.0 with HEPES as a buffer. Cadmium was added to growth
media at final concentrations of 0.01, 0.05, and 0.5 mM; copper was added
at final concentrations of 0.01, 0.05, and 1.0 mM; nickel was added to final
concentrations of 0.1, 1.0, and 2.0 mM. Cultures were grown in triplicate
with metals added to the liquid BM medium, and growth was monitored
based on the optical density at 600 nm (OD600) measurements on a
DR6000 UV-Vis spectrophotometer (Hach Lange GmbH, Germany).
Mn(II) oxidation was evaluated by measuring the formation of Mn oxides
in a quantitative LBB colorimetric assay after 742 h of growth (40). In
brief, a 0.1-ml culture sample was added to 0.5 ml of 0.04% leucoberbelin
blue in 45 mM acetic acid and the mixture was incubated for 10 min in the
dark at room temperature. The reaction was filtered (0.22 �m), and then
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the absorbance was measured at 620 nm on a Hach DR6000 UV-Vis
spectrophotometer. Standard curves were constructed with KMnO4. Mn
oxides in control cultures (medium alone with metals added) were also
measured, in order to account for background interactions between the
medium and the metals. The data presented represent the amount of Mn
oxide produced in the presence of bacteria minus the measured Mn oxide
in control cultures.

LA-ICP-MS. Elemental distributions within colonies of MOB strains
were determined qualitatively by using laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS). Six Gessen Creek strains
(AB_7, AB_8, AB_9, AB_11, AB_13, and AB_14) were inoculated onto
MnCO3 agar with the same conditions used for isolation by streaking
inoculum over the whole plate in a zigzag pattern and incubated for 2
weeks at 15°C. Additional plates were prepared for AB_9 and AB_14 with-
out Fe in the medium to evaluate the influence of Fe on Mn oxidation.
Agar plates were dried at 40°C in a drying oven for 7 to 21 days, until an
even, flat surface with a thickness of �100 �m was obtained. Sections of
dried agar (4 by 2 cm) were excised from the plate and fixed on a micro-
scope slide with double-sided adhesive tape. Profiles (length, 2.5 to 3.1
cm) covering biomass and agar alone were ablated with an Nd:YAG laser
(Microprobe II; Merchantek, Fremont, CA) coupled to an X-Series II
ICP-MS apparatus (Thermo Fisher Scientific, Bremen, Germany). All
scans were normalized to carbon (13C) as an internal standard.

FTIR spectroscopy. Samples of MOB biomass collected from agar
plates and uninoculated agar were freeze-dried at �60°C and then ground
into a fine powder for Fourier-transform infrared (FTIR) spectroscopy.
FTIR spectra were recorded using a Nicolet iS10 spectrometer (Thermo
Fisher Scientific, Dreieich, Germany). Mortared samples were mixed with
KBr at a ratio of 1:100 and pressed into pellets. The pellets were studied in
transmission mode in the mid-infrared range, between 4,000 and 400
cm�1, for a total of 16 scans at a resolution of 4 cm�1. Spectra were
baseline corrected by subtracting a straight line running between the two
minima of each spectrum and normalized by dividing each data point by
the spectrum’s maximum.

Transmission electron microscopy. For transmission electron mi-
croscropy (TEM), the MOB biomass was collected from agar plates and
fixed in a freshly prepared, 0.2-�m-pore filter-sterilized solution of
2.5% glutaraldehyde (electron microscopy grade; Roth) in phosphate-
buffered saline (PBS) buffer. Cell suspensions were centrifuged to a
pellet at 16,000 � g for 5 min and brought to the Electron Microscopy
Center at the University Clinic in Jena, Germany, for resin embedding and
ultramicrotomy. In brief, the samples were washed three times with PBS
buffer, stained with 1% OsO4 in triply distilled water, and washed again
three times with PBS buffer. Two dehydration steps of 30 and 50% ethanol
were followed by 2% uranyl acetate in 50% alcohol (for staining) and four

dehydration steps of 50%, 70%, 96%, and 100% ethanol. Absolute dehy-
dration was guaranteed with propylene oxide before embedding with
araldite resin (1:2, 1:1, 2:1, and 100% araldite:propylene oxide steps).
Resin-embedded samples were cured at 60°C before slicing to a 50- to
80-nm thickness with an Ultratome III (LKB, Stockholm, Sweden). Ultra-
microtomed resin slices were placed on Cu TEM grid films, poststained
with lead citrate, and analyzed on a variety of TEMs, including a Zeiss EM
900 operated at 80 kV (with digitized photo film), an FEI Tecnai G2
operated at 200 kV, and an FEI Titan operated at 300 kV in STEM mode.
In addition to images, elemental information was obtained by energy-
dispersive X-ray spectroscopy (EDS), and structural information was ob-
tained by selected area electron diffraction (SAED). Analysis times, espe-
cially on the 300-kV TEM, were kept to a minimum due to the occurrence
of beam damage (loss of mineral crystallinity and unstable resin) within a
few minutes.

Microbial community 16S rRNA gene analysis and quantitative
PCR. DNA was extracted from 1 g of subsurface soil from the top (above
the Mn-rich layer), Mn (Mn-rich layer), and bottom (below the Mn-rich
layer) layers according to the method of Zhou et al. (41). Genomic DNA
was PCR amplified with universal bacteria primers 27F and 1492R, which
target the 16S rRNA gene, as described above. PCR amplicons were puri-
fied and then cloned into the pGEM T-Easy vector according to the man-
ufacturer’s instructions (Promega). Clone PCR was performed with
M13F/R primers, and positive clones were Sanger sequenced with the
universal 907R primer at Macrogen, Inc. (South Korea and The Nether-
lands). Sequences were trimmed by using Geneious Pro version 4.6.4 (36).
OTUs (based on a 97% sequence similarity cutoff), taxonomic affiliation,
and statistical analyses were performed within mothur (42).

Total bacteria and Albidiferax ferrireducens were quantified using
quantitative PCR (qPCR) targeting universal bacterial 16S rRNA genes
with the primers Uni-338F-RC and Uni-907R (43) and Albidiferax ferri-
reducens-specific primers Rdo R-RC (modified from reference 44) and
Uni-907R, respectively. Purified genomic DNA (10 ng) was used as the
template in the Maxima SYBR green qPCR master mix (Fermentas, Ger-
many). Plasmids CB54 (accession number HE604015) and NR27 (acces-
sion number HE604080) were used as standards (45). Thermocycling was
performed with the following temperature program: 10 min at 95°C and
50 cycles of 30 s at 95°C, 45 s at 57°C, 60 s at 72°C, and 10 s at 78°C.
Fluorescence measurements were made at 61, 72, and 78°C for each cycle,
followed by a dissociation curve analysis with 1 min at 95°C, 30 s at 55°C,
and heating to 95°C at a rate of 0.01°C s�1.

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences of isolates obtained in this study were deposited in the GenBank
or EMBL database under the accession numbers JQ033385 (AB_11),
JQ033386 (AB_13), JQ033387 (AB_7), JQ033388 (AB_8), JQ033389

TABLE 1 Mn(II)-oxidizing bacterial strains isolated from the former uranium mining district Ronneburg

Sampling locationa

Representative
strain

Accession
no.

No. of
isolates

Soil
dilution

pH of
isolation

Closest type strainb

(accession no., % identity)

Gessen Creek site R3 AB_9 JQ033389 3 10�4 7.0 Duganella zoogloeoides IAM 12670T (D14256, 97.8)
AB_14 JQ033393 1 10�1 5.5 Duganella zoogloeoides IAM 12670T (D14256, 97.8)

Gessen Creek site B AB_7 JQ033387 1 10�1 7.0 Janthinobacterium lividum DSM1522T (Y08846, 99.6)
AB_8 JQ033388 2 10�1 7.0 Flavobacterium aquidurense WB-1.1.56T (AM177392, 98.2)
AB_11 JQ033385 1 10�1 7.0 Janthinobacterium lividum DSM1522T (Y08846, 100)
AB_13 JQ033386 1 10�1 7.0 Pseudomonas putida PhyCEm-187 (AM921634, 99.7)

Former leaching heap site
GTF, Mn-rich layer

AB_17 JQ033390 7 10�1 7.0 Burkholderia sordidicola S5-BT (AF512826, 98.4)
AB_18 JQ033391 6 10�1 7.0 Arthrobacter stackebrandtii CCM 2783T (AJ640198, 97.5)
TB-1 HG423345 1 10�2 7.0 Frigoribacterium sp. LPPA 548 (HE613773, 100)
TB-2 HG003356 1 10�2 5.5 Albidiferax ferrireducens T118 (CP000267, 99)

a Samples were collected from three locations within the former uranium mining district Ronneburg: the Gessenwiese test field (GTF), the bed of the Gessen Creek (R3), and soil
material from the Gessen Creek bank (B) (see Fig. S1 in the supplemental material).
b The type strains closest to the representative strains were determined by using the EzTaxon server (38).
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(AB_9), JQ033390 (AB_17), JQ033391 (AB_18), JQ033393 (AB_14),
HG423345 (TB-1) and HG003356 (TB-2). Sequences obtained from total
microbial community analysis were deposited in the EMBL database un-
der accession numbers HG003357 to HG003566.

RESULTS AND DISCUSSION
Isolation of Mn-oxidizing bacteria. A total of 24 MOB isolates
were obtained from three sites within the former Ronneburg ura-
nium mining area (see Fig. S1 in the supplemental material): the
Mn-rich geochemical barrier from the Gessenwiese test field
(GTF), the sediment of the Gessen Creek (R3), and topsoil mate-
rial from the Gessen Creek bank (B). These sites were predicted to
vary in their favorability for the growth of Mn oxidizers, based on

their pH and organic carbon contents. The Mn-rich soil layer
obtained from a depth of 56 to 70 cm at site GTF contained 33,000
�g Mn per g of soil (see Fig. S2 in the supplemental material) had
a pH of 4.8, and hydrous Mn oxides were detected by FTIR
spectroscopy (26). Sites R3 and B at the Gessen Creek had
neutral pH (pH 6.3) and higher TOC contents (R3, 3.9% TOC
[31]; B, 5.4% TOC [46]) than site GTF (0.26% TOC) and there-
fore were predicted to favor growth of neutrophilic hetero-
trophic MOB. Site R3 sediment contained 667 �g of Mn/g of
sediment (31), whereas site B contained 884 �g of Mn per g of
soil. Analysis of 16S rRNA genes grouped these isolates into 10
representative strains (Table 1).
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FIG 1 Neighbor-joining phylogenetic tree of 16S rRNA gene sequences of Mn(II)-oxidizing bacterial isolates and related clone sequences obtained from
Mn-rich soil (indicated by boldface type). Isolates are designated by MOB followed by the strain number; clones are designated by Mn_DNA followed by the
clone number. Known MOB are designated with an asterisk. Sulfolobus acidocaldarius was used as the outgroup. Branch points supported by bootstrap
resampling (1,000 replicates) are indicated by filled circles (bootstrap values of �90%) and open circles (bootstrap values of �50%). Bar, 0.05 change per
nucleotide position. Bacteroid., Bacteroidetes; �-Proteob., Gammaproteobacteria.
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Two of the representative MOB strains were isolated at pH 5.5
(strains AB_14 and TB-2 within the Betaproteobacteria), whereas
the other eight strains were isolated at pH 7 (members of the Beta-
and Gammaproteobacteria, Actinobacteria, Bacteroidetes, and Fir-
micutes phyla) (Table 1 and Fig. 1). All isolated strains oxidized
Mn, as shown by a positive LBB spot test, and Mn accumulation
around colony biomass, as observed using LA-ICP-MS (Fig. 3).
The pH did not change in the bulk medium during incubation.

The low-pH isolate TB-2 was a member of the Coma-
monadaceae family, whereas strain AB_14 fell into the Oxalobac-
teraceae family. TB-2 was most closely related to Albidiferax ferri-
reducens T118 (99% sequence identity) (Table 1), which is a
known Fe(III) reducer (47, 48) that has not been tested for its
Mn-oxidizing capacities. However, our strain was not found to
reduce Fe(III) or Mn(IV) under laboratory conditions (data not
shown). As TB-2 is within the Comamonadaceae family, it joins
Caldimonas manganoxidans (49) as the second organism within
this family that is known to oxidize Mn. Strain AB_14 was most
closely related to Duganella zoogloeoides (97.8% sequence iden-
tity) (Table 1) within the Oxalobacteraceae family and was also
closely related to strain AB_9, which was isolated at pH 7. How-
ever, Duganella sp. AB_14 and AB_9 are considered separate
strains, as they differ in their pH range for growth and Mn oxida-
tion (Table 2 and below). Members of the genus Duganella were
not previously shown to oxidize Mn. However, within the Oxalo-
bacteraceae family there is a high degree of phylogenetic similarity
between members of the genera Janthinobacterium, Oxalobacter,
Duganella, and Herbaspirillum, as shown by DNA-RNA hybrid-
ization studies and small-subunit rRNA gene sequence analysis

(50). Recently, Mn oxidation was described for isolate Janthino-
bacterium sp. A6 (51), which was obtained at neutral pH from
ferromanganese deposits in caves. However, little is known to date
of the mechanisms used by members of this family for Mn oxida-
tion.

Of the 8 isolates obtained at pH 7, only two were closely related
to well-characterized MOB strains: AB_13 (99% sequence identity
to Pseudomonas putida) and AB_18 (97.5% sequence identity to
Arthrobacter stackebrantii) (Table 1 and Fig. 1). However, strains
AB_7 and AB_8 were related to the newly discovered MOB strains
Janthinobacterium sp. A6 (99.4% sequence identity) and Flavobac-
terium sp. E (98% sequence identity), respectively, suggesting that
Mn oxidation may be common in these genera and not limited
only to cave environments, where they were first observed to ox-
idize Mn (51).

Our study further broadens the known phylogenetic diversity
of Mn-oxidizing bacteria, as our two low-pH and three neu-
tral-pH MOB isolates were members of genera that were not pre-
viously shown to harbor Mn oxidizers. As research on MOB ex-
pands, additional phylogenetic groups might be identified. The
presence of new phylogenetic groups may indicate the presence of
unknown mechanisms for Mn oxidation, especially at low pH.

Physiology and in situ relevance of MOB isolates. Tests for
the pH growth range and Mn oxidation by the 10 representative
strains revealed that only isolates Duganella sp. AB_14, Albidiferax
sp. TB-2, and Arthrobacter sp. AB_18 were capable of growing and
oxidizing Mn below pH 7.0 (Table 2). AB_14 could grow over 2
pH units (pH 5.0 to 7.0) but only oxidized Mn at pH 5.0 and 5.5.
Similarly, TB-2 could grow at pH 5.5, 6.0, and 7.0 but only oxi-
dized Mn at pH 5.5 and 6.0. Strain AB_18 grew and oxidized Mn
at pH 6.0 to 8.0. Thus, we isolated two MOB strains that prefer-
entially oxidize Mn at low pH: Albidiferax sp. TB-2 and Duganella
sp. AB_14.

Bacterial Mn oxidation at low pH is unique, as Mn(II) oxida-
tion under acidic conditions is predicted to be thermodynamically
unfavorable (3, 5–7). At neutral to slightly alkaline pH (pH 7 to 9),
Mn oxidation is thermodynamically favorable but occurs very
slowly in the absence of bacteria (5, 6). However, to carry out Mn
oxidation at low pH it is expected that a large activation energy is
needed, which may not be favorable for a microorganism, espe-
cially as Mn oxidation is not thought to provide energy for the cell
(2, 5).

Metal tolerance of MOB isolates. Metal ions affect the growth
and Mn-oxidizing ability of Mn-oxidizing organisms (52). We
evaluated the metal tolerance of Duganella sp. AB_14, Albidiferax
sp. TB-2, and Arthrobacter sp. AB_18, which can oxidize Mn at pH
levels that are relevant in situ (Mn-rich soil had a pH of 4.8; site R3
had a pH of 6.3). All three isolates grew and oxidized Mn in the

TABLE 2 pH ranges for growth and Mn oxidation by MOB isolatesa

Strain
pH of
isolation

pH range toleratedb

5.0 5.5 6.0 7.0 8.0

AB_7 7.0 �/LBB� �/LBB� �/LBB� 	/LBB	 �/LBB�

AB_11 7.0 �/LBB� �/LBB� �/LBB� 	/LBB	 	/LBB�

AB_9 7.0 �/LBB� �/LBB� �/LBB� 	/LBB	 	/LBB�

AB_17 7.0 �/LBB� �/LBB� �/LBB� 	/LBB	 �/LBB�

AB_13 7.0 �/LBB� �/LBB� �/LBB� 	/LBB	 �/LBB�

AB_18 7.0 �/LBB� �/LBB� 	/LBB	 	/LBB	 	/LBB	

TB-1 7.0 �/LBB� �/LBB� �/LBB� 	/LBB	 �/LBB�

AB_8 7.0 �/LBB� �/LBB� �/LBB� 	/LBB	 �/LBB�

AB_14 5.5 	/LBB	 	/LBB	 	/LBB� 	/LBB� �/LBB�

TB-2 5.5 �/LBB� 	/LBB	 	/LBB	 	/LBB� �/LBB�

a Isolates were incubated on BM medium adjusted to different pHs; the pH levels
remained stable during incubation.
b Growth (	, colonies present after 1 month of incubation) or no growth (�, no
colonies present after 1 month)/presence (LBB	) or absence (LBB�) of Mn oxides in
LBB spot test.

TABLE 3 Metal tolerance of MOB isolates AB_14, AB_18, and TB-2 in the presence of various concentrations of Cd, Cu, or Nia

Strain

Metal toleranceb

Cd Cu Ni

0.01 mM 0.05 mM 0.5 mM 0.01 mM 0.05 mM 1.0 mM 0.1 mM 1.0 mM 2.0 mM

AB_14 	/LBB� �/LBB� �/LBB� 	/LBB	 	/LBB	 �/LBB� 	/LBB	 �/LBB� �/LBB�

AB_18 	/LBB	 	/LBB	 �/LBB� 	/LBB	 	/LBB	 	/LBB� 	/LBB	 	/LBB	 �/LBB�

TB-2 	/LBB	 	/LBB	 �/LBB� 	/LBB	 	/LBB	 �/LBB� �/LBB� �/LBB� �/LBB�

a Growth over time was monitored based on OD600 measurements for isolates cultured in liquid medium (AB_14 and TB-2 at pH 5.5 and AB_18 at pH 7).
b Growth (	) or no growth (�)/presence of Mn oxides (LBB	) or no evidence of Mn oxidation (LBB�).
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NickelCadmium Copper

B

FIG 2 Growth of (A) and Mn oxide production by (B) strains AB_14, AB_18, and TB-2 in the presence of various concentrations of Cd, Cu, and Ni.
Growth over time was monitored by OD600 measurements of isolates cultured in liquid medium (AB_14 and TB-2 at pH 5.5, AB_18 at pH 7). Mn oxides
were measured using the LBB colorimetric assay after 742 h of growth. All values are means of triplicate cultures minus the concentrations of control
cultures (uninoculated media) 
 standard deviations. Omitted values indicate no growth under the experimental conditions.
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presence of metals (Ni, Cd, and Cu) (Table 3 and Fig. 2). With Ni
and Cu, AB_14 grew faster than the other isolates, reaching sta-
tionary phase at around 200 h (Fig. 2A). While AB_14 was sensi-
tive to Cd in the early stages of growth, it grew with Cd after a
10-day lag phase (Fig. 2A). AB_18 tolerated all 3 metals but grew
the slowest and did not reach stationary phase until �500 h (Fig.
2A). Interestingly, although Arthrobacter sp. AB_18 grew in the
presence of 1.0 mM Cu, it only oxidized Mn in less than 0.05 mM
Cu (Table 3 and Fig. 2B). Additionally, AB_18 oxidized more
Mn than the other strains (Fig. 2B).

Soil pore water concentrations of Ni (170 �M), Cu (6 �M),
and Cd (0.5 �M) at GTF (see Fig. S2 in the supplemental material)
and water (8.5 �M Ni and 0.013 �M Cd; Cu was not determined)
from Gessen Creek (31) both had lower metal concentrations than
those tolerated by our strains. However, our isolates tolerated
higher metal concentrations than what typically inhibits Mn oxi-
dation by the model MOB, Leptothrix discophora SS-1 [Zn(II) and
Co(II) at 10 �M and Cu(II) and Ni(II) at 100 �M] (52). This
suggests that our strains are well adapted to the metal-contami-
nated conditions at the Ronneburg sites.

Although members of the Duganella genus, which contains our
AB_14 isolate, have been isolated from metal-contaminated envi-
ronments, little is known about the specific metal tolerance of
these species. For example, Duganella strain EK-I49, which was

isolated from metal-contaminated soils in Slovakia, contains the
metal resistance (nccA) gene (53). Similarly, HgCl2-contaminated
soils yielded another isolate with high sequence similarity to D.
violaceusnigra (54). The metal tolerance we observed in Arthrobac-
ter isolate AB_18 is consistent with other Arthrobacter strains that
are well known for their extremely high metal tolerance (55–57).
Albidiferax ferrireducens, the closest relative of isolate TB-2, is yet
to be evaluated for metal tolerance; therefore, TB-2 tolerance to
up to 0.05 mM Cd and Cu expands the known physiology of this
organism.

The enzymes responsible for microbial Mn oxidation include
calcium-binding heme peroxidases (MopA) and multicopper oxi-
dases (MCO) (summarized in reference 4). MCO catalyze the
transfer of electrons not only to Mn but also to Fe(II) and other
substrates (58). Copper ions are necessary for MCO enzyme func-
tion, and our isolates AB_14, AB_18, and TB-2 grew and oxidized
Mn in the presence of 0.01 and 0.05 mM Cu in the medium. These
strains were also less sensitive to copper than nickel at the same
concentrations. Further work is needed to determine whether the
addition of copper enhances Mn oxidation in these strains, which
could indicate the presence of an MCO or other oxidant.

Elemental distribution in MOB biomass. LA-ICP-MS was
used to obtain spatially resolved information on the elemental
distribution of Mn and Fe within MOB biomass and surrounding

FIG 3 Elemental distributions of strains AB_14 (pH 5.5) (A) and AB_9 (pH 7) (B) grown in BM medium with or without iron, determined using LA-ICP-MS.
The graphs show the signal intensities of Mn depending on the position of bacterial biomass on the agar plate (gray bars) and the availability of Fe. The intensities
were normalized to an internal standard (carbon).
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agar medium. Generally, high Mn intensities were associated with
microbial biomass for all investigated strains (as displayed for two
examples in Fig. 3). In contrast, the LA-ICP-MS transect showed
that areas of agar without biomass had constant element intensi-
ties except for the beginning and end regions for the Mn measure-
ment. The cause of these unusual Mn intensities is likely the sam-
ple preparation, which resulted in higher dehydration of the agar
pieces on the end, causing them to show higher Mn background
levels.

As the medium initially used to isolate our organisms also con-
tained Fe(II), the ability of the organisms to also oxidize Fe(II)
may have led to enzymatic Fe oxidation that then may have trig-
gered Mn(II) oxidation (59). Thus, LA-ICP-MS was used to eval-
uate if the coenrichment of Mn and Fe was due to oxidation of the
Fe in the medium by MOB strains AB_9 (pH 7) and AB_14 (pH
5.5). The LA-ICP-MS profile for strain AB_14 (pH 5.5) (Fig. 3A)
showed an enrichment of Mn in the bacterial biomass both with
and without Fe in the medium, suggesting that secondary abiotic
oxidation of Mn was not occurring. However, the model Mn(II)
oxidizer P. putida GB-1 uses different pathways for Mn oxidation,
depending on iron availability (60, 61). Under iron-replete con-
ditions, enzymatic Mn oxidation is hypothesized to predominate,
whereas under iron-limited conditions siderophore production is
linked to abiotic oxidation (61). Further work is needed to deter-

mine whether AB_14 uses a single pathway for Mn oxidation or
whether this strain produces siderophores that contribute to abi-
otic Mn oxidation. In contrast to AB_14, the other Duganella sp.
strain, AB_9, isolated at pH 7 (Fig. 3B) did not accumulate Mn in
its biomass in the absence of Fe. This suggests a linkage between Fe
and Mn oxidation in strain AB_9, either through biological Fe(II)
oxidation followed by secondary abiotic oxidation of Mn or via
the iron-dependent enzymatic Mn(II) oxidation that is observed
in P. putida GB-1 (61). In addition, this observation highlighted
the physiological differences between strains AB_9 and AB_14,
such as the presence of different Mn oxidation pathways and sid-
erophore production in AB_14. Determining the mechanisms for
Mn oxidation at low pH by isolate Duganella sp. AB_14 will be
aided by genome queries, as the full-genome sequencing is under
way in collaboration with the Joint Genome Institute.

Identification of biogenic Mn oxides. Mn oxides produced by
Ronneburg isolates were identified using FTIR spectroscopy and
TEM. FTIR spectra of all representative strains that produced pre-
cipitates showed a slightly higher absorbance between 750 and 400
cm�1, which is characteristic for the Mn-O vibrations of the
MnO6 octahedral framework in Mn oxides (see Fig. S3 in the
supplemental material). TEM revealed mineral-cell associations
for the Mn oxides produced by isolates Arthrobacter sp. AB_18
and Duganella sp. AB_14 (Fig. 4). Many AB_18 cells were en-

A

B

FIG 4 TEM images of AB_18 and AB_14 cells and Mn oxides. (A) AB_18. (a) STEM high-angle annular dark-field (HAADF) image (the brighter areas indicate
higher Z elements); (b) TEM image of Mn oxide minerals surrounding some cells; (c) TEM image of a cluster of minerals and their selected area diffraction
patterns, showing some crystallinity (inset). (B) AB_14. TEM images with diffraction patterns (insets) of live and mostly dead bacteria with few obvious minerals
around them (d) or aggregates of Mn oxide particles (e and f). Diffraction areas were larger than the images shown.
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crusted with Mn oxides (Fig. 4B); in contrast, AB_14 cells were not
encrusted and Mn oxide precipitates were only observed away
from the cells (Fig. 4A). EDS showed that the precipitates were
composed of Mn and O along with other elements from the em-
bedding resin (see Fig. S4 in the supplemental material). Analysis
of SAED patterns showed crystallographic d-spacings similar to
those of common Mn oxides (birnessite and todorokite), al-
though they could not be conclusively identified (see Table S1 in
the supplemental material).

The observed locations of the minerals on the bacteria may also
indicate a potential role and/or mechanism for Mn oxidation. Our
Arthrobacter sp. AB_18 was encrusted with a difficult-to-identify
Mn oxide mineral (see Table S1), suggesting a direct mechanism
of oxidation such as enzymatic oxidation on the outer membrane
(2). The encrusted Mn oxides on the cell may be acting as a pro-

tective barrier from toxic metal ions, which would impart a selec-
tive advantage for such organisms in the metal-contaminated en-
vironments at the Ronneburg area. Mn oxides from Duganella sp.
AB_14 differed in morphology from those from strain AB_18 and
were not observed in close proximity to the cell. This may indicate
that low-pH oxidation proceeds via a different enzymatic pathway
than that used by Mn-oxidizing organisms found in neutral-pH
samples, or that Mn oxidation occurs via indirect mechanisms,
such as the production of superoxides (17). Recently, extracellular
superoxide production was found to be widespread among het-
erotrophic bacteria, although the two Betaproteobacteria species
tested were not shown to produce superoxide (62). However, ad-
ditional Betaproteobacteria strains may prove to produce superox-
ide or other reactive oxygen species, as their production is ubiq-
uitous among both bacteria and fungi (62).

FIG 5 Rarefaction curves (A) and frequencies of bacterial phylogenetic lineages (B) for the 16S rRNA gene clone libraries obtained for the three subsurface layers,
Mn-rich, top, and bottom at the GTF site. A total of 85, 61, and 63 clones were analyzed for the top, Mn-rich, and bottom layers, respectively. Phylogenetic
affiliations of OTUs (based on a �97% sequence similarity cutoff) were determined by using mothur against the SILVA database. Frequencies were based on the
total number of clones associated with OTUs of sequenced representatives at the phylum level or class level for Proteobacteria.
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Microbial community analysis. Total relative bacterial abun-
dance was low in subsurface soils at site GTF with the soil layer
above (top), the Mn-rich geochemical barrier, and the layer below
(bottom), as we found 6.6 � 104, 8.5 � 105, and 6.1 � 105 16S
rRNA gene copies per gram (wet weight) of soil, respectively (de-
termined using qPCR). For comparative microbial community
analysis, a 16S rRNA gene cloning and sequencing approach re-
vealed a total of 209 sequences that grouped into 91 OTUs, with 4
OTUs present in all 3 libraries. Rarefaction analysis indicated sat-
uration of sampling for the bottom sample but not for the Mn-
rich or top samples (Fig. 5A), and coverage had a similar pattern
(see Table S2 in the supplemental material). The community com-
position in the Mn-rich geochemical barrier differed distinctly
from those of the top and bottom communities (Fig. 5B), with a
dominance of Betaproteobacteria (47% of total clones). The Beta-
proteobacteria-related clone Mn_DNA_21 was most closely re-
lated to isolate TB-2 from the Mn-rich layer and to A. ferrireducens
and represented �16% of total clones, suggesting a high in situ
prevalence of this isolate at the former leaching heap site GTF (Fig.
1). The abundance of A. ferrireducens in the Mn-rich geochemical
barrier was �105 16S rRNA gene copies per g (wet weight) of
sediment as revealed by qPCR, representing 13.5% of the total
bacterial community. As shown in a parallel study by Fabisch et al.
(31), this bacterial group represents 27% of the total community
in the sediment of the Gessen Creek site (R3), where bacterial 16S
rRNA gene copy numbers per g (wet weight) of sediment are 5
orders of magnitude higher than at site GTF. Members of the
Alphaproteobacteria dominated the bottom layer (29% of total
clones). Clones related to members of the Actinobacteria repre-
sented 23%, 15%, and 12% of total clones in the top, Mn-rich, and
bottom layers, respectively (Fig. 5B).

Some RNA- and DNA-derived 16S rRNA clones from Gessen
Creek sediment R3 obtained in the study of Fabisch et al. (31) are
related to known MOB and to two of the MOB isolates obtained in
this study. The RNA-derived clones included members from Ac-
tinobacteria (Arthrobacter related), Bacteroidetes (Flavobacterium
sp.), Gammaproteobacteria (Acinetobacter sp.), and Betaproteobac-
teria (Albidiferax sp.) (31). The detection of these organisms on
the RNA level indicates their potential activities within the envi-
ronment. The presence of a DNA-based clone related to the Ox-
alobacteraceae family (31) was interesting, as this is the same fam-
ily as our low-pH isolate AB_14 and suggests that this organism
has the potential to be active at the Gessen Creek site.

We have provided evidence that MOB isolates obtained from
the former Ronneburg uranium mining area could impact the fate
of metal contaminants via adsorption to biogenic Mn oxide min-
erals formed at both acidic and neutral pHs. In many metal-con-
taminated environments, biological Mn oxidation is associated
with a decrease in aqueous metal load. The biogenic minerals pro-
duced by our isolates at pH 5.5 (Duganella AB_14) and 7.0 (Ar-
throbacter AB_18) were difficult to conclusively identify. How-
ever, birnessite and todorokite comprised the Mn-rich layer at site
GTF (M. Händel, personal communication, and (26)) where ac-
cumulation of metals was associated with Mn oxides. Although we
do not show direct evidence that MOB formed the Mn oxides in
the acidic Mn-rich geochemical barrier, the stability of Mn(II)
under the environmental conditions is such that Mn oxides are
not predicted to form under solely abiotic conditions (2, 5, 6). In
addition, our Albidiferax strain TB-2 (pH 5.5) isolate was closely
related to a clone from the Mn-rich layer that had a high relative

contribution (16% total clones) to the in situ community. As
strain TB-2 oxidizes Mn in the lab under pH levels that are rele-
vant to in situ conditions, we can infer that this organism may be
involved in biological Mn oxidation at the site, and further work is
needed to assess the potential for biogenic Mn oxides to contrib-
ute to metal attenuation in the Mn-rich layer.
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