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ABSTRACT

The mechanisms, key organisms, and geochemical significance of biological low-pH Mn(II) oxidation are largely unexplored.
Here, we investigated the structure of indigenous Mn(II)-oxidizing microbial communities in a secondary subsurface Mn oxide
deposit influenced by acidic (pH 4.8) metal-rich groundwater in a former uranium mining area. Microbial diversity was highest
in the Mn deposit compared to the adjacent soil layers and included the majority of known Mn(II)-oxidizing bacteria (MOB) and
two genera of known Mn(II)-oxidizing fungi (MOF). Electron X-ray microanalysis showed that romanechite
[(Ba,H2O)2(Mn4�,Mn3�)5O10] was conspicuously enriched in the deposit. Canonical correspondence analysis revealed that cer-
tain fungal, bacterial, and archaeal groups were firmly associated with the autochthonous Mn oxides. Eight MOB within the Pro-
teobacteria, Actinobacteria, and Bacteroidetes and one MOF strain belonging to Ascomycota were isolated at pH 5.5 or 7.2 from
the acidic Mn deposit. Soil-groundwater microcosms demonstrated 2.5-fold-faster Mn(II) depletion in the Mn deposit than adja-
cent soil layers. No depletion was observed in the abiotic controls, suggesting that biological contribution is the main driver for
Mn(II) oxidation at low pH. The composition and species specificity of the native low-pH Mn(II) oxidizers were highly adapted
to in situ conditions, and these organisms may play a central role in the fundamental biogeochemical processes (e.g., metal natu-
ral attenuation) occurring in the acidic, oligotrophic, and metalliferous subsoil ecosystems.

IMPORTANCE

This study provides multiple lines of evidence to show that microbes are the main drivers of Mn(II) oxidation even at acidic pH,
offering new insights into Mn biogeochemical cycling. A distinct, highly adapted microbial community inhabits acidic, oligotro-
phic Mn deposits and mediates biological Mn oxidation. These data highlight the importance of biological processes for Mn bio-
geochemical cycling and show the potential for new bioremediation strategies aimed at enhancing biological Mn oxidation in
low-pH environments for contaminant mitigation.

Biogenic Mn oxides contribute to the natural attenuation of
metals, providing a potentially ecologically and economi-

cally friendly strategy for the in situ stabilization of metal pol-
lutants in natural ecosystems and anthropogenic settings (1, 2).
The pH of environments that would be good targets for Mn
oxide-mediated attenuation, e.g., drainage basins, mine tail-
ings, and leaching heaps, is normally acidic due to the aerobic
oxidation of sulfidic minerals (3). Although manganese is read-
ily oxidized from Mn(II) to Mn(III/IV) at circumneutral pH by
a variety of microorganisms (4), we have limited knowledge
about the formation of biogenic Mn oxides in acidic environ-
ments (5, 6).

In natural environments with pH values from 6 to 8.5 and oxic
conditions, the occurrence of Mn oxides is mainly due to biolog-
ical contributions (7). Diverse microorganisms, both prokaryotes
and eukaryotes, are capable of oxidizing Mn(II) ions at circum-
neutral pH (8–10). Mn(II)-oxidizing bacteria (MOB) include Ro-
seobacter sp. strain AzwK-3b (11), Bacillus sp. strain SG-1 (12),
Leptothrix sp. (13)., Pseudomonas putida GB-1 (14), and Auranti-
monas manganoxydans (15), which are found in the Proteobacte-
ria, Firmicutes, and Actinobacteria phyla. Crenarchaeota, the most
abundant archaea in marine environments known to be involved
in chemoautotrophic nitrification (16) are closely associated with
Mn oxides in freshwater (17), although it has not been definitively
shown to oxidize Mn in the laboratory. Several fungal species be-

longing to the phyla of Ascomycota and Basidiomycota have also
been identified as Mn(II)-oxidizing fungi (MOF) (8, 18).

In contrast, low-pH Mn(II) oxidation poses a challenge to mi-
crobes because the reaction is thermodynamically unfavored (5, 6,
19, 20). Until recently, only the fungus Cephalosportium sp. and
cell extracts of Streptomyces spp. were reported to be able to oxi-
dize Mn(II) at pH values below 5 (21, 22). However, recently,
Akob et al. reported new isolates of low-pH MOB, including Dug-
anella sp. strain AB_14 and Albidiferax ferrireducens strain TB-2,
which oxidize Mn(II) at pH 5.5 (5). In addition, Bohu et al. char-
acterized Mesorhizobium australicum T-G1, a low-pH Mn(II) ox-
idizer, that forms a bixbyite-like phase via a multi-copper oxidase
pathway rather than reactive oxygen species at acidic pH (6).
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These few studies provide the first glimpse into the bacteria in-
volved in low-pH Mn oxidation and their relevant enzymes. How-
ever, questions remain regarding (i) whether the biological con-
tribution is the main driver of low-pH Mn(II) oxidation because
the rates of biological and chemical processes are both slow at
acidic pH and largely dependent on the in situ environmental
redox conditions (6, 23); (ii) whether there exists a special domi-
nant Mn(II)-oxidizing microbial community adapted to low-pH
conditions, compared to microbial communities in neutral to
slightly alkaline environments; and (iii) whether Mn(II)-oxidiz-
ing microbial assemblages are spatially enriched with the second-
ary Mn minerals that may indicate a firm relationships between
low-pH Mn(II) oxidizers and autochthonous Mn oxides.

In view of these questions, we investigated an epigenetic Mn
deposit at a former uranium leaching site that is influenced by
acidic (pH 4 to 5) and metalliferous groundwater with low levels
of nutrients (24) and compared the microbial diversity of all three
domains of life to those present in adjacent soil layers. To link
phylogeny to function, we isolated bacterial and fungal key players
involved in Mn(II) oxidation and compared the rates of Mn(II)
depletion in soil microcosms studies amended with nutrients
and/or biotic inhibitors. These results helped us to better under-
stand biological Mn(II) oxidation in low-pH environments and
advances our knowledge of potential strategies for the remedia-
tion of contaminated environments.

MATERIALS AND METHODS
Field site description. The sampling site (E 4510469, N 5635476 [Gauss-
Krueger Potsdam coordinate system]) is at the former Gessenhalde leach-
ing heap near Ronneburg (Fig. 1), which was one of the most important
uranium mining areas of the former German Democratic Republic in the
Cold War Era (24). During the 1970s to 1989, 6.8 � 106 m3 of low-grade
uranium ore (Ordovician and Silurian black shale) was leached with acid
mine drainage and sulfuric acid. Perpetual leakage caused tons of acids,
metals, and radionuclides (such as Cd, Co, Cr, Fe, Mn, Ni, Pb, Zn, and U)
to penetrate into the Pleistocene sediments and be introduced to ground-

water (6, 26–28). During the remediation that began at 1990, the leaching
heap was removed and bulk of subjacent soil was excavated up to 10 m
below the former land surface. Consequently, the deep quaternary sedi-
ment was exposed via this remediation process and covered later by only
a 10- to 50-cm thickness of allochthonous soil materials (27). The ground-
water table rose to �90 to �80 cm (1) after stopping the pumps, which
were used to keep the water table low during mining.

Elevated concentrations of dissolved and colloidal Mn and Fe enriched
in the acidic and metals contaminated groundwater (26) was speculated as
one of the plausible sources for metals that led to the development of a
secondary mineral deposit below the heap through sediment capillary
effects (1). The strata-like secondary mineral deposit in the Pleistocene
sediments was approximately near the raised groundwater table after
pumping ceased and is comprised now of three different mineralized lay-
ers (Fig. 1): (i) a silty sand layer consisting of Fe oxy/hydroxides with
yellow-reddish color at the base of the strata (approximately �64 cm from
the surface, referred to here as the “bottom layer”); (ii) a condensed,
gray-to-black manganiferous sandy layer closely above the groundwater
table (around �56 cm from the surface, referred to here as the “Mn
layer”) with a thickness up to 13.5 cm but unevenly distributed within the
former mining area; and (iii) a 0.1-m thick, yellow-to-gray oxic layer with
75.5% sand and 24.3% silt (around �47 cm from the surface, referred to
here as the “top layer”). The Mn layer is crumpled at the contact point
with the bottom layer and has an average Eh of 650 � 39 mV reflecting the
favorable oxidizing conditions within the Mn layer (1). Metals such as Cd,
Ni, Co, and Zn are conspicuously enriched and attenuated due to the
strong scavenging of Mn oxides in the Mn layer (26).

Microbial activity and biomass are extremely low around and within
the secondary mineral deposits (26). Bacterial 16S rRNA gene copy num-
bers were approximately 6.6 � 104, 8.5 � 105, and 6.1 � 105 per gram of
soil for the top, Mn, and bottom layers, respectively (5), which is likely a
millionth of the total bacterial cell numbers typically found in a gram of
surface soil (28), corroborating the very low basal respiration rates of only
2 nmol g�1 h�1 CO2 observed (26).

Sampling procedure. A randomized sampling strategy was applied
(29). First, two 1-m-by-1-m-wide-by-0.4-m depth bulks of surface soil 2
m apart were excavated by spades. The first pit served as the main research
site (referred to here as “site A”) (Fig. 1). Soils were sampled by a soil core

FIG 1 Schematic map of the sampling sites of the Mn deposit in the former uranium mining district Ronneburg, Germany (left), and the strata-like subsoil
profile investigated (right). The strata-like secondary mineral deposit is unevenly distributed at this site and was subject of several studies. The map presents the
sampling locations of the profile investigated in this study (A and B [a photo of the strata-like deposit was taken from location A]), which was also used for the
isolation of low-pH Mn(II) oxidizers before by Akob et al. (5) (A), and adjacent sites used for studying metal retention by Burkhardt et al. (26) (E), mineral
structure by Mayanna et al. (78) (M), and thermodynamic modeling by Schäffner et al. (1) (S).
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driller (PKH-100; MMM Tech Support, Germany) within the exposed
1-m-by-1-m area. Ten randomly drilled soil cores were immediately seg-
mented with sterile spatulas based on visual inspection and depth, and
pooled in sterile 50-ml Falcon tubes according to each layer. The tubes
were cooled by liquid nitrogen or ice for DNA extraction and culture-
dependent analysis, respectively. Groundwater was pumped manually us-
ing sterile 50-ml Omnifix syringes (B. Braun Medical, Inc., Germany)
from the drilled holes of site A and maintained on ice during transporta-
tion. In the second pit (referred to here as “site B,” Fig. 1), soil from the
Mn layer was collected and pooled from eight randomly drilled soil cores
and only used for comparison of microbial communities with samples
from the Mn layer of site A, unless otherwise noted.

Physicochemical analysis. The pH of the soil was measured using the
CaCl2 method (30) and the water content by the thermogravimetric
method (31). Total carbon and inorganic nitrogen were determined for all
samples (dried at 105°C) using a LECO CNS-2000 Analyzer (Leco Cor-
poration, St. Joseph, MI). Soil and groundwater for elemental analysis
were prepared as previously described (26) and concentrations were mea-
sured using inductively coupled plasma mass spectrometry (XSeries II;
Thermo Fisher Scientific) or inductively coupled plasma optical emission
spectrometry (Spectroflame; Spectro). The total organic carbon (TOC) of
the groundwater was analyzed using multi-N/C 2100S TOC analyzer
(Analytik Jena AG, Germany). The average mass percentage of Mn oxide
minerals was quantified by the Mn electron demand method based on the
following chemical formulations (32):

2KI � MnO2 � 3H2SO4 � I2 � 2KHSO4 � MnSO4 � 2H2O

2Na2S2O3 � I2 � Na2S4O6 � 2NaI

Briefly, 0.25 g of air-dried soil sample was suspended in 20 ml of
distilled deionized water (ddH2O) in a calibrated 25-ml volumetric flask.
A total of 2.5 ml of 3.61 M KI was added, followed by 1 ml of 18.4 M
H2SO4. The suspension was stirred thoroughly for 12 h to completely
reductively dissolve Mn oxides. The mixture was filtered through a 0.45-
�m-pore size filter (Roth, Germany) and titrated with 0.1 M Na2S2O3

until light yellow color occurred. Then, 1 ml of 0.5% starch solution was
added, and the sample was titrated with standardized 0.1 M Na2S2O3 until
the blue color vanished. Mn(IV) oxide (99.99%; Aldrich) was used as a
control. The mass percentage of Mn oxide minerals (normalized to
MnO2) was calculated as follows:

Mn oxides % �
0.5 � C � V � M

1,000 � W
� 100%

where C is the concentration of Na2S2O3 solution, which was 1 M in this
experiment, V is the volume of Na2S2O3 solution used for titration, M is
the molecular weight of MnO2, and W is the sample weight.

Electron probe X-ray microanalysis of the autochthonous Mn oxide
minerals. Back-scattered electron images and chemical analyses of oxide
minerals within the subsoil layers were performed on thin sections using a
JEOL JXA 8230 electron microprobe. For this purpose, the samples were
cleaned with distilled water, methanol, and liquid carbon dioxide, embed-
ded in a low-viscosity epoxy resin, and subsequently ground, polished,
and carbon coated. The microprobe was operated in wavelength-disper-
sive mode at an acceleration voltage of 15 kV and a beam current of 15 nA.
Counting times on peak were 20 s for each element, except for Mg, Ca, and
Cu with 30 s each. Background counting times were 50% of those on the
peaks. The following X-ray lines and standards were used: Si K�, wollas-
tonite; Al K�, corundum; Mg K�, periclase; Ba L�, barite; Ca K�, wollas-
tonite; Ti K�, rutile; Fe K�, hematite; Mn K�, rhodonite; and Cu K�,
chalcopyrite. The raw data were corrected by applying the �–�–z proce-
dure (33).

DNA extraction, amplification, and microbial community profil-
ing. Total DNA of the top, Mn, and bottom layers were extracted using a
sodium dodecyl sulfate-based soil DNA extraction method (34). The
quantity and quality of the extracted DNA was estimated using an ND-

1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
DNA samples with a concentration of at least 20 ng liter�1 were sent to the
Research and Testing Laboratory (Texas, USA) for tagged pyrosequenc-
ing. Archaeal and bacterial partial 16S rRNA genes were amplified by
using the universal primer set 341F/958R and 28F/519R as previously
described (35–37). Fungal ribosome small subunit-coding region (SSU)
was sequenced using the primer set SSUFungiF and SSUFungiR as de-
scribed previously (38). Sequences were treated as previously described
(9) and analyzed using mothur version 1.34.4 (39).

Isolation and characterization of indigenous Mn(II) oxidizers.
Mn(II)-oxidizing bacteria and fungi were isolated at a pH of 5.5 or 7.2
from a 10�1 dilution in 0.7% NaCl of the Mn layer soil on modified PYG
agar plates with (bacteria) or without (fungi) 0.05% cycloheximide. PYG
agar contained per liter, 0.25 g of peptone, 0.25 g of yeast extract, 0.25 g of
glucose, 20 g of agar, and 200 �M MnSO4 (40), and the pH was buffered
using 10 mM 2-(N-morpholino) ethanesulfonic acid (MES; Sigma) at pH
5.5 or HEPES (Sigma) at pH 7.2. The plates were incubated at 15°C in the
dark. Single colonies were transferred five times by plate streaking. The
leucoberbelin blue spot test was used to identify Mn(II) oxides as previ-
ously described (41).

Genomic DNA was extracted from a loopful cells of colonies on plates
using the soil DNA extraction method described above (34). The DNA
extract (1 �l) was PCR amplified using universal bacterial 16S rRNA gene
primers 27F/1492R (42) and fungal internal transcribed spacer primers
ITS1/ITS4 (43). Amplicons were sequenced at Macrogen, Inc. (Amster-
dam, Netherlands) and assembled using Geneious Pro version 4.6.0 (44).
Sequence similarity was determined using the BLAST algorithm against
the NCBI GenBank database (45) and online identification service of
EzTaxon database (46). Phylogenetic trees were constructed with the
neighbor-joining algorithm using the MEGA 5.2 software package (47).

Mn(II) oxidation potential and mechanisms at acidic pH. Two mi-
crocosm experiments were designed to determine (i) the relative Mn(II)
oxidation potential of the Mn layer versus the adjacent layers (microcosm
I and II), (ii) the relative importance of the abiotic versus biotic mecha-
nisms on Mn(II) oxidation (microcosm I), and (iii) the relative impor-
tance of fungi versus bacteria on Mn(II) oxidation (microcosm II). In
microcosm I, the abiotic controls were conducted with HgCl2 (25 mg
liter�1) to totally inhibit the activity of microorganisms (48), whereas in
microcosm II, treatment with 0.05% cycloheximide served to inhibit fun-
gal activity. Experiments were carried out in 100-ml Erlenmeyer flasks
sealed with sterile cotton stoppers. Twelve-gram (wet weight) soil samples
from the top, Mn, and bottom layers were suspended in 48 ml of either 1:4
sterilized ddH2O-groundwater (microcosm I) or undiluted groundwater
(microcosm II) to start with higher initial dissolved Mn(II) concen-
trations. The Mn(II) concentrations approximated 130 to 155 �M in
microcosm I and 600 to 655 �M in microcosm II. No external Mn(II)
was added into the microcosms. Glucose (�98%; Fluka) and NH4Cl
(�99.5%; Carl Roth, Germany) were added to some microcosms at
final concentrations of 2 and 6 mM, respectively, as carbon and nitro-
gen sources to stimulate microbial activity. Microcosms were incu-
bated at 15°C in the dark at 100 rpm on an orbital shaker. Three
replicates of each treatment were destructively sampled periodically.
The pH was measured at each of the sampling time points using a pH
meter (pH-Electrode SenTix 41; WTW, Germany). To evaluate shifts
in the bacterial community structure in the microcosms before and
after biostimulation, total DNA from soils of all treatments were ex-
tracted and analyzed as described above at the terminal time point of
Mn(II) linear depletion in microcosm II.

The Mn(II) depletion rate was measured on the filtered supernatant
(0.2-�m-pore size nylon filter; Carl Roth, Germany) by the formaldoxime
colorimetric method as previously described (49). To calculate the rate, a
modified lumped zero-order reaction rate [�M Mn(II) h�1 g soil�1] was
applied in both sets of the microcosms as previously described (50):

d �Mn(II)�
dt

� ��Mn�II��0 � �Mn�II�� f� � V ⁄ ��t � M�
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where t is the reaction time and 	t is the period during which the concen-
tration of Mn(II) decreased linearly (hours), V is the volume of reactant
(ml) in each flask, and M is the weight of inoculated soil (in grams).
Mn(II)f and Mn(II)0 are the final and initial concentrations, respectively,
of Mn(II) in a time period during which the concentration of Mn(II)
decreased linearly.

Four processes of Mn(II) depletion, the loss of Mn(II) from solution
in the microcosms, were assumed as the major mechanisms: (i) abiotic
oxidation, (ii) adsorption and precipitation, (iii) bacteria-related oxida-
tion, and (iv) fungi-related oxidation. The total Mn(II) depletion rate was
defined as a process, including all of the above mechanisms. The rates of
Mn(II) depletion in the treatment with carbon and nitrogen amendment
were used for calculating the total rate. We assumed 0.05% cycloheximide
inhibited fungal activity. Therefore, the fungus-related contribution to
Mn(II) oxidation was calculated based on the difference between the total
rate and the rate of the treatment with the mixture of carbon, nitrogen,
and 0.05% cycloheximide. Similarly, the bacterium-related contribution
to Mn(II) oxidation was calculated based on the difference between the
rate of the treatment with the mixture of carbon, nitrogen, and 0.05%
cycloheximide and the rate of the treatment with only 0.05% cyclohexi-
mide.

Data analysis. The correlation between metal species with Mn oxide
minerals was calculated by Pearson correlation coefficient using Graph-
Pad Prism version 6.03. P values of 
0.05 were considered statistically
significant. All values are averages of at least three replicates. Microbial
community statistical analysis were conducted in mothur (39), including
rarefaction (sampling efficiency), and Chao, Shannon, and inverse Simp-
son indices (community richness and diversity). Relationships between
physicochemical variables and microbial community structures were an-
alyzed using canonical correspondence analysis (CCA) with Monte Carlo
permutation test (Canoco 4.5) (51). Soil water content, pH, the concen-
tration of N, Mn, Fe, As, Cu, Pb, Cr, U, and the mass percentage of MnO
were chosen as the environmental variables in CCA because these factors
are either vital for microbial activity or abundant in the Mn deposit and
adjacent layers.

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences of MOB isolates determined in this study have been deposited in
the European Nucleotide Archive (ENA) database under accession num-
bers LN852367 to LN852374. The sequence of the internal transcribed
spacer region 1 (ITS1) of the fungal isolate obtained in this study was
deposited in the ENA database under accession number LN876644. The
pyrosequencing reads were deposited in the ENA database under study
accession number PRJEB11431.

RESULTS
Soil physicochemical characteristics and autochthonous Mn
oxides composition. The Mn layer had unique and distinct geo-
chemical characteristics compared to the adjacent layers (see Ta-
ble S1 in the supplemental material). This layer had the highest

total Mn content (7,550 �g/g), which was 6- to 7-fold greater than
that of the bottom and top layers, and the highest percentage of
Mn oxides (on average 31.45%) relative to only 0.57 and 1.57% in
the top and bottom layers, respectively. Consequently, the Fe/Mn
ratio was low with 4:1 in the Mn layer, followed 38:1 in the top
layer and 33:1 in the bottom layer. Metals were enriched in all
layers, whereas Cd and Ni showed affinity to the Mn layer. In
general, all soils were acidic (pH 3.6 to 4.3), were low in total
carbon and nitrogen, and showed gradual declines in water con-
tent from 18% (the bottom layer) to 14.6% (the top layer). The
groundwater was characterized by pH 4.8, high concentrations of
Mn (9,440 �g/liter) and metals such as Cu, Ni, Zn, and Cd (see
Table S2 in the supplemental material), and high sulfate concen-
trations (824 mg/liter), whereas the nitrate level was 
0.8 mg/
liter.

Microanalytical investigations of polished thin sections from
the different soil layers revealed various oxide minerals besides
ubiquitous quartz, feldspar, and clay minerals. Mn oxides exclu-
sively occurred in thin sections of the Mn layer in which they
comprised �50% of all the oxides present (Table 1). The Mn
oxides typically formed stellate crystalline aggregates of acicular
crystals within the Mn layer. Commonly, they formed coatings on
the surface of detrital grain particles with a Liesegang ring-like
growth pattern (Fig. 2). Element mapping conducted by wave-
length-dispersive X-ray spectrometry showed that Ba and Ca were in
close spatial association with the Mn oxides. Quantitative minero-
chemical analyses revealed the Mn-mineral contains considerable
amounts of Ba (9 to 12 wt%) and was determined as romanechite
[ideal formula: (Ba,H2O)2(Mn4�,Mn3�)5O10] when aligned to the
standard reference. Besides romanechite, ilmenite is the only Mn-
bearing mineral phase among the present suite with ca. 3.8 wt% of
MnO (see Table S3 in the supplemental material). Pearson corre-
lation assay revealed that the poorly crystalline Mn oxides in the
Mn layer displayed a positive correlation with Mg, Ca, and Cu ions
but a statistically significant negative correlation with Fe (P 

0.0001) (see Table S4 in the supplemental material).

Microbial community profile in the Mn deposit and adjacent
layers. Surprisingly, the greatest bacterial, archaeal, and fungal
species richness (number of operational taxonomic units [OTU]
on a 0.03 distance level) and diversity were observed in the Mn
layers compared to the adjacent layers (see Fig. S1 and Table S5 in
the supplemental material), suggesting the development of rela-
tively different microbial communities.

Bacteria. Dendrograms generated by Jaccard index showed the
bacterial community of the Mn layers in sites A and B shared more

TABLE 1 Relative proportions of Mn/Fe/Ti oxide minerals in the different soil layersa

Mineral Formula

Relative proportions of different layers

Top Mn Bottom

Hematite Fe2O3 52 21 21
Goethite Fe3�O(OH) 34 7 21
Anatase TiO2 3 0 21
Ilmenite Fe2�TiO3 7 10 32
Titano magnetite Fe2�(Fe3�,Ti)2O4 3 3 4
Magnetite Fe2�Fe2

3�O4 0 7 0
Romanechite (Ba,H2O)2(Mn4�,Mn3�)5O10 0 52 0

Total 100 100 100
a The Mn/Fe/Ti oxides represented the total detectable oxides in the visual SEM field.

Bohu et al.

3012 aem.asm.org May 2016 Volume 82 Number 10Applied and Environmental Microbiology

https://www.ebi.ac.uk/ena/data/view/LN852367
https://www.ebi.ac.uk/ena/data/view/LN852374
https://www.ebi.ac.uk/ena/data/view/LN876644
https://www.ebi.ac.uk/ena/data/view/PRJEB11431
http://aem.asm.org


similarity whereas the communities in the top and bottom layers
of site A clustered together (see Fig. S2 in the supplemental mate-
rial). Approximately 165 different OTU were observed from 983
sequences of the Mn layer of site A. The species richness in the top
and bottom layers were relatively lower with only 28 and 64 OTU
detected from the normalized 983 reads. The Chao nonparametric
richness estimator showed a similar pattern (see Table S5 in the
supplemental material). In addition, Shannon and inverse Simp-
son indices showed greater microbial community diversity in the
Mn layer of sites A and B. Examination of the bacterial taxonomic
groups of sites A and B revealed a distinct structure in the Mn layer
compared to that in the top and bottom layers. While Proteobac-
teria was the most abundant phylum recovered from the Mn and
adjacent layers (Fig. 3), certain phyla were only detected in the Mn

layers, including Elusimicrobia, Planctomycetes, and Chlorobi. Spi-
rochaetae solely appeared in the adjacent layers that no Mn oxides
accumulated.

The presence and diversity of bacterial Mn(II) oxidizers within
the Mn and adjacent layers were identified by 16S rRNA gene
sequences closely related to known functional groups (Table 2).
Tagged pyrosequencing revealed that the majority of known MOB
occurred in the Mn layer compared to the top and bottom layers,
where only four known MOB-related genera were detected. The
potential MOB genera in the Mn layer included Hyphomicrobium
(2.12%), Rhizobium (1.49%), Arthrobacter (0.96%), Flavobacte-
rium (0.81%), Gallionella (0.59%), Pseudomonas (0.38%), Lepto-
thrix (0.10%), Rhodobacter (0.10%), Bacillus (0.05%), Streptomy-
ces (0.03%), Roseobacter (0.01%), and Aurantimonas (0.01%). In

FIG 2 Electron microprobe image of two typical morphologies of the secondary Mn oxide minerals sampled from the Mn layer. (A) The stellate crystalline
aggregates with a Liesegang ring-like growth pattern. (B) The acicular crystals (black arrow) coatings on the surface of detrital grain particles (green arrow).
Element maps of the Mn oxides highlighted in the green box show enhanced intensities of Mn, Ba, and Ca (small panels to the right of panels A and B).
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contrast, Pseudomonas, which was often isolated as Mn(II) oxi-
dizer from neutral to slight alkaline environments (14, 52–54),
was the most abundant potential MOB in the top (9.22%) and
bottom (11.62%) layers.

Archaea. The 5,631 high-quality 16S rRNA gene sequences
recovered from the native archaeal communities were affiliated
with two phyla Euryarchaeota and Thaumarchaeota. Thaumar-
chaeota were dominant in all layers (99% of total reads) and was
represented by the most abundant class in the Mn layer being the
South African Gold Mine Group 1 (SAGMG-1; 98%), coupled
with an even distribution of Thermoplasmata and Methanomicro-
bia (Fig. 3). Marine Benthic Group B (MBG-B) and Methanobac-
teria were also present in the Mn layer. The top layer only con-
tained organisms related to the SAGMG-1.

Fungi. Nine taxonomic groups (class level) recovered from the
soil of the top, Mn, and bottom layers were dominated by se-
quences belonging to Ascomycota and Basidiomycota. Six taxo-
nomic groups only appeared in the Mn layer, including
Agaricomycetes, Phoma (class), Tremellomycetes, Leotiomycetes,
Sordariomycetes, and Microbotryomycetes. Dothideomycetes was
prevalent in the bottom layer, whereas Eurotiomycetes was the
most abundant class of fungi in the top layer. Retrieved fungal 18S

TABLE 2 Potential Mn(II)-oxidizing bacteria and fungi detected in soil
strata using tagged pyrosequencing

Domain and genus

% total sequencesa

ReferenceTop Mn Bottom

Bacteria
Hyphomicrobium 0.00 2.12 0.00 64
Rhizobium 0.00 1.49 0.00 87
Arthrobacter 0.00 0.96 0.00 88
Flavobacterium 0.00 0.81 1.94 10
Gallionella 0.00 0.59 0.00 89
Pseudomonas 9.22 0.38 11.62 14
Leptothrix 0.00 0.10 0.00 40
Rhodobacter 0.00 0.10 0.00 90
Bacillus 0.12 0.05 5.30 91
Streptomyces 0.00 0.03 0.00 21
Roseobacter 0.00 0.01 0.00 11
Aurantimonas 0.00 0.01 0.00 92
Acinetobacter 0.12 0.00 0.00 93

Fungi
Davidiella 0.00 0.12 0.00 55
Cladosporium 0.00 13.02 20.49 53
Alternaria 1.70 0.00 0.00 18

The per-genus percentage of total sequences is presented.

FIG 3 Relative abundance of microbial taxonomies in soil strata and microcosms. Microbial communities were characterized in the top, Mn, and bottom layers
at site A and in the Mn layer of site B. Communities were analyzed in microcosm II from the Mn layer before and after biostimulation.
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rRNA sequences closely related to known MOF groups revealed
that Cladosporium and Davidiella (55) composed the majority of
potential MOF in the Mn and bottom layers, whereas Alternaria
(18) were found solely in the top layer (Table 2).

Isolation of indigenous low-pH Mn(II) oxidizers. We iso-
lated eight MOB and one MOF from the 10�1 soil dilution of the
Mn layer that tolerated Mn(II) concentrations of up to 10 mM
(Table 3; see Fig. S3A to C in the supplemental material).

The MOB isolates belonged to five genera in the Proteobacteria,
Actinobacteria, and Bacteroidetes phyla. Three recovered MOB—
Arthrobacter humicola PclMES1, Rhizobium soli PclMES2, and
Aeromicrobium fastidiosum PclMES3— oxidized Mn(II) at pH
5.5. From these, only Arthrobacter and Rhizobium were known as
MOB at genus level (56, 57) (Table 3) and were relatively enriched
in the Mn layer based on the pyrosequencing data. Members of the
Gammaproteobacteria and Bacteroidetes were only isolated at pH
7.2, including Pseudomonas graminis PclHEPES2, Pseudomonas
fluorescens PclHEPES4, and Hymenobacter metalli PclHEPES3
(see Fig. S3B in the supplemental material). H. metalli had not
been shown previously to oxidize Mn(II) and was only capable of
oxidation at pH 7.2 (Table 3). Members of the Actinobacteria
phyla were the only ones isolated at both pH 5.5 and 7.2, and
Arthrobacter and Aeromicrobium were the only two MOB genera
that harbored species able to oxidize Mn(II) both under acidic and
neutral conditions. Arthrobacter humicola PclMES1, Pseudomonas
graminis PclHEPES2, Pseudomonas fluorescens PclHEPES4, and
Arthrobacter gyeryongensis PclHEPES5 had sequences with 100%
similarity with those detected in the pyrosequencing data set. At a
similarity level of 96.0 to 100%, these isolates accounted for 0.36%
of bacterial sequences in the Mn layer.

Only one Mn(II) oxidizing fungus, Cladosporium halotolerans
PMES_TB3, was recovered from the Mn layer at pH 5.5. Cladospo-
rium belongs to the order Capnodiales and is a genus of the phy-
lum Ascomycota known to include Mn(II)-oxidizing fungi
(58, 59).

Stimulated Mn(II) oxidation potentials and microbial com-
munities. We compared Mn(II) oxidation potentials of top, Mn,

and bottom layer soils in microcosm incubation studies, which
showed a significant difference in the rates of Mn(II) removal
between the different soil strata, but only when nutrients (carbon
and nitrogen) were added. In microcosm I, the Mn layer showed
the highest Mn(II) depletion rate around 9.56 �M h�1 g soil�1

relative to 6.03 and 6.04 �M h�1 g soil�1 in the top and bottom
layers, respectively. Without nutrient amendment no decrease in
Mn(II) was observed despite the oxygenated conditions for over
138 h similar to the abiotic controls with HgCl2 amendment (Fig.
4A to C). Pyrosequencing analyses revealed that the relative abun-
dance of some bacterial phyla was higher in the Mn layer micro-
cosm with carbon and nitrogen amendment after 84 h (Fig. 3)
compared to the native soil, including Alphaproteobacteria (from
15 to 23%), Actinobacteria (from 6 to 19%), Bacteroidetes (from 5
to 31%), and Acidobacteria (from 6 to 17%). However, only one
genus that is known to harbor MOB was enriched in this micro-
cosm (Arthrobacter from 0.96 to 1.83%) (see Table S6 in the sup-
plemental material).

In microcosm II, cycloheximide (0.05%) only partially inhib-
ited Mn(II) depletion (Fig. 4D to F), suggesting that both bacteria
and fungi are involved in Mn oxidation. The fungi-associated pro-
cess dominated and mutually correlated with bacterium-associ-
ated process, accounting for 71 and 32% of the total Mn (II) de-
pletion, respectively, in the Mn layer (Fig. 4E).

Biogeochemical coupling. CCA revealed that selected envi-
ronmental variables in the Mn deposit and adjacent layers, includ-
ing the availability of nitrogen and water, pH, Mn minerals, and
metals, were associated with one another, as indicated by three
clusters of vectors (Fig. 5). The distribution of total Mn and Mn
oxides was closely related to soil pH, whereas iron, uranium, lead,
and arsenic had a pronounced link with soil water content.

The influence of geological factors varied on the archaeal, bac-
terial, and fungal community. The eigenvalues, reflecting the sig-
nificance of first canonical axis, were 0.007, 0.257, and 0.703, re-
spectively. In the archaeal community, two classes, MBG-B and
Methanobacteria, conspicuously associated with Mn and Mn ox-
ides. In contrast, the distribution of the most abundant class,

TABLE 3 Mn(II) oxidizers isolated from the Mn layera

Species
Representative
isolate Closest type strain (NCBI accession no., % similarity)

Isolation
medium
pH

Mn(II)
oxidation at
pH 5.5b

Reported Mn(II)
oxidation capacity
(taxonomy)

Source or
referencec

Bacteria
Arthrobacter humicola PclMES1 Arthrobacter humicola KV-653 (AB279890, 98.6) 5.5 � � (genus) 88
Rhizobium soli PclMES2 Rhizobium soli DS-42 (EF363715, 99.69) 5.5 � � (genus) 87
Aeromicrobium

fastidiosum
PclMES3 Aeromicrobium fastidiosum DSM10552 (Z78209, 99.18) 5.5 � – ND

Aeromicrobium
fastidiosum

PclHEPES1 Aeromicrobium fastidiosum DSM10552 (Z78209, 99.26) 7.2 � – ND

Pseudomonas graminis PclHEPES2 Pseudomonas graminis DSM11363 (Y11150, 99.57) 7.2 – � (genus) 14
Hymenobacter metalli PclHEPES3 Hymenobacter metalli A2-91 (HM032898, 97.87) 7.2 – – ND
Pseudomonas morrei PclHEPES4 Pseudomonas moorei RW10 (AM293566, 99.18) 7.2 – � (genus) 14
Arthrobacter gyeryongensis PclHEPES5 Arthrobacter gyeryongensis DCY72 (JX141781, 99.11) 7.2 � � (genus) 88

Fungi
Cladosporium halotolerans PMES_TB3 Cladosporium halotolerans EXF-380 (DQ780368, 99.78) 5.5 � � (genus) 53

a All isolates tolerated Mn(II) concentrations of �10 mM. Except for Aeromicrobium and Hymenobacter, all other isolates (genus) could be detected in the Mn deposit using
pyrosequencing.
b The “�” and “�” mean positive and negative results, respectively, for Mn(II) oxidation.
c ND, no published report.
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SAGMG-1, showed no firm correlation with any selected vari-
ables. In the bacterial community, Alphaproteobacteria, Betapro-
teobacteria, Actinobacteria, and Bacteroidetes rather than Firmic-
utes firmly correlated with Mn oxides at acidic pH. A group of
non-Mn(II)-oxidizing phyla [no model Mn(II)-oxidizing isolates
reported], including Planctomycetes, Gemmatimonadetes, Elusi-
microbia, Chloroflexi, Verrucomicrobia, and Chlorobi, displayed an
exceptional affiliation with Mn and Mn oxides as well. The fungal
distribution was considerably constrained by the soil pH, total
Mn, and Mn oxides. Approximately 67% of the taxonomic groups
(order) correlated with Mn and Mn oxides.

DISCUSSION

The study presented here shows cumulative evidence that low-
pH-adapted microorganisms are the main force for Mn(II) oxi-
dation in the acidic Mn deposit. Many bacteria and fungi known
for Mn(II) oxidation were present in the Mn deposit, and their
activity might have affected other geochemical processes (e.g.,

metal attenuation and nitrogen and carbon cycling). Interdepen-
dently, biogenic Mn oxides appeared to serve as a suitable mi-
croenvironment and may shelter and benefit a niche-specific mi-
crobial community in the acidic, oligotrophic, and metalliferous
ecosystems.

The Mn layer harbored an increased diversity of adapted mi-
croorganisms. The Mn deposit harbored a more diverse micro-
bial community that was structurally different from the top and
bottom layers. Although Proteobacteria was the dominant bacte-
rial phylum in the Mn deposit and the adjacent layers, the majority
of known MOB were only present in the Mn layer according to the
tagged pyrosequencing data. Hyphomicrobium and Rhizobium
were the top two abundant MOB genera that were only present in
the Mn layer. Intriguingly, these two genera share a lot of similar-
ities. First, Hyphomicrobium and Rhizobium are both prosthecate
bacteria that possess cellular appendages which are extensions of
the cellular membrane, allowing a greater surface area to take up
nutrients and trace metals in oligotrophic habitats (60, 61). Fur-

FIG 4 Mn(II) oxidation microcosm experiments. (A to C) Mn(II) depletion in microcosm I; (D to F) Mn(II) depletion in microcosm II. In the figures of
microcosm II, triangle represents cycloheximide amendment with no carbon and nitrogen. The figures are vertically organized along the order of the top, Mn,
and bottom layers. The error bar indicates the standard deviation.
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thermore, Hyphomicrobium and Rhizobium have been both found
enriched in oligotrophic cave ferromanganese deposits (62, 63).
Both are capable of denitrification and nitrogen fixation (64, 65),
suggesting that Mn(II)-oxidizing bacteria might play an essential
role for coupling nitrogen biogeochemical cycling and manganese
oxidation in oligotrophic terrestrial niches. These bacteria have
been found also in a neutral to slightly alkaline cave (63), implying
Hyphomicrobium and Rhizobium as Mn(II) oxidizers tolerant a
wide pH range.

Because genomic information and phylogenetic relationships
do not provide clear evidence, we also tried to obtain isolates to
yield further insights into novel hitherto unknown MOB and
MOF present in the Mn deposit and their ecophysiology. Our new
MOB isolate Hymenobacter metalli PclHEPES3 was closely related
to a species isolated from a uranium mine (Urgeiriça, Central
Portugal) which was shown to tolerate metal-rich circumstances
(66), implying that PclHEPES3 might play a role in the interaction
between metals and biogenic Mn oxides at acidic pH. We also
found two MOB isolates from the genera Arthrobacter and Aero-
microbium that oxidized Mn(II) both at pH 5.5 and pH 7.2, indi-
cating that pH might not affect the Mn(II) oxidizing pathway used
by these MOB or they apply a binary strategy on Mn(II) oxidation
to comply the shifting pH as seen for Mesorhizobium australicum
T-G1 (6). Intriguingly, Pseudomonas, represented by isolates Pcl-
HEPES2 and PclHEPES4, only oxidized Mn(II) at pH 7.2 even
though they were isolated from an acidic environment, implying
the Mn(II) oxidation capacity of certain indigenous MOB is pH
related. This was further verified by our finding that Rhizobium
soli strain PclMES2 only oxidized Mn(II) at pH 5.5 but not pH 7.2,
similar with previous findings of Duganella sp. strain AB_14 and
Albidiferax ferrireducens strain TB-2, which were also isolated
from a Mn subsoil layer in the same former uranium mining
area (5).

Several archaeal classes, including MBG-B, Methanobacteria,
Methanomicrobia, Thermoplasmata, and SAGMCG-1, were ob-
served in the Mn layer. No member of the MBG-B has so far been
isolated in pure culture, and thus their physiology and metabolism
remain unknown. However, correlation analysis between 16S
rRNA gene abundance and geochemical parameters of sediments

in the Arctic ocean suggested that they were involved in organic
carbon as well as in manganese cycling (67), which explained why
the MBG-B was only detected in the Mn layer. The SAGMCG-1
was the dominant group of the archaeal community in the acidic
Mn deposit and also prevailed in the adjacent environments. The
archaea of SAGMCG-1 were initially detected from mines which
harbor unique environments, including metalliferous groundwa-
ter ecosystems, pores between mineral grains or inside rocks, and
acidic mine drainage (68). To date, there exists only one cultured
representative of the SAGMCG-1 archaea, Nitrosotalea sp., which
is an acidic ammonia oxidizer (69). Their tolerance to acidic and
metalliferous conditions habitats would explain their prevalence
in the acidic mining site.

Similar to the native bacterial and archaeal communities, the
greatest fungal species richness and diversity were observed in the
Mn layer, further implying a firm relationship between indige-
nous fungal community and biogenic Mn oxides. Known as
Mn(II) oxidizers (8, 9, 70, 71), Agaricomycetes, Sordariomycetes,
and Phoma (class) were only detected in the Mn layer. Similarly,
Tremellomycetes and Leotiomycetes, not yet known for Mn oxida-
tion, were only present in the Mn layer, but they have been found
dominant in Mn-rich environments (9). Their genomes both
plausibly harbor the Mn oxidation I pathway (http://fungicyc
.broadinstitute.org/), indicating their potential capacity for
Mn(II) oxidation. Cladosporium halotolerans, represented by iso-
late PMES_TB3, was the only known MOF (58, 59) that was iso-
lated from the Mn deposit. C. halotolerans tolerates hypersaline
environments (58), but a potential correlation between resistance
and Mn(II) oxidation would necessitate further investigation. Al-
though the exclusive presence of many MOB and MOF in the Mn
deposit suggests microbial participation in Mn oxidation at low
pH, we could not demonstrate microbial activity using micro-
cosms without further nutrient amendment. Nonetheless, we
showed that native microorganisms initiate the reaction when car-
bon and nitrogen were added despite the fact that low pH may
negatively affect Mn(II) oxidation and hamper the reaction rate
(72). Physical adsorption of Mn(II) on Mn precipitates in the
microcosms should be ruled out because the ratio of the biotic
contribution on Mn(II) oxidation in the microcosms of Mn layer

FIG 5 Canonical correspondence analysis (CCA) of indigenous microbial communities and selected environmental variables. Microbial taxonomic groups are
presented as triangles. Panels A, B, and C show the results of archaeal, bacterial, and fungal communities, respectively. Names of all microbial groups (taxa) are
truncated to only the first eight characters due to software limitations.
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was slightly higher than the ratio of total Mn(II) depletion. Fur-
thermore, the MOB activated under these nutrient conditions,
like Arthrobacter, might not be the key players in such an oligotro-
phic habitat.

Biogenic Mn oxides and their influence on the acidic, oligo-
trophic, and metalliferous ecosystems. Several findings point to
a biological origin of the Mn oxides found in the deposit of the
acidic uranium mining area. Mn oxides produced by microorgan-
isms often differ in morphology, composition, and crystal struc-
ture from those formed by geologic mechanisms; they often con-
sist of stacked hexagonal sheets of MnO6 octahedra with extremely
small particle sizes and numerous structural defects (73). The
prominently occurring romanechite-like Mn oxides are tunnel
structure oxides constructed by double and triple chains of edge-
sharing MnO6 octahedra (4), which are often found as dendrites
and coatings on the rock surface. Previous works have also re-
vealed that romanechite is likely to be one of the biogenic Mn
oxides in nature (73–77). Larger scale field studies revealed birnes-
site and todorokite as the main species of the autochthonous Mn
minerals in the Mn deposit at this site (1, 78), and these minerals
are often biogenic origin (73). Birnessite is a phyllomanganate
with a 
10-Å d-spacing and intends to be transferred to todor-
okite, which has the same structure as romanechite (79–81). In
addition, we found a pronounced correlation between the autoch-
thonous Mn oxide and Ca2� which normally act as cofactors in
biological systems, implying a firm association of the native biota
and the Mn oxide minerals (82).

Furthermore, the fine Liesegang ring-like structure of the au-
tochthonous Mn oxides might suggest a progressive mineraliza-
tion process over the years, concomitantly with the dynamic bal-
ance of Mn(II) concentration found in the groundwater-affected
porewater of the subsoil of the former uranium leaching heap (1).
A slow mineralization process was explained by a slow activity of
microorganisms in this oligotrophic ecosystem which are present
in very low abundance compared to surface soils (5) and their low
basal respiration rates (26).

CCA showed that in addition to Alphaproteobacteria and Beta-
proteobacteria, a substantial portion of rare bacterial OTU, includ-
ing Planctomycetes, Gemmatimonadetes, and Synergistetes, which
were not known as Mn(II) oxidizers before, strongly associated
with Mn oxides, indicating that the Mn oxides might fundamen-
tally sustain the indigenous bacterial community. Corrobora-
tively, He et al. reported that Planctomycetes, Gemmatimonadetes,
and Nitrospirae occurred in acidic soil Mn nodules as well (83).
MBG-B and Methanobacteria were also apparently associated with
Mn and Mn oxides. A previous study reported that MBG-B and
Methanobacteria showed significant covariation with Mn (P 

0.0000) (70) and that the oxidation of methane is Mn dependent
in marine ecosystems (84), indicating a direct or indirect link to
manganese cycling.

The indigenous fungal community was highly constrained by
geogenic variables, in particular Mn oxides. Vaughan et al. re-
cently reported that fungal communities in oligotrophic environ-
ments were constrained more by spatiotemporal parameters
rather than nutrients (85). Therefore, the aforementioned obser-
vations might reflect geogenic variables based control on fungal
ecofunction and diversity.

We postulate here that because of the physicochemical charac-
teristics of mineral structure (e.g., low crystallinity, large amor-
phous area, and high negative surface charge) (86), Mn oxides

may form microenvironments to shelter a niche-specific micro-
bial community. While the Mn mineral deposit was oligotrophic,
diverse nitrogen cycling related Mn(II)-oxidizing microorgan-
isms occurred indigenously, suggesting the redox of Mn firmly
coupled with the nitrogen cycle at acidic pH. Intriguingly, CCA
analysis showed inorganic nitrogen firmly associated with metals
such as copper and chromium in the Mn deposit and adjacent
layers, indicating a potential correlation between nitrogen cycling
and metal attenuation. Therefore, our results demonstrated that
Mn(II)-oxidizing microorganisms, together with biogenic Mn
oxides, might be vital for sustaining microbial biota in acidic, oli-
gotrophic, and metalliferous subsoil ecosystems.
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