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Abstract: Manganese oxides occur in a wide range of environmental settings either as coatings on 
rocks, sediment, and soil particles, or as discrete grains. Although the production of biologically 
mediated Mn oxides is well established, relatively little is known about microbial-specific strategies 
for utilizing Mn in the environment and how these affect the morphology, structure, and chemistry 
of associated mineralizations. Defining such strategies and characterizing the associated mineral 
properties would contribute to a better understanding of their impact on the local environment and 
possibly facilitate evaluation of biogenicity in recent and past Mn accumulations. Here, we supple-
ment field data from a Mn rock wall deposit in the Ytterby mine, Sweden, with data retrieved from 
culturing Mn oxidizers isolated from this site. Microscopic and spectroscopic techniques are used 
to characterize field site products and Mn precipitates generated by four isolated bacteria (Hy-
drogenophaga sp., Pedobacter sp., Rhizobium sp., and Nevskia sp.) and one fungal-bacterial co-culture 
(Cladosporium sp.—Hydrogenophaga sp. Rhizobium sp.—Nevskia sp.). Two of the isolates (Pedobacter 
sp. and Nevskia sp.) are previously unknown Mn oxidizers. At the field site, the onset of Mn oxide 
mineralization typically occurs in areas associated with globular wad-like particles and microbial 
traces. The particles serve as building blocks in the majority of the microstructures, either forming 
the base for further growth into laminated dendrites-botryoids or added as components to an exist-
ing structure. The most common nanoscale structures are networks of Mn oxide sheets structurally 
related to birnessite. The sheets are typically constructed of very few layers and elongated along the 
octahedral chains. In places, the sheets bend and curl under to give a scroll-like appearance. Cul-
turing experiments show that growth conditions (biofilm or planktonic) affect the ability to oxidize 
Mn and that taxonomic affiliation influences crystallite size, structure, and average oxidation state 
as well as the onset location of Mn precipitation. 
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1. Introduction 
Manganese biogeochemical cycling strongly affects groundwater, soil, and sediment 

composition in ecosystems through complex physicochemical and physiological path-
ways. Microbial communities have a seminal catalytic role in Mn oxidation [1], which is 
known to be kinetically very slow when carried out abiotically at Earth surface conditions 
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[2,3]. The resulting biogenic minerals are typically nanoparticulate birnessite-type Mn ox-
ides [4], characterized by higher sorption capacity than abiotic/synthetic analogs [5]. These 
highly reactive minerals can thus efficiently accumulate and limit the mobility of metal 
ions in nature.  

Precipitation of minerals containing oxidized Mn at the surface of the Earth typically 
involves closely connected biotic and abiotic processes, strongly dependent on local envi-
ronmental conditions [6,7]. Although the production of biologically mediated Mn oxides 
is well established, relatively little is known about their morphological, structural, and 
chemical variations. Knowledge is also scarce when it comes to microbial-specific strategies 
for utilizing Mn in the environment and how these strategies contribute to and affect min-
eral formation and deposition. Defining such strategies and characterizing the associated 
mineral properties would contribute to a better understanding of their impact on the local 
environment and possibly facilitate evaluation of biogenicity in recent and past Mn accu-
mulations. 

Accumulations of Mn oxides were observed in a tunnel leading to the main shaft of 
the Ytterby mine, Sweden, in 2012. The precipitates occur as rock wall coatings associated 
with water-bearing fractures that emerge into a fully oxidized tunnel environment. In a 
recent study, the microbiomes in this ecosystem and their impact on metal mobility, were 
defined [8]. The study found that the fracture water was substantially depleted in Mn and 
other trace elements as it passes through the Mn precipitation zone down the approximately 
2 m tall rock wall, and that a specific assemblage of bacteria are driving Mn oxidation and 
precipitation, thus indicating that these microbial groups have critical control on the end 
product (i.e., Mn oxides). This active, microbe-mediated deposit offers a unique oppor-
tunity to study Mn oxide formation and growth. 

However, precipitation of Mn oxides from aqueous solutions often advances through 
a range of structurally diverse metastable phases incorporating Mn of various oxidation 
states [7,9]. As a result, Mn deposits such as those at the present field site, are typically 
mixtures of several different Mn minerals, which occur at different stages of mineraliza-
tion, properties that make it problematic to identify and study early mineral growth stages 
catalyzed by microbes. In order to increase knowledge within this field, this work intends 
to supplement field data with data retrieved from culturing Mn oxidizers isolated from 
the field site, under controlled laboratory conditions. The objective of the work is to define 
depositional and structural varieties of biogenic Mn oxides generated from the culture 
experiments and compare these phases with the field site Mn oxides.  

2. Study Site 
The Ytterby mine is located on Resarö, an island about 30 km NE of Stockholm, Swe-

den (Figure 1). The studied Mn precipitates occur in a tunnel leading to the main shaft of 
the former quartz and feldspar mine located within a pegmatite body. The mine is also 
known for the discovery of Ta and seven of the rare earth elements (REE) [10,11]. The 
mine closed down in 1933, but reopened in the 1950s. This was the Cold War era and the 
Ytterby mine, just like many other mines in Sweden, was used as a fuel deposit for the 
Swedish Armed Forces. The approximately 400 m long tunnel system was constructed to 
link the old mine shaft with a quay used for loading and unloading the stored fuels. The 
tunnel is located at a shallow depth, 5 m above Baltic Sea mean sea level and 29 m below 
ground surface and goes through granitic and mafic rocks of varying chemical composi-
tion and metamorphic grade (see [12,13] for more details on the geological setting). In 
1995, the storage of petroleum products was brought to an end and the mine shaft was 
emptied and closed down. The Mn oxides occur as rock wall coatings in a tunnel stretch 
located in the unsaturated zone ca 200 m away from the mine shaft where water bearing 
rock fractures emerge into the fully oxidized tunnel environment, which holds a nearly 
constant temperature of 8 °C year around. The vast majority of observed water bearing 
fractures are associated with Mn precipitates overlying a lithified layer of CaCO3, while 
only a few are associated with moonmilk deposits, a soft, not lithified rock wall coating of 
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CaCO3 [14]. The main components of the bulk precipitate are Mn (500 g/kg), Ca (65 g/kg), 
and REE (10 g/kg), and the predominant mineral is a microbe-mediated birnessite-type 
Mn oxide [8,15]. Powder X-ray diffractometry indicates that other poorly crystalline Mn 
phases are also present [15]. Despite the well-documented mineralogy of the Ytterby peg-
matite, there are no other Mn minerals reported from the area, but there are a number of 
minerals in which Mn likely constitutes a minor component. 

 
Figure 1. Maps showing the location of the Ytterby mine and the Mn deposit. (A) Map of the Stock-
holm area with position of Resarö and the Ytterby mine indicated. (B) Map of tunnel connecting the 
Ytterby mine shaft with a more recently constructed quay to the NE. (C) The Mn oxides precipitate 
from water provided by rock fractures that crop out in the tunnel. Modified from Swedish Fortifi-
cations Agency [16]. 

3. Materials and Methods 
3.1. Isolation and Identification of Mn-Oxidizing Species 

Bacterial and fungal strains were isolated from the Mn rock wall deposit in the Yt-
terby mine tunnel. Samples were collected from randomly chosen spots located in the area 
between the top and bottom of the rock wall. Sterile polypropylene spatulas were used to 
scrape off the Mn oxide precipitate from the tunnel wall, and the wet samples were col-
lected directly in 100 mL Duran borosilicate bottles, containing a selective medium for 
enrichment and isolation of Mn-oxidizing microorganisms. The medium is composed of 
sodium bicarbonate and monopotassium phosphate-buffered basal mixture (50 mgL−1 
Ca(NO3)2·4H2O; 10 mgL−1 CaCl2·2H2O; 50 mgL−1 MgSO4·7H2O; 10 mgL−1 KH2PO4; 5 mgL−1 
Na2SiO3·9H2O; 10 mgL−1 NaHCO3), nutrients (1.5 gL−1 yeast extract and 5 gL−1 tryptone for 
enrichment and 0.5 gL−1 yeast extract and 2.5 gL−1 tryptone for isolation), and manganese 
mixtures (5 gL−1 MnSO4·4H2O for enrichment and 3 gL−1 MnSO4·4H2O for isolation). The 
nutrients and Mn mixtures were prepared separately and sterile-filtered (0.2 µm), then 
added into the cooled autoclaved basal mixture with a final pH of 6.8. After inoculation, 
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the bottles containing liquid cultures were covered with aluminum foil and placed at 8 °C 
to mimic in situ environmental conditions. After four weeks, cultures were transferred 
onto low nutrient agar plates, Reasoner’s 2A, from Merck Millipore (Darmstadt, Ger-
many) streaked by the Mn containing enrichment and/or isolation media as described 
above. The inoculated plates were wrapped in aluminum foil and thereafter placed at 8 
°C in an oxic environment. Microscopy analyses were conducted on portions of cultures 
grown on solid media, collected and analyzed when the first Mn precipitates were spotted 
(Leica stereo microscope, Leica Microsystems, Wetzlar, Germany) and then once a month 
during six months. Uninoculated plates were monitored for any abiotic Mn precipitation. 

Qualitative Mn oxidation was assessed with leucoberbelin blue (LBB) staining as de-
scribed by Krumbein and Altmann (1973) [17] and Tebo et al., (2007) [18]. A drop of LBB 
solution was added to a colony surface. A blue staining on or in the vicinity of the colony 
confirmed the presence of oxidized Mn. Liquid cultures were filtered using Whatman 
grade GF/F borosilicate glass microfiber filters (Cytiva, Maidstone, United Kingdom) and 
the LBB solution was then added to the filters.  

Colonies associated with Mn oxidation were repeatedly transferred to new plates un-
til pure cultures or cultures dominated by a few Mn-oxidizing species were obtained and 
thereafter identified using a two-step polymerase chain reactions (PCR) protocol with the 
universal primers’ combination: 519 forward and 1391 reverse as described in Spang et al. 
(2015) [19], using HotStarTaq (Qiagen, Hilden, Germany). Microbial colonies diluted in 
sterile PCR grade ddH2O (HyClone, Logan, United States) and gently vortexed, were used 
as templates for PCR without prior DNA extraction. Amplification of the targeted small 
subunit rRNA gene was conducted on 1 uL diluted microbial colony suspension. Samples 
were sequenced on a MiSeq Illumina platform using Reagent kit v3, (600-cycle) at the 
SciLifeLab sequencing facility at Uppsala University, Sweden. Reads were processed us-
ing QIIME2 pipeline [20]. Briefly, forward reads were denoised using dada2 and clustered 
into sequence features using vectorized search (VSEARCH). Taxonomy was assigned us-
ing a naïve Bayesian classifier in QIIME2 (feature-classifier classify-sklearn) using a con-
fidence score of 0.7 (--p-confidence) against the SILVA v138 database [21,22]. The QIIME2 
workflow used in this study is given as Supplementary Material (S1). Sequences were also 
compared using the National Center for Biotechnology Information (NCBI) blast network 
service. Sequences were deposited in the NCBI Sequence Read Archive (SRA) under Se-
quence Read Run (SRR) accession numbers SRR9202442, SRR9202456, SRR9202435, and 
SRR9202458 (NCBI Sequence Read Archive, 2021) [23] (S2). 

3.2. Characterization of Mn Minerals in Cultures and the Field Site Samples 
3.2.1. Environmental Scanning Electron Microscopy 

Microbial cultures as well as field site samples were screened for Mn oxide mineral-
izations with a Quanta environmental scanning electron microscope (ESEM, Thermo 
Fisher Scientific, Waltham, MA, USA) equipped with a field emission gun (FEG 650). The 
field site samples were kept in conditions similar to those in the tunnel environment (cold 
and dark) during transportation. The samples were then air-dried in a desiccator and put 
on stubs covered by carbon tape. Colonies were scraped off the agar plates and put on 
stubs covered by carbon tape. Two different detectors were used during the SEM analyses: 
a large-field detector (LFD) and a circular backscatter detector (CBS). An energy disper-
sive X-ray spectrometer (EDS) was used for compositional information. Selected samples 
were further imaged and analyzed using a JEOL JSM-7000F equipped with EDS with res-
olution 137 eV at the Department of Materials and Environmental Chemistry, Stockholm 
University, Sweden. For Figure 5B–E, samples were fixed in 2.5% glutaraldehyde (TAAB) 
in 0.1 M Sodium cacodylate buffer, dehydrated in a series of graded ethanol, and critical 
point dried (Leica EM300CPD). Images were acquired using the BSE detector with EVO 
SEM (Zeiss). For Figure 5F, samples were in addition coated with 5 nm chromium and 
acquired using the in-lens SE detector with Merlin FESEM (Zeiss, Oberkochen, Germany). 
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Samples were also frozen in nitrogen slush, cold-fractured, freeze-etched, and coated 
within a preparation chamber (Gatan, Alto 2500, Gatan, Inc. Pleasanton, CA, USA) for low 
temperature imaging, using methodology described in Dupraz et al. (2013) [24].  

3.2.2. Transmission Electron Microscopy 
Bacterial specimens were scraped off the cultivated agar plates, put in LB medium 

and thereafter high pressure frozen in an HP100 (Leica microsystems). Frozen samples 
were freeze substituted in a Leica EM AFS2 using the processing robot (Leica, Wetzlar, 
Germany) according to the protocol by Hawes et al. (2007) [25] and finally embedded in 
HM20 (polysciences). Ultrathin (70 nm) sections were obtained using a diamond knife. 
Owing to the brittleness of the Mn oxides, many of the larger crystals fell off during sec-
tioning, leaving behind imprints in which only small patches of the original precipitates 
were preserved. A selection of sections were post-contrasted with 5% uranyl acetate and 
Reynolds lead citrate [26], while the remaining ones were left untreated for accurate ele-
mental energy dispersive X-ray analysis. For the field site samples, a few milligrams of 
ground Mn precipitates were dispersed in deionized water. The dispersed solution was 
dropped onto a carbon film supported Cu grid and air-dried. Sections and field site pre-
cipitates were used for imaging, microstructural analysis based on selected area electron 
diffraction patterns (SAED), and high-resolution transmission electron microscopy 
(HRTEM). Samples were examined with a Talos 120 C (FEI, Eindhoven, The Netherlands) 
operating at 120 kV. Micrographs were acquired with a Ceta 16 M CCD camera, using 
TEM Image & Analysis software v. 4.17. In addition, HRTEM and SAED patterns were 
obtained on a JEOL JEM 2100 F operating at 200 kV equipped with an EDS (resolution 138 
eV) and a JEOL JEM 2100 operating at 80 kV at the Department of Materials and Environ-
mental Chemistry, Stockholm University.  

3.2.3. X-ray Absorption Spectroscopy 
Manganese K-edge X-ray absorption Near Edge Structure (XANES) spectra were col-

lected in transmission mode at the Balder beamline at the MAX-IV laboratory (Lund, Swe-
den). The storage ring was operated at 3.0 GeV and ∼250 mA. The incident X-ray beam, 
tuned by a pair of Si (111) crystals, had a transmitted flux of 10−12–10−13 photons/s [27]. 
Prior to measurements, the X-ray beam was focalized into a 150 µm (v) × 350 µm (h) spot 
and the energy of the X-ray beam was calibrated by assigning the first inflection point of 
a Mn foil at 6539 eV. Before being mounted between two layers of Kapton tape, the wet 
specimens of field site Mn precipitates were homogenized with an agate mortar, while 
cultures grown for approximately 3 months on agar substrates were cut into small pieces. 
The mounted agar substrates were scanned vertically or horizontally in order to locate 
biofilms (as indicated by strong Mn absorption) for subsequent XANES measurement. 
The XANES spectra of the sample specimens were collected at room temperature from 
approximately −160 to +200 eV relative to the Mn K-edge using a fly scan mode. XANES 
spectra were also collected for selected Mn oxide references (manganosite, hausmannite, 
bixbyite, pyrolusite and Mn(II)-sorbed humic acid). The Mn oxide references were pur-
chased from Sigma-Aldrich, while the Mn(II)-sorbed humic acid was prepared according 
to Yu et al. (2016) [28]. The spectra of the Mn oxide references (diluted with polyethylene 
to achieve ideal Mn concentrations) and the Mn(II)-sorbed humic acid were recorded us-
ing the same setup as the sample specimens. To get satisfactory signal to noise ratios, 4–7 
scans of each reference and 5–11 scans of each sample specimen were recorded. Repro-
ducibility of the multiple scans confirms no radiation-induced damage during the meas-
urement. The scans for each sample and reference were aligned, merged, background-
subtracted, and normalized using the Athena program [29]. 

To further assist the interpretation of the sample spectra, the spectra of three Mn(III) 
hydroxides (groutite, feitknechtite, and manganite), a tunnel-structured Mn oxide 
(todorokite) and rhodochrosite, and two hydrous layered phyllomanganates (hexagonal 
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birnessite and triclinic birnessite), collected by Bargar et al. (2005) [6], Feng et al. (2010) 
[30], and Yu et al. (2017) [31], respectively, were also included. 

4. Results and Discussion 
4.1. Isolated Mn-Oxidizing Microorganisms 

Cultures yielded four bacterial strains (Hydrogenophaga sp., Pedobacter sp., Rhizobium 
sp., and Nevskia sp.) and one fungal-bacterial co-culture (Cladosporium sp.—Hydrogenoph-
aga sp.—Rhizobium sp.—Nevskia sp.) with varied abilities to deposit minerals containing 
oxidized Mn. Members of the Pedobacter and Nevskia genera were previously not known 
to oxidize Mn while the three other taxa were known to. Members of the Nevskia genus 
were previously shown to be highly abundant at the field site, while the relative abun-
dance of the other strains only accounted for a maximum of 0.09% [8,32]. Hydrogenophaga 
spp. have been identified as important members of microbial communities associated 
with Mn oxidation in drinking water systems [33], and biofilters [34], while species be-
longing to the Rhizobium genus have been associated with Mn oxidation in subsurface 
deposits [35]. Fungi that belong to the Cladosporium genus have been associated with Mn 
oxidation in metal-rich mine environments [35,36] and with sequestration of Mn inside 
hyphal cells [37]. We were able to obtain pure cultures of the Hydrogenophaga sp. as well 
as the Pedobacter sp. while the Rhizobium sp. and Nevskia sp. were only observed growing 
together. Results from this study did thus not allow us to determine whether Rhizobium 
sp. and Nevskia sp. were capable of Mn oxidation on their own or if they have developed 
a synergistic relationship. As for the Cladosporium sp. co-cultures, the bacterial species 
were not detected in microscopy images, but were present in the rRNA gene sequence 
analysis. We assume that these cultures were dominated by Cladosporium sp., but that the 
bacterial consortia was present in varying proportions. Pedobacter sp. only precipitated 
Mn oxide on solid substrate, whereas Hydrogenophaga sp. was observed to produce Mn 
oxide both on solid and in liquid media. Scanning electron microscopy (SEM) coupled to 
electron dispersive spectroscopy (EDS) showed that the majority of Mn oxides produced 
by the cultured bacteria also contained small amounts of P originating from the growth 
medium. No Mn oxides were detected in the negative controls containing the Mn(II) me-
dium, except without inoculated bacteria.  

4.2. Products of Mn(II) Oxidation in Cultures 
4.2.1. Hydrogenophaga sp. 

Hydrogenophaga sp. produced punctiform to small circular-shaped gelatinous colo-
nies with slightly undulated margins. Mn oxide precipitates accumulated in a well-con-
strained area in the center of the carotenoid pigmented colonies, giving them a fried-egg 
appearance (Figure 2). Circular-shaped aggregates of Mn oxide particles were produced. 
These aggregations had a core of rod-shaped crystals that were of similar size and shape 
as bacterial cells (Figure 2C–E). TEM images indicated that nucleation begun in close as-
sociation with bacteria. The precipitates were observed (1) within the bacteria that ended 
up filled with Mn oxide within a well-preserved cell wall (Figure 2G) or replacing the cell 
wall (Figure 2H), as well as (2) filling the space in between bacteria with branching blade-
like precipitates (Figure 2G, arrows). In the case of infillings, Mn mineralization rapidly 
overtook the cells leading to death. There were no signs of early precipitates on the wall 
of healthy cells. The remains of mineralized bacterial cells were bound together by net-
works of branching blade-like precipitates that ultimately built the micrometer spherical 
aggregates of Mn oxides observed in Figure 2A–D,F. 
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Figure 2. Micrographs of an isolated Mn(II) oxidizing bacterium, Hydrogenophaga sp., and associated Mn precipitates. (A,B) 
Light-microscopy images showing a colony with Mn precipitates located at the center, giving them a fried-egg appearance. 
(C) SEM image showing close-up of Mn precipitates in (A,B). (D) TEM image showing bacteria trapped in an aggregate 
of Mn oxide particles. (E) SEM image showing rod-like crystals of similar size and shape as the bacterial cells. (F) Growth 
of blade-shaped crystals (yellow arrows) forming a matrix that bind together the remains of mineralized bacterial cells 
(blue arrow). (G) TEM image of mineralized bacteria with preserved cell walls. Red arrows also showing Mn precipitates 
filling the space in between bacteria with branching blade-like precipitates. (H) Mineralized bacteria embedded in sheaths 
of Mn precipitates. 
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Mn precipitates mainly occurred as: (1) nanoscale wavy sheets and (2) more blade-
shaped crystals (S3). The SAED pattern associated with the wavy sheets had diffuse dif-
fraction rings, and weak reflections at ~7.2 and ~3.6 Å that fit well with the (001) and (002) 
basal planes in birnessite (S3A). There were also weak reflections at ~2.1, ~1.7, and ~1.4 Å, 
but the characteristic ~2.4 Å (100) reflection in birnessite from previous studies [38–40] 
was absent. Instead, there were comparatively strong reflections at 3.0 and 2.6 Å. The stur-
dier, blady crystals produced a polycrystalline SAED pattern with reflections at ~8.5, 6.0, 
4.8, 4.1, 3.5, 3.0, 2.6, 2.2, 2.1, 1.7, 1.5, and 1.4 Å of randomly oriented crystallites (S3B). 
Overall, the reflection points corresponded reasonably well with todorokite (amcsd 
0001189).  

The timing of precipitation of the observed crystal shapes/phases cannot be clearly 
determined based on these data. Todorokite has however been documented to form from 
birnessite precursors [41,42]. It is therefore possible that the initial wavy sheets (birnessite-
like) progressively transform into more blady crystals (todorokite) with time. The same 
3.0 and 2.6 Å reflections observed in the wavy sheet precipitates were also observed in the 
more blade-shaped precipitates, indicating a possible transition between the two phases. 
However, the d-spacing along the [100] direction (reflecting the tunnel width for 
todorokite) was only ~8.5 Å, which differ from a typical width of 9.6 Å. Varying tunnel 
widths (ranging from 6 to 16 Å) are not uncommon in todorokite formed from birnessite 
precursors [41,42].  

The way Hydrogenophaga sp. induces precipitation of Mn oxides is still elusive as the 
ecological strategy of forming compact and dense colonies in the presence of Mn is puz-
zling. This behavior could result from intense metabolic activities, indirectly leading to 
Mn oxidation, in a tightly packed community. It is also possible that the rapid cell division 
itself is a stress escape strategy to resist death by mineralization. Whatever the processes 
responsible for Mn oxidation, close interaction between precipitates and cells is observed. 
Mn oxidation within the cell causes rapid mineralization of the inner part, causing the 
bacterium to die. Mineralization linked to the replacement of the cell wall and precipita-
tion in between the mineralized cells is more difficult to interpret. The fact that deposition 
of Mn oxides seems to take place after the cells died indicates that a non-physiological 
mechanism is at work. Previous studies have argued that cation adsorption to bacteria 
could be enhanced after the death of the organisms possibly due to enhanced exposure to 
binding sites [43,44]. However, catalysis of Mn(II) oxidation by already formed Mn oxides, 
i.e., autocatalytical oxidation, is not expected to occur at pH below 9 [1,6], and thus not 
likely in the present growth medium buffered at circumneutral pH. It is also possible that 
Hydrogenophaga sp. flagella serve as templates for the deposition for the branching precip-
itates. Comparable deposition of branching Mn particles, embedding and connecting cells, 
were previously observed in cultures of Pedomicrobium-like bacteria [45]. In this case, Mn 
particles were deposited on fine extracellular polymer filaments. The precipitation was 
inhibited but not completely stopped when treated with glutaraldehyde or heat, which 
suggested that an unusually stable enzyme was involved in this process [45].  

4.2.2. Pedobacter sp. 
The Pedobacter strain produced large (up to 1 cm in diameter), circular, slightly 

domed mucoid colonies with smooth margins. As the colonies matured, they merged and 
formed large amounts of slimy mucilaginous mass in which abundant circular Mn oxides 
formed (Figure 3), possibly in association with double layer membrane vesicles released 
from the cells. Spherical aggregates of Mn oxides were produced (cf. Hydrogenophaga sp.), 
but without the core of mineralized bacteria. Note that most of the Mn precipitates fell off 
during sectioning, leaving behind white imprints in which only small patches of the orig-
inal precipitates are preserved. The early stages of Mn mineralization were observed in the 
mucilaginous extracellular secretions, at some distance from the cell. TEM images indicated 
that double membrane vesicles released by the cells acted as preferential nucleation sites for 
the Mn oxides (Figure 3F–H). No intracellular precipitation was observed. 
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Figure 3. Micrographs of an isolated Mn(II) oxidizing bacterium, Pedobacter sp., and associated Mn 
precipitates. (A) Light-microscopy image showing numerous spherulites constructed of nano- to 
micro-meter sized sheets. (B) SEM image of (A). (C,D) SEM images of spherulites. (E) TEM image 
of Mn oxide aggregate. (F) TEM image of cell releasing vesicles of varying sizes from the outer cell 
membrane. (G) Mn oxides covering a possible vesicle. (H) Patches of Mn oxides forming in the mu-
cilaginous colonies (red arrow) and double membrane vesicles (blue arrows). 

Previous studies have demonstrated that most bacterial Mn oxidation and precipita-
tion takes place extracellularly, and in the case of enzymes being involved, these are 
thought to be located at the outer parts of the cell (outer membrane or sheath) [46–48], or 
as components of the outermost layer of spores [49–51]. A few studies have also reported 
on the association of Mn precipitates with vesicles, similar to the observations in this 
work. Larsen et al. (1999) [44] showed that Mn-oxidizing activity was localized in double-
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layered membrane vesicles in the outer membrane of a Pedomicrobium species. Oxidized 
Mn was also found in minerals precipitating around extracellular vesicles through anaer-
obic Mn oxidation by cultures of anoxygenic phototrophs [52]. Ehrlich and Salerno (1990) 
[53] additionally suggested that bacterial membrane vesicles coupled ATP synthesis (en-
ergy conservation) to Mn(II) oxidation.  

4.2.3. Nevskia sp.—Rhizobium sp. 
Oxidized Mn was mainly found in minerals that were deposited on Nevskia sp. cell 

walls and associated organic material, possibly their acellular stalks. The mixed cultures 
produced slightly raised long colony strings with a dark hazy center and entire to undu-
lating margins in which pinkish Mn precipitates were located (Figure 4). In addition to 
Mn and O, these areas also contained varying amounts of P and Na, either adsorbed on 
the organic matter or part of the mineral structure. In contrast to the diffuse diffraction 
rings and polycrystalline SAED pattern observed in Hydrogenophaga sp. colonies, the ob-
tained SAED pattern for the analyzed precipitate associated with organic matter in Nev-
skia-Rhizobium spp. likely reflected one crystal (Figure 4G). Except for 7.2 Å reflections 
which suggested the presence of a 7 Å phyllomanganate, the mineral also had a ~13 Å 
periodicity, indicative of a large unit cell (Figure 4G). Mn mineralization was not observed 
in samples in which no stalk-like organic matter was in close contact with the cells. In-
stead, Nevskia sp. cells developed thick sheaths and typically had 2–5 intracellular glob-
ules that were less electron dense compared to the rest of the cell (Figure 4C). Similar 
inclusions in Nevskia sp. cells have previously been interpreted to be gas vacuoles and/or 
carbon storage polymers, commonly referred to as polyhydroxyalkanoates [54,55]. The 
Rhizobium cells were frequently observed having electron dense angular particles inside 
the cells (Figure 4E,F). A certain amount of these inclusions did not diffract and were 
mainly composed of C, O, N, and Na. Some other inclusions diffracted, and showed, in 
addition to the above elements, the presence of small amounts of Mn, P, and Cl. 
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Figure 4. Micrographs of Nevskia-Rhizobium spp. and associated Mn mineralizations. (A) Mixed Nev-
skia-Rhizobium spp. colony grown on agar substrate with cluster of Mn precipitates in the center of 
the colonies (pink arrows). (B) Close-up of Mn precipitates. (C) Sheathed Nevskia sp. cell with intra-
cellular globules (less electron dense), which possibly are gas vacuoles and/or carbon storage poly-
mers. (D) SEM image of mineralized Nevskia sp. cell and associated organic matter (possibly their 
acellular stalks). (E,F) TEM image showing cluster of bacteria and organic matter and associated 
mineralizations. To the left, a mineralized Nevskia sp. cell and associated organic matter (possibly 
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their acellular stalks). At the bottom right, a Rhizobium sp. bacterium containing electron dense an-
gular particles inside the cell. (G) SAED of mineralized Nevskia sp. cell and associated organic matter 
in (E). 

It was not possible to isolate Nevskia sp. or Rhizobium sp. separately in this study, and 
it cannot be assessed whether these strains developed a synergetic relationship to oxidize 
Mn or whether they can do it separately. No, or very little Mn precipitation was however 
associated with Rhizobium sp. cells. Nevskia spp., which are epineuston stalked bacteria 
(bacteria living at the water surface and producing thin extensions out of the cell wall), 
representing the most abundant genus in a micrometer thick gas-trapping biofilm located 
on the surface of the precipitated Mn oxides in Ytterby (see details in [8,32]). Its involve-
ment in the Mn oxide producing ecosystem is not yet clear, but results from this study 
indicate that Nevskia spp. are capable of producing Mn oxides during certain stages of its 
lifecycle and under dark and cold conditions. Only one previous report [55] indicates pre-
cipitation of metals (Fe but no Mn) on the laterally excreted stalks of Nevskia spp.  

Rhizobium sp. was also frequently found growing together with Hydrogenophaga sp. 
on plates. In these cases, the small round yellow Hydrogenophaga sp. colonies grew on top 
of or within the Rhizobium sp. colonies, forming long strings of Mn precipitates. 

4.2.4. Cladosporium sp.—Hydrogenophaga sp.—Rhizobium sp.—Nevskia sp. 
The retrieved Mn-oxidizing fungal-bacterial co-culture produced dark green to black 

colonies. The bacterial species (Hydrogenophaga sp.—Rhizobium sp.—Nevskia sp.) were not 
detected in microscopy images, but were present in the rRNA gene the sequence analysis. 
We assume that these cultures were dominated by Cladosporium sp., but that the bacterial 
consortia was present in varying proportions. Manganese precipitates were primarily de-
posited as globular particles that were spatially separated from the hyphae, but also as 
knot-like aggregates deposited on hyphal surfaces (Figure 5). The spatially separated Mn 
globules were distributed within the hyphal network. The microscale particles consisted 
of nanoscale plates that had an undulated, almost serrated, margin. EDS analysis showed 
that the particles were composed of Mn, O, and P. 
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Figure 5. Micrographs of a Mn(II)-oxidizing fungal-bacterial co-culture containing a fungal species belonging to the 
Cladosporium genus within the Ascomycota phylum and a consortium of bacteria. (A) Light microscopy showing the com-
plex network of hyphae. (B) SEM image of (A). (C) SEM images showing the association of hyphae and Mn oxide precip-
itates. (D) Mn precipitates (red arrow) are deposited as globular particles on hyphal surfaces (green arrow). (E) Close-up 
of (D). (F) SEM image of Mn oxide nanosheets having undulated, almost serrated, margins. 

4.3. Products of Mn(II) Oxidation at the Field Site 
4.3.1. Microscale 

The bulk material sampled in the field consisted primarily of three Mn oxide micro-
structures: (1) dendrites (2) botryoides, and (3) wad-like globular particles (Figure 6). Both 
the dendrites and botryoides had a distinct growth direction and showed a morphological 
continuity from thin shrub-like dendrites to the globular massive botryoide end-member 
(Figure 6I–N). Individual dendrites-botryoides ranged from about 10 to 100 µm in length. 
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The wad-like globular Mn oxides occurred as solitary particles (typically 2–5 µm in diam-
eter) or clusters, used as building blocks in the formation of the dendrites-botryoides. 
These particles, which grew radially around one nucleus or had a polycrystalline fibrous 
internal structure either formed the base for further growth into dendrites-botryoids or 
were fused onto an existing structure. EDS analyses indicated that the main cation, after 
Mn, in these structures was Ca. Cell-like structures and filaments of varying thickness and 
lengths were often associated with the Mn oxides, particularly in the initial growth areas. 
The relatively chaotic mix of organic traces and early Mn oxide particles became capped 
by denser, laminated precipitates, implying an iterative growth process. Light and dark 
alterations expressed variations in Mn and Ca concentrations, but also in the Mn:Ca 
atomic ratio. Mn and Ca concentrations were higher in the darker bands than in the 
lighter, while the higher reflectance areas had higher Mn:Ca ratios. Similar laminated 
structures are observed in other studies on Mn oxides, and it has been suggested that the 
rhythmic growth pattern reflects a gradual mineralization process over time as a response 
to Mn(II) concentrations in the surrounding water [35]. The vague radial texture around 
the nuclei of individual wad-like globules was no longer observed in globules that were 
fused onto a growing botryoid. Irrespective of morphology and growth pattern, all mor-
phologies had a similar surface structure: nanometer thick sheets forming a reticulated 
texture (Figure 6C). 

 
Figure 6. SEM images showing microstructures of the Ytterby rock wall Mn oxides. (A) Uncoated 
polished thin section showing laminated branches of dendritic-botryoidal Mn oxides growing on 
nucleation area (dashed). (B) Uncoated polished thin section of nucleation area showing Mn oxide 
encrustation of microbial remnants (filaments and cell-like structures) and wad-like Mn oxides oc-
curring as solitary particles and in clusters (red arrows). (C) Cryo-SEM image showing nanometer 
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thick sheets forming a reticulated surface texture of Mn oxide particle. (D) Cross section of wad-like 
Mn oxide particle. (E,F) Initial growth area capped by laminated Mn oxide precipitates. Note the 
embedded cell like structures (yellow arrows). (G) Cryo-SEM image showing cell-like structures 
embedded in microsperolitic/botryoidal Mn oxide microstructures (H) Filaments of varying thick-
ness covering Mn oxides. (I–MI; J; K; L; M;) SEM images showing dendritic-botryoidal microstructures in 
the Ytterby Mn oxides. (I–KI; J; K; I; J; K; L; M;) Morphological continuity from thin shrub-like dendrites to 
the globular massive botryoid endmember. (L–NL; M; N; I; J; K; I; J; K; L; M;) Polished cross sections of (I–KI; J; K; L; M; 

N; I; J; K; I; J; K; L; M;). 

4.3.2. Nanoscale 
High-resolution transmission electron microscopy (HRTEM) images and electron 

diffraction patterns were combined with EDS to study nanostructures in the field site Mn 
precipitate. The dendritic-botryoidal growth pattern observed at the microscale was no 
longer visible in the nanoscale analyses. Instead, three types of areas were identified, from 
here on referred to as type 1, 2, and 3 (Figure 7). 

 
Figure 7. TEM images showing three nanoscale type areas in the field site Mn precipitates. (A) Sheets constructed of very 
few layers elongated along the octahedral chains. In places, the sheets bend and curl under to give a scroll-like appearance. 
(B) Polycrystalline sheets. (C) Flakes with particles. (D,G) HRTEM and SAED pattern of sheets in (A). (E,H) HRTEM and 
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SAED pattern of polycrystalline sheets in (B). (F,I) HRTEM and the corresponding fast Fourier Transform (FFT) pattern 
of particles in (C). (G) SAED of (A). 

The most commonly observed nanoscale structure was the type 1 area, which was 
characterized by networks of Mn oxide sheets constructed of very few layers and elon-
gated along the MnO6 octahedral chain. (Figure 7A). HRTEM images showed a layered 
structure in which the distance between basal planes varied from 5.6 to 7.3 Å and lattice 
fringes with a 2.4–2.8 Å interlayer distance (Figure 7D). The corresponding selected area 
electron diffraction (SAED) pattern had two diffuse diffraction rings at ~2.5 and ~1.4 Å 
(Figure 7G). These data fit well with Mn oxides that are structurally related to birnessite, 
which is constructed by layers of edge-sharing MnO6 octahedra with interplanar spacings 
typically around 7 Å [56,57]. A ~5.6 Å separation has been observed in dehydrated 7 Å 
phyllomanganates [58–60]. The absence of (001) and (002) basal plane reflections (d(001)~7.2 
Å, d(002)~3.6 Å) in the SAED is a characteristic feature for layered Mn oxides that have very 
few and randomly oriented stacked sheets along the c-axis  [39,40,61,62]. The sheets ap-
peared to grow preferentially along the a or b axis and were typically a few hundred nm 
long. In places, the sheets bent and curled under to give a scroll-like appearance. Type 2 
areas were characterized by denser nanoscale Mn oxide sheets compared to the type 1 
area and produced a polycrystalline SAED pattern, typical for samples that contain na-
noscale randomly oriented particles (Figure 7B,E,H). These Mn oxide sheets were often 
observed in association to calcite particles. Diffraction rings were observed at ~2.9, 2.5, 1.7, 
1.5, 1.3, 1.1, and 1.0 Å, but it was not possible to determine what mineral phase this was 
based on these data. HRTEM images further showed that the ~2.5 Å interlayer distance 
broadened into the ~2.8 Å distance, similar distances as observed at lattice fringes in the 
type 1 area (Figure 7E). Type 3 areas, characterized by nanoscale particles on a plate-like 
material, were only rarely observed (Figure 7C). Individual particles had a diameter of 
approximately 3–6 nm. HRTEM images and the corresponding fast Fourier Transform 
(FFT) patterns show two main distances, 1.6–1.7 Å and 2.6–2.7 Å (Figure 7F,I).  

EDS analyses indicated that the Mn:O atomic ratio varied considerably between the 
three identified type areas. The type 1 areas contained an unusually large amount of Mn, 
with a Mn:O atomic ratio of 1:0.6. The corresponding value for the denser type 2 areas was 
1:1.3 and for the type 3 areas 1:2.1. Even though these ratios are based on qualitative meas-
urements, they provide an indication of the relative difference between these areas. Con-
sidering that the expected atomic ratio for Mn dioxides (MnO2) is 1:2, these results suggest 
that the thin elongated sheets in type 1 areas contain a larger amount of Mn(II/III) than do 
the other areas, possibly both incorporated into the mineral structure and adsorbed to 
mineral surfaces or associated with organic material. These findings are in agreement with 
total elemental analyses which indicated that, in addition to Mn (III) and Mn (IV), Mn(II) 
was present in significant amounts in the field site precipitate in Ytterby [15]. Since dis-
solved Mn(II) acts as a reducing agent for higher Mn oxides, the amount of Mn(II) in a 
system has a substantial influence on the solubility and stability of the precipitated phases 
[6]. In a recent paper, Jung et al. (2020) [42] showed that transformation of birnessite-type 
Mn oxides to tunnel structures such as todorokite was related to repeated redox cycles be-
tween Mn(II) and Mn(IV).  

4.4. Manganese Phases and Oxidation States in the Samples Based on XANES Analyses 
Manganese K-edge XANES data indicated that Mn binding environment and aver-

age oxidation state (reflecting the relative proportions of Mn(II), Mn(III), and Mn(IV) spe-
cies) varied among the isolated species and the field samples (denoted YBS_1, YBS_2, and 
YBS_3) (Figure 8). The XANES spectra of precipitates formed in the Cladosporium co-cul-
ture and the mixed Nevskia-Rhizobium spp. cultures showed strong resemblance to that of 
Mn(II) bound to humic acid (both absorption edge position and post-edge features), sug-
gesting a dominance of Mn(II) species sorbed on organics (e.g., biomass or/and bacterial 
cells) in these precipitates. However, the 1st derivatives of the XANES spectra of these 
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precipitates displayed a shoulder at approximately 6551 eV, where small peaks were also 
observed in the XANES derivatives of several Mn(III) oxide references (Figure 8B). The 
presence of the shoulder might suggest that low amounts of Mn(III) oxides also occur in 
these precipitates. In contrast, the absorption maxima for the spectra of Hydrogenophaga 
sp. and the three field site samples (i.e., YBS_1, YBS_2, and YBS_3) shifted to higher ener-
gies and matched with those of the birnessite (phyllomanganates) and todorokite (tecto-
manganates) references. Also, the pre-edge region of these spectra displayed a double-
hump centering at 6541–6543 eV, a feature frequently reported for both birnessite and 
todorokite in octahedral coordination [30]. These features collectively suggest that Mn in 
the Hydrogenophaga sp. sample and all YBS samples occurs predominantly as birnessite- 
or todorokite-like phases, which can trap various amounts of Mn(IV) and Mn(III) in lattice 
positions, as well as surface-sorbed Mn(III)/Mn(II) species  [63,64]. In addition, the 
XANES spectra and the 1st derivatives of the YBS samples also displayed two distinct 
features that are absent in the spectra of the birnessite and todorokite references: a broad 
shoulder and sub-peak centering approximately 6553 and 6548 eV, respectively. Since the 
XANES spectrum of Mn(II) sorbed on humic acid and its derivative displayed strong 
peaks at these energies, the presence of these two additional features might reflect consid-
erable contributions of organically complexed Mn(II) in the YBS samples, in particular 
YBS_3. 

 
Figure 8. Mn K-edge XANES spectra. (A) Samples and reference compounds. (B) First derivatives of (A). The spectra of 
feitknechtite (β-MnOOH), manganite (γ-MnOOH), and groutite (α-MnOOH) were taken from Bargar et al. (2005) [6], 
while those of todorokite, rhodochrosite, and two hydrous layered phyllomanganates (hexagonal birnessite and triclinic 
birnessite) from Feng et al. (2010) [30] and Yu et al. (2017) [31], respectively. 

Average oxidation state (AOS) of Mn in each sample was calculated using a calibra-
tion curve established based on a linear correlation between Mn oxidation state and pre-
edge centroid energies of selected references. These reference compounds and the meas-
ured samples shared similar Mn coordination environment in their first shell (Figure 9A; 
detailed information is given in S4: Average Mn valence based on pre-edge peaks). The 
average bulk Mn oxidation state in YBS_1, YBS_2, and YBS_3 was estimated to 3.43, 3.51, 
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and 3.37, respectively. These values support a relatively high proportion of Mn(II) and 
possibly also Mn(III)-containing phases, in particular in YBS_3. An average oxidation state 
of 3.44 or higher was previously estimated from elemental analysis of what was defined 
as a birnessite phase, based on XRD-analysis [15]. The estimated AOS for Mn in Nevskia-
Rhizobium spp. (2.56) and Cladosporium sp. co-culture (2.49) cultures (calculated from mul-
tiple merged scans recorded at the same spot) are in agreement with a strong affinity with 
Mn(II) bound to humic acid combined with low amounts of Mn(III) phases. However, 
TEM data associated to both species show that there are likely more than one mineral 
phase present in the samples. It is thus possible that the XANES data only represents one 
of these phases. The Hydrogenophaga sp. cultures showed the highest average Mn oxida-
tion state (3.67), in agreement with the strong similarity between the XANES spectra of 
this sample and the todorokite/birnessite references. 

 
Figure 9. (A) Estimation of average oxidation state (AOS) of Mn in samples, using a calibration curve established based 
on a linear correlation between Mn oxidation state and pre-edge centroid energies of selected reference compounds with 
similar Mn coordination environment in the first shell as the samples (detailed information are given in S4). (B) For the 
samples with a dominance of MnOx, AOS of Mn was also estimated based on the energy shifts on the absorption edge 
relative to Mn foil (ΔE) of known Mn oxidation states. The estimated AOS of Mn for each sample is also indicated in 
parentheses. 

The AOS of Mn in MnOx samples was cross-checked with another approach using 
the absorption edge energy relative to the Mn Foil, (∆E)-methodology, which can be more 
sensitive to well-oxidized mineral phases (MnOx samples). The values of AOS estimated 
by this approach were consistently 0.20 units lower than the values calculated with the 
pre-edge centroid approach (Figure 9). This indicates that the contributions of Mn(II) and 
possibly Mn(III) in the MnOx samples may be even larger than assessed with the latter 
approach as presented above. 
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4.5. Promotion of Mn Oxidation by Biofilm Formation 
Bacteria forming biofilms were more likely to precipitate Mn oxides in the culturing 

experiments than colonies growing in liquid media. This is exemplified by Pedobacter sp., 
which oxidized and precipitated Mn grown on solid substrates, but showed no capability 
of Mn oxidation as free floating cells in liquid media. The promotion of Mn oxidation by 
biofilm formation was previously documented by Nealson and Ford (1980) [65], who ob-
served that a Bacillus species had little or no Mn-oxidizing capability as a free floating cell, 
but showed a drastic increase in Mn oxidation rate once the bacterium interacted with solid 
substrates. Deposition of Mn oxides in the Ytterby mine tunnel is also associated with a group 
of bacteria forming epilithic biofilms [8,32]. This type of biofilm is beneficial for Mn oxidation 
partly due to the potential as nucleation site for Mn mineralization, but also for the capacity 
of binding elements to acidic groups within the biofilm, thus acting as storage for further use 
or for neutralization purposes.  

Mn(II) ions are attracted by the negatively charged carboxyl and phosphoryl groups 
on the bacterial cell wall or in the extracellular secretions. Sorbed Mn(II) is then oxidized 
to Mn(III/IV) either enzymatically (direct), using molecular oxygen and/or hydrogen per-
oxide (H2O2) as substrates, or indirect, as a response to metabolically produced reactive 
oxygen species (ROS) known to be produced in larger quantities during the exponential 
growth phase [66]. Oxidized Mn then precipitates within or in association to the biofilm. 
Catalysis of Mn(II) oxidation by already formed Mn oxides, i.e., autocatalytical oxidation 
through the reduction of MnO2, is also expected when the initial product is formed [1,6]. 
MnO2 is one of the strongest oxidants in nature.  

4.6. Sequestration of Mn Oxides in the Ytterby Mine Tunnel—A Proposed Model of Formation  
Figure 10, summarizes the biologically mediated Mn oxidation and precipitation pro-

cess in the Ytterby mine tunnel. This mechanistic description of the studied system is fed 
by data from the field site and culture work, summarizing information about the involved 
microbial population, interpreted associated metabolic processes, both organic and min-
eral products, within a well physicochemically constrained environment. Data from the 
present study are integrated with previously published results on the spatial distribution 
of elements and microorganisms as well as environmental parameters in this ecosystem 
[8,15,32,67]. 
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Figure 10. Sequestration of Mn oxides in the Ytterby mine tunnel—a proposed model of formation. This model provides 
a general view of the system showing the development of the Mn oxide producing biofilm and associated mineralizations. 
See Section 4.6 for a detailed description.  
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In the Ytterby mine system (Figure 10D), water seeping from the bedrock fracture con-
tains aqueous Mn (172 µg/L) and REE (11 µg/L), but very low amounts of Fe (0.4 µg/L) 
and host communities with high phylogenetic diversity and species richness [8]. Water 
percolates across the rock surface. Planktonic populations settle to produce a thin biofilm 
at the rock surface. Mn(II/III) and REE are progressively bound to the organic matter in 
the biofilm (cells and extracellular organic matter; EOM). The Mn concentration in the 
water drops drastically from 172 µg/L when the water emerges from the fracture to 3 µg/L 
after it has passed through the Mn precipitates down the 2 m tall rock wall [8]. This strong 
attenuation of aqueous Mn is coupled to enrichment of insoluble Mn oxides in the biofilm, 
which in turn attracts other metals, notably REE. With the help of the stabilizing action of 
organic ligands (i.e., biofilm formation), the epilithic microbial communities induce the 
two-step oxidation (Mn(II) to Mn(III) and Mn(III) to Mn(IV), through direct and indirect 
processes, leading to the final formation of mainly birnessite-type Mn oxides (Figure 10B). 

This mineralization process includes three main steps: (1) binding and stabilization 
of aqueous Mn by organic ligands (Figure 10E), (2) nucleation and initial growth (Figure 
10F), and (3) further growth (Figure 10G).  

Step 1 (Figure 10E): Prokaryotic communities that are adapted to the mine environ-
ment (no light, low temperature) thrive and become enriched within the biofilm, over time 
creating an environment rich in metals [8]. The negatively charged Mn oxides sorb addi-
tional Mn(II) as well as trace metals. The high binding efficiency of the combined organic 
and mineral substrates constitutes a powerful sponge for positively charged ions, exem-
plified by the steep drop in Mn(II) concentration between the top and bottom water. The 
gradual sequestration of metals leads to the extreme nature of the YBS biofilm.  

Step 2 (Figure 10F): Culture-based data suggest that initial nucleation and growth in 
a biofilm is dependent on community-specific strategies for utilizing aqueous Mn and its 
solid phases. Bacteria such as the Hydrogenophaga sp. precipitate Mn within the cell, lead-
ing to their demise (Figure 2). Other bacteria develop strategies for oxidizing and seques-
trating Mn away from the cell. This is exemplified by the Pedobacter strain, which seems 
to use vesicles, transported from the cell membrane out to the extracellular organic matrix, 
as the preferred location for Mn precipitation (Figure 3F–H), or the Nevskia-Rhizobium 
spp., which are observed with mineralized stalks and extracellular organic matter (Figure 
4E,F). Also, the Cladosporium sp. co-culture primarily deposit globular Mn particles spa-
tially separated from the hyphae (Figure 5). These depositional strategies seem to be as-
sociated with different mineral products. As indicated by XANES and TEM data, Mn ox-
ides occur as a range of structurally diverse phases incorporating Mn of various oxidation 
states (Figures 4, 7–9 and S3). A common trait in the observed minerals is that nucleation 
and initial growth are closely related to the microbial community and biofilm formation. 
This interaction between organics and minerals leads to the formation of an area of origin 
from which the future Mn oxide mineral will grow and develop. The areas of origin are 
highly heterogeneous in terms of mineral phases, incorporation of organic matter, as well 
as oxidation state of the incorporated Mn. It is likely that highly reactive Mn(III) produced 
by the first oxidation step can be stabilized within the EOM and the Mn minerals.  

Step 3 (Figure 10G): Further growth: In both the field site samples and samples re-
trieved from associated cultures, the precipitation of Mn oxides is initiated in areas 
strongly influenced by microbes (Figure 6A,B). However, a knowledge gap exists between 
the formation of this area of origin and further growth into more developed Mn oxide 
crystals as no such mineral development was observed in cultures. In field site samples, 
further growth from the initial mineralization area mainly seem to occur by incorporation 
or aggregation of specific building blocks observed as wad-like globular particles (Figure 
6D–H). These wad-like globular Mn oxide particles either form the base for further growth 
into dendrites-botryoids or fuse onto an existing structure. In the field site samples, there 
are at least three nanoscale type areas: with long fiber, denser sheets, and aggregates of 
more stocky crystallites (see also Figure 7). Microbial traces encrusted by Mn oxides are 
primarily associated with the initial growth areas (area of origin). The relatively chaotic 
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mix of organic traces and early Mn oxide particles serves as a stable nucleus for further 
growth. This initial growth area becomes capped by denser, laminated precipitates, which 
implies an iterative growth process.  

5. Conclusions 
Cultures based on samples from the Mn rock wall deposit in the Ytterby mine yielded 

four bacterial (Hydrogenophaga sp., Pedobacter sp., Rhizobium sp., and Nevskia sp.) strains 
and one fungal-bacterial co-culture (Cladosporium sp.—Hydrogenophaga sp. Rhizobium 
sp.—Nevskia sp.), with varying abilities to deposit minerals containing oxidized Mn. Pure 
cultures were obtained of the Hydrogenophaga sp. as well as the Pedobacter sp., while the 
Rhizobium sp. and Nevskia sp. only precipitated Mn oxides when growing together. As for 
the Cladosporium sp. co-cultures, the bacterial species were not detected in microscopy im-
ages, but were present in the rRNA gene sequence analysis. We assume, that these cul-
tures were dominated by Cladosporium sp., but that the bacterial consortium was present 
in varying proportions. 

Culturing experiments show that taxonomic affiliation influence crystallite size, 
structure, and average Mn oxidation state as well as the onset location of Mn precipitation 
with respect to the cells. Hydrogenophaga sp. accumulate Mn oxide precipitates in a well 
constrained area in the center of the colonies. Early mineral deposition is mediated by the 
cells, but non-biological processes appear to be responsible at later stage processes. The 
Pedobacter strain produces large amounts of a slimy mucilaginous mass in which abundant 
spherical Mn oxides form, possibly in association with double-layer membrane vesicles 
released from the cells. Mixed Nevskia-Rhizobium spp. cultures produce long colony 
strings with a dark hazy center and entire to undulating margins in which Mn precipitates 
are located. Mn precipitates are deposited on Nevskia sp. cell surfaces and on what is as-
sumed to be acellular stalks. Rhizobium sp. has electron dense intracellular areas that 
mainly contain NaCl, but also small amounts of Mn. The retrieved Mn-oxidizing fungal-
bacterial co-culture primarily deposit Mn oxide globular particles that are spatially sepa-
rated from the hyphae, but also knot-like aggregates deposited on hyphal surfaces. With 
time, large aggregates of Mn oxides form in all studied bacterial colonies. Crystal growth 
occurs at the outer edges of these larger well-developed crystals. 

Results also show that growth conditions (biofilm or planktonic) could prove deci-
sive for the ability to oxidize Mn and precipitate minerals containing oxidized Mn. 

The onset of Mn oxide mineralization at the field site is more difficult to interpret, 
but typically occurs in areas associated with globular wad-like particles and microbial 
traces. The wad-like particles serve as building blocks in the majority of the microstruc-
tures, either forming the base for further growth into dendrites-botryoids or added as 
components to an existing structure. The relatively chaotic mix of organic traces and early 
Mn oxide particles become capped by laminated precipitates, implying an iterative 
growth process. The most commonly observed nanoscale structure is networks of Mn ox-
ide sheets that are structurally related to birnessite. Data suggest that these thin elongated 
sheets contain an unusually large amount of Mn with respect to oxygen. In agreement 
with previous total analyses of field site samples [15], results on atomic absorption indi-
cate that, in addition to Mn (III) and Mn (IV), Mn(II) is present in significant amounts. 
XANES results suggest that the average Mn oxidation state in the field site precipitates 
(YBS) is 3.4–3.5, in agreement with previous estimates. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/min11101146/s1, Figure S1: QIIME2 workflow for Microbe-mediated Mn-oxidation, Fig-
ure S2: Sequence reads, Figure S3: Hydrogenophaga sp. and associated Mn precipitates, Figure S4: 
Quantification of average Mn valence based on pre-edge peaks.  
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