Available online at www.sciencedirect.com

ScienceDirect

Geochimicaet
Cosmochimica
Acta

ELSEVIER Geochimica et Cosmochimica Acta 75 (2011) 2762-2776

www.elsevier.com/locate/gca

Diversity of Mn oxides produced by Mn(II)-oxidizing fungi

Cara M. Santelli®!, Samuel M. Webb ®, Alice C. Dohnalkova ¢, Colleen M. Hansel **

* Harvard School of Engineering and Applied Sciences, Cambridge, MA, USA
b Stanford Synchrotron Radiation Lightsource, Menlo Park, CA, USA
¢ Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA, USA

Received 14 September 2010; accepted in revised form 16 February 2011; available online 21 February 2011

Abstract

Manganese (Mn) oxides are environmentally abundant, highly reactive mineral phases that mediate the biogeochemical
cycling of nutrients, contaminants, carbon, and numerous other elements. Despite the belief that microorganisms (specifically
bacteria and fungi) are responsible for the majority of Mn oxide formation in the environment, the impact of microbial spe-
cies, physiology, and growth stage on Mn oxide formation is largely unresolved. Here, we couple microscopic and spectro-
scopic techniques to characterize the Mn oxides produced by four different species of Mn(I1)-oxidizing Ascomycete fungi
(Plectosphaerella cucumerina strain DS2psM2a2, Pyrenochaeta sp. DS3sAY3a, Stagonospora sp. SRC1I1sM3a, and Acremo-
nium strictum strain DS1bioAY4a) isolated from acid mine drainage treatment systems in central Pennsylvania. The site of
Mn oxide formation varies greatly among the fungi, including deposition on hyphal surfaces, at the base of reproductive
structures (e.g., fruiting bodies), and on envisaged extracellular polymers adjacent to the cell. The primary product of Mn(II)
oxidation for all species growing under the same chemical and physical conditions is a nanoparticulate, poorly-crystalline
hexagonal birnessite-like phase resembling synthetic 3-MnO,. The phylogeny and growth conditions (planktonic versus sur-
face-attached) of the fungi, however, impact the conversion of the initial phyllomanganate to more ordered phases, such as
todorokite (A4. strictum strain DS1bioAY4a) and triclinic birnessite (Stagonospora sp. SRC1IsM3a). Our findings reveal that
the species of Mn(II)-oxidizing fungi impacts the size, morphology, and structure of Mn biooxides, which will likely translate
to large differences in the reactivity of the Mn oxide phases.
© 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Manganese (Mn) oxide and hydroxide minerals, referred
to hereinafter as Mn oxides, are ubiquitous in aquatic and
terrestrial environments and their presence can have broad
environmental ramifications, greatly impacting the fate and
transport of organic and inorganic contaminants, nutrients,
and carbon sources. For example, Mn(III/IV) oxides act as
strong oxidants, capable of degrading recalcitrant or
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contaminant organic compounds (Forrez et al., 2010; Sun-
da and Kieber, 1994) and oxidizing redox-sensitive metals
such as Cr’* (Fendorf and Zasoski, 1992; Murray et al.,
2005; Murray and Tebo, 2007). These highly reactive min-
eral phases also contribute to sorption and redox reactions
of numerous metals, effectively remediating contaminated
waters by scavenging metals such as Pb (Matocha et al.,
2001; Nelson et al., 1999; O’Reilly and Hochella, 2003; Vill-
alobos et al., 2005), Ni (Kay et al., 2001; Pena et al., 2010),
Co (Kay et al., 2001; Takahashi et al., 2007), and Zn (Boon-
fueng et al., 2009; Marcus et al., 2004; Toner et al., 2006).
The oxidizing and sorption capacity of Mn oxide phases,
however, is highly dependent upon their size, composition,
and structure.

The precipitation of Mn oxide minerals in nature is be-
lieved to be largely driven by microbiological activity.
Mn(IT)-oxidizing bacteria and fungi have been isolated
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from a wide variety of environments (Adams and Ghiorse,
1987, Cahyani et al., 2009; de la Torre and Gomez-Alarcon,
1994; Dick et al., 2006; Hansel and Francis, 2006; Krum-
bein and Jens, 1981; Miyata et al., 2006a; Templeton
et al., 2005) and can greatly accelerate oxidation rates rela-
tive to abiotic processes (Nealson et al., 1988; Tebo et al.,
1997). In general, biogenic Mn oxides have greater reactiv-
ities relative to abiotic and synthetic analogs, theoretically
due to their smaller crystallite size, increased surface area
and disorder, and/or sheet symmetry distortion (Hochella
et al., 2008; Nelson et al., 1999; O’Reilly and Hochella,
2003).

Over 30 different natural and synthetic Mn oxide miner-
als are known to exist, largely due to the combination of
varied valence states of Mn (Mn can occur in the +2, +3,
or +4 oxidation states) and the diverse arrangements of
MnOg octahedra (the building blocks of Mn oxide struc-
tures — Post, 1998). Most Mn oxides are categorized as hav-
ing either a layer or tunnel structure. Phyllomanganates
(layer-structure oxides), such as those within the group of
birnessite-like oxides, are composed of stacked sheets of
edge-sharing Mn octahedra, whereas tectomanganates (tun-
nel-structure oxides) have chains of edge-sharing octahedra
that are linked through corner-sharing to form square or
rectangular cross-sections (e.g., todorokite has a 3 x 3 tun-
nel structure). A wide variety of cations can be incorpo-
rated into the interlayers and tunnels or adsorbed to the
mineral surfaces depending largely on physical properties,
such as the atomic structure, crystal morphology, and min-
eral size (Hochella et al., 2008). Despite the large diversity
in Mn oxide structures, the dominant biogenic Mn oxide
formed under circumneutral pH is a nanocrystalline
phyllomanganate similar to hexagonal birnessite or o-
MnO,, the synthetic analog of vernadite (Bargar et al.,
2005; Jurgensen et al., 2004; Nelson et al., 1999; Villalobos
et al., 2006; Webb et al., 2005a). Abiotic transformations
and ageing of these initial disordered biogenic phases re-
sults in the formation of more crystalline Mn phases,
including todorokite and feitknechtite (Bargar et al., 2005;
Feng et al., 2010). Oxidation at temperatures ranging from
3 to 70 °C at circumneutral pH results in a wider range of
Mn oxides, varying in structure and average oxidation
state, which correspond well with the thermodynamic sta-
bility fields for these phases (Mandernack et al., 1995).

The majority of studies have thus far characterized Mn
oxide phases formed by bacteria, yet in some surface and
terrestrial environments, fungal Mn(II) oxidation may be
equally or more important than bacterial oxidation (Mari-
ner et al., 2008; Santelli et al., 2010; Thompson et al., 2005).
A small number of studies have identified hexagonal birnes-
site and todorokite as products of fungal Mn(II) oxidation
(Miyata et al., 2006a,b; Saratovsky et al., 2009; Grangeon
et al., 2010), yet the impact of fungal species, growth condi-
tions, and cellular structures on the properties of fungal Mn
oxides have not been investigated. To expand our knowl-
edge of environmentally-relevant biogenic Mn oxides, we
examined the Mn oxides precipitated by four phylogeneti-
cally and morphologically distinct Mn(II)-oxidizing Asco-
mycete fungi. These species were recently isolated from
biologically-active remediation systems that are currently

treating acidic, metal-laden mine waste from abandoned
coal mines in Central Pennsylvania (Santelli et al., 2010).
We coupled light and electron microscopy techniques with
X-ray absorption spectroscopy (XAS) to provide a detailed
examination of the fungal oxide phases with respect to fun-
gal species, cellular location (e.g., associated with hyphae,
spores, or fruiting bodies), and growth conditions (either
water-submerged or on a solid substrate). The results of this
study not only provide a better understanding of the prod-
ucts of fungal Mn(II) oxidation, but further elucidate the
impact of species diversity on the biogeochemical cycle of
metals in the environment.

2. METHODS
2.1. Production of fungal Mn oxides

A diversity of fungal species were obtained from several
different passive remediation systems in Central Pennsylva-
nia that actively attenuate high concentrations of Mn with-
in acidic coal mine drainage as described previously
(Santelli et al., 2010). Briefly, these treatment systems are
geotextile-lined beds filled with limestone rocks, which
brings up the pH of the metal-laden waters to near neutral
conditions. Under these conditions, the oxidation of dis-
solved Mn(Il) proceeds, resulting in the precipitation of
Mn oxide minerals. Mn oxides are retained within the treat-
ment system, and waters flow out with a significantly re-
duced metal load at near-neutral pH. Four species of
Mn(II)-oxidizing fungi (Table 1), representing three differ-
ent orders of Ascomycota, were explored in this study,
including Plectosphaerella cucumerina strain DS2psM2a2,
Pyrenochaeta  sp. DS3sAY3a, Stagonospora  sp.
SRCl1IsM3a, and Acremonium strictum strain DS1bio-
AY4a. Cultures for all experiments were inoculated in a
HEPES-buffered (20 mM; pH 7) AY medium consisting
of 0.25gL™! sodium acetate, 0.15gL~" yeast extract,
I mLL™! trace elements stock (10 mg L~™' CuSO,-5H0,
44mgL~"  ZnSO47H,O, 20mgL~' CoCl,-6H,0,
13mg L™! Nay;MoO4-2H,0) supplemented with 200 pM
MnCl,. The pH and Mn concentrations within AMD treat-
ment systems vary depending of the season, underlying bed-
rock, influent water chemistry, and the location within the
treatment bed. The conditions selected for this study were
chosen both to simulate the average measured geochemical
conditions (pH 7, 200 uM Mn*") within several of the treat-
ment systems during a sampling expedition and to compare
our study with several other studies examining microbially-
induced Mn(II) oxidation.

Since water levels fluctuate dramatically in these open
treatment systems, cultures were grown in both a liquid
medium (to simulate a submerged environment) or on a so-
lid medium to simulate low water level conditions. For li-
quid growth experiments, cultures were grown in 50 mL
of liquid AY media without agitation because growth is
inhibited under stirred conditions. For solid growth exper-
iments, stab cultures were first initiated in petri dishes con-
taining agar-solidified (2% agar) AY media. After growth
proceeded radially outwards from the inoculation point,
the fungal mycelia were sampled with a sterile coring device
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Table 1

List of fungal species with growth conditions and Mn(II) oxidation occurrence.

Sample® Species name Growth Location of Mn(II) oxidation
A Plectosphaerella cucumerina DS2psM2a2 Liquid Hyphae

B Plectosphaerella cucumerina DS2psM2a2 Filter Hyphae

C Pyrenochaeta sp. DS3sAY3a Liquid Hyphae, base of fruiting bodies
D Pyrenochaeta sp. DS3sAY3a Filter Hyphae, base of fruiting bodies
E Stagonospora sp. SRC1IsM3a Liquid Extracellular

F Stagonospora sp. SRC1IsM3a Filter Extracellular

G Acremonium strictum DS1bioAY4a Liquid Swollen hyphae

H Acremonium strictum DS1bioAY4a Filter Extracellular

# Sample designation for XANES, EXAFS, and XRD analysis in Figs. 3-6.

(about 8 mm diameter). The mycelia-containing agar plugs
were positioned on cellulose acetate membrane filters
(0.2 um pore size, 47 cm diameter) that had been placed di-
rectly on agar-solidified AY media. The filters provided a
solid support for the cultures to grow and also allowed dif-
fusion of water-soluble nutrients and metals through the fil-
ter, as Mn(I1) oxidation was observed on the top surface of
the filter. All cultures were incubated in the dark at room
temperature for approximately 20-24 days and stored in
dark conditions (at —20 °C if long term storage was neces-
sary) until analysis to prevent photoreduction of the Mn
oxides (Sunda and Huntsman, 1994). Since some fungal
species grow more slowly than others, incubation for 20—
24 days ensured sufficient growth of all the fungi on the
polycarbonate filters (diameter of all species reached the
end of the filter).

2.2. Microscopy

For light microscopy, stab cultures were initiated in
agar-solidified AY media supplemented with 200 pM
MnCl, and grown for approximately 2-3 weeks. Radially
growing cultures were imaged using a SZX16 Zoom Stereo
Microscope (Olympus America Inc.) fitted with an Olym-
pus DP72 Microscope Digital Camera. For electron
microscopy, cultures were grown in either liquid media or
on filter-supported media supplemented with 200 pM
MnCl,. Cultures were grown for approximately 20-24 days,
fixed in 2.5% glutaraldehyde, washed 3 times in PBS buffer,
and subjected to an ethanol dehydration series. For scan-
ning electron microscopy (SEM), desiccated samples were
mounted on double-sided carbon tape and sputter-coated
with a Pt/Pd film prior to imaging. SEM was performed
at the Harvard University Center for Nanoscale Systems
using a Zeiss FESEM Ultra55 with a high efficiency in-lens
secondary electron detector. For transmission electron
microscopy (TEM), dehydrated cultures were embedded
in LR White resin and cured at 60 °C overnight. Hardened
resin blocks were sectioned to 70 nm with a Diatome 45°
diamond knife using a Leica UCT ultramicrotome (Leica
Microsystems) and mounted on 100 mesh copper grids with
formvar support film coated with carbon. Unstained sec-
tions were imaged with an FEI Tecnai T-12 cryo-TEM.
Thin sections for Plectosphaerella sp. and Acremonium sp.
were examined using a JEOL 2010 high resolution TEM
(HR-TEM) equipped with an Oxford ISIS Energy-disper-
sive X-ray spectroscopy (EDS) microanalysis system.

2.3. X-ray absorption spectroscopy (XAS)

Fungi with associated Mn oxides growing in liquid med-
ia were concentrated by centrifugation (~2000xg) of cul-
tures, decanting the liquid, and rinsing with a series of
nanopure water to remove residual MnCl,. Dense cell/
oxide pellets were loaded into teflon sample holders for
analysis. For filter-grown cultures, the whole filter with at-
tached fungi (including mycelia, spores, fruiting bodies,
etc.) was removed from the solid media surface and used di-
rectly for analysis. Fungal oxide samples were either ana-
lyzed immediately after sampling or frozen at —20 °C (to
stop growth and oxidation) and thawed just prior to anal-
ysis. Lexan windows were secured on each side of the sam-
ple holder with Kapton tape for each sample preparation.
Manganese K-edge XAS spectra of fungal Mn oxides were
collected at beam line 11-2 at the Stanford Synchrotron
Radiation Lightsource (SSRL) using a Si(2 2 0) double-
crystal monochromator and harmonic rejection mirror set
at a 9 keV cut-off energy. Energy was calibrated using the
pre-edge peak of KMnQOy (6543.34 ¢V). Fluorescence data
were collected with a 30-element Ge solid-state detector ar-
ray with soller slits and Cr X-ray filters. Spectra were col-
lected (3—4 scans per sample) at room temperature from
—200 to approximately +1000 eV around the Mn K-edge
(6539 keV). Analysis of the near edge region (XANES) of
consecutive XAS spectra for each culture (both liquid and
filter-supported growth) provided no evidence that the X-
rays were reducing Mn(IV) to Mn(II). Earlier analysis with
cultures grown directly on/in agar indicated a substantial
amount of photoreduction of the Mn oxides due to the high
carbon levels in the agar-solidified media. This problem was
averted by instead growing the fungi on filters for XAS
analysis.

Data analysis of sample spectra was performed using the
SIXPACK software program (Webb, 2005). XAS scans
were averaged, background-subtracted, normalized, and
deglitched if necessary. The composition and structure of
the Mn oxides were determined using both X-ray absorp-
tion near edge spectroscopy (XANES) and extended X-
ray absorption fine structure (EXAFS) spectroscopy. The
lineshapes (peak position and peak shape) of the XANES
spectra were used to estimate the proportions of Mn(II),
Mn(III), and Mn(IV) in biogenic and environmental Mn
oxides (Bargar et al., 2005; Villalobos et al., 2003; Webb
et al., 2005a,b). For XANES analysis, the normalized
absorption spectra were analyzed using a data range of
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6560-6600 ¢V. Linear least-squares combination fitting
(LCF) of the individual Mn XANES spectra was performed
using a spectral reference library of model Mn compounds
to identify and quantify the spectral components. The mod-
el compounds used were described previously (Bargar et al.,
2005): -MnQO,, hexagonal Na-birnessite, triclinic Ca-bir-
nessite, groutite (¢-MnOOH), feitknechtite (B-MnOOH),
manganite (y-MnOOH), hausmannite (Mn30y4), synthetic
todorokite ((Na, Ca, K) (Mg, Mn)MnO405H,0), pyrolu-
site (B-MnO,), synthetic Mn,Os, aqueous Mn(IIl) pyro-
phosphate, aqueous MnCl,, and aqueous MnSO,.
Binding energies were fixed and negative component contri-
butions were prohibited for LCF. The goodness of fit was
established by the minimization of the R-factor parameter
(Newville, 2001).

Manganese K-edge EXAFS analysis provided a detailed
structural characterization of biogenic Mn oxide minerals
by examining the local coordination environment around
Mn (Feng et al., 2010; Saratovsky et al., 2009; Villalobos
et al., 2006; Webb et al., 2005a,b). For EXAFS analysis,
the y(k) spectra were k>-weighted and analyzed using a k
range of 3-12 AL Although data were collected to
15 A", an Fe K-edge was observed in most samples, likely
from the yeast extract in the media. For samples with
resolvable data beyond k =12 A~!, we obtained compara-
ble results extending the window of analysis to 15 A~!. For
consistency, here we report the results for all samples using
a k range of 3-12 Al Principal component analysis (PCA)
was performed on the EXAFS spectra to establish the num-
ber of components representing the entire data set (for a
description of the application of PCA in XAS analysis see
Manceau et al., 2002). Target transformations were con-
ducted using a subset of the Mn model compound reference
library to evaluate the fitness of each model compound to
the overall data set. Model compounds with SPOIL values
<6 were used for subsequent LCF of individual fungal Mn
EXAFS spectra. SPOIL is a figure of merit used to deter-
mine the degree to which replacing an abstract component
with the candidate would increase the fit error (Manceau
et al., 2002). The SPOIL value is a dimensionless value,
where <1.5 is excellent, 1.5-3 is good, 3-4.5 is fair, 4.5-6
is poor, and >6 is unacceptable (Malinowski, 1978). For
LCF, binding energies were not allowed to float, a negative
component contribution was prohibited, and components
were not summed to 1.0.

Distinguishing between the phyllomanganates is difficult
due to the similarities in the oxide structures when they are
hydrated, small, and highly disordered. Since many of the
Mn-O and Mn—Mn distances are similar between the vari-
ous phyllomanganate structures, a full multiple scattering
model that is sensitive to the bending of the Mn octahedral
layer and Mn site vacancies provides diagnostic features to
distinguish between the phases. Thus, detailed structural
EXAFS fitting of select sample spectra was performed
using models for a layered phyllomanganate or todorokite
structure as described in detail previously (Webb et al.,
2005a). Briefly, the model consists of all single scattering
(SS) paths (Mn—-O and Mn-Mn paths) and three types of
collinear multiple scattering (MS) paths (3 legged Mn-—
Mn-Mn and 4 legged Mn-Mn-Mn—Mn paths) that are less

than 6 A from the absorbing Mn atom. The distances and
Debye-Waller factors for MS paths are fully parameterized
based on the SS paths that define them (Hudson et al.,
1996). The amplitude of the MS paths is strongly affected
by the level of distortion of the phyllomanganate layers,
which is accounted for in the model as an out-of-plane
bending angle, § (Ressler et al., 1999; Webb et al., 2005a).
Distortion of the layer plane may occur in either or both
of the in-plane crystallographic directions. The occupancy
of the lattice is characterized by the “f,..” parameter, which
accounts for both the vacancies within the phyllomanga-
nate layer as well as edge effects in very small nanoparticu-
late Mn oxides. These two effects cannot be effectively
separated, although their relations have been described in
detail in Webb et al. (2005a).

2.4. Synchrotron-based X-ray diffraction (SR-XRD)

SR-XRD was performed on fungal Mn oxide samples
using SSRL beamline 11-3 with an incident X-ray energy
of 1270.375 eV. XRD patterns were collected on hydrated
Mn oxide samples initially used for XAS analysis. For
XRD analysis, however, the lexan windows were removed
due to high background contributions and the oxide slurry
was held in place by scotch tape. The XRD patterns were
calibrated with lanthanum hexaboride (LaBg). The open
source  software program XRD-BS  (http://www-
ssrl.slac.stanford.edu/~swebb/xrdbs.htm) was used to sub-
tract background interference from the scotch tape and
the polycarbonate filter (if necessary). Background-sub-
tracted, two-dimensional XRD patterns were subsequently
analyzed using the software program Area Diffraction Ma-
chine (http://code.google.com/p/areadiffractionmachine/).

3. RESULTS AND DISCUSSION
3.1. Localization and morphology of fungal Mn oxides

Microscopic investigations of Mn oxide-cellular rela-
tionships reveal that the patterns of Mn oxide deposition
vary considerably between four different Ascomycete spe-
cies (listed in Table 1). Fig. 1 (specifically A, C, E, and
G) shows four fungal species growing radially outward
through hyphal extension from the inoculation point in
the center of the petri dishes. The hyphae of these species
are colorless (see growing tip of hyphae in Fig. 1A, inset),
and the brown/black color is due to the presence of Mn
oxide minerals. It is evident that the distribution of Mn oxi-
des precipitated by the fungi varies distinctly depending on
the species. For example, Mn oxides precipitated by P.
cucumerina strain DS2psM2a2 are associated primarily
with hyphal surfaces (Fig. 1A and B). Mn(II) oxidation
proceeds initially in distinct locations along the cell wall,
as evidenced by the spherical oxide deposits, and with time
the oxides encrust the length of the hyphae (Fig. 1B). Pyre-
nochaeta sp. DS3sAY3a similarly precipitates Mn oxides
along the hyphae (Fig. 1D), yet with a less uniform distribu-
tion — broad rings are sporadically (not associated with any
obvious physiological responses such as a circadian
rhythm) distributed circling the inoculation point in
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oxides

Fig. 1. Micrographs of fungal species Plectosphaerella cucumerina DS2psM2a2 (A and B), Pyrenochaeta sp. DS3sAY3a (C and D),
Stagonospora sp. SRC11sM3a (E and F), and Acremonium strictum DS1bioAY4a (G and H) growing in media supplemented with 200 mM
Mn?*. Light microscopy (first column), and SEM (2nd column) images show the relationship between mycelium (hyphae) and Mn(III/IV)
oxides. The brown/black color in light microscopy images are the result of Mn(III/IV) oxides precipitated by the fungi. Petri dishes are 10 cm
in diameter. For SEM images, fungal species were grown in liquid medium with the exception of Acremonium sp., which was grown on a filter
membrane (solid medium). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 1C. Oxide deposition also occurs in association with
fruiting body formation (brown oxidation halos around
dark spherical pycnidia in Fig. 1C, inset). Mn oxides precip-
itated by Stagonospora sp. SRC11sM3a, however, are not
directly associated with the cell surface but appear as small,
dense clusters adjacent to the hyphae (Fig. 1E, inset, 1F).
For Plectosphaerella, Pyrenochaeta, and Stagonospora spe-
cies, the Mn oxide-cellular relationships are similar for iso-
lates grown under planktonic and surface-attached
conditions (Table 1). The location of oxides deposited by
A. strictum strain DS1bioAY4a, however, varies depending
on the culture media. Specifically, during growth in liquid
media (not shown), oxidation occurs on swollen hyphae,
a feature sometimes observed in cultures grown under
stressed conditions (e.g., Penicillium griseofulvum grown in

low pH media; Bent and Morton, 1963). During growth
on solid substrates (both within the agar and on the filter
surfaces), however very small, black, blocky clusters of
Mn oxides that are not associated with cellular structures
(Fig. 1G and H) occur.

The external morphology of the oxides varies between
the species (Figs. 1 and 2), likely a consequence of the
mechanism and location of oxidation. For example, the
Mn oxides produced by Plectosphaerella (Figs. 1B and
2A-C) have a typical nanoparticulate, plate-like morphol-
ogy frequently observed for Mn(Il)-oxidizing bacteria
(Feng et al., 2010; Toner et al., 2005; Villalobos et al.,
2003). These oxides appear to nucleate on the fungal hyphal
surfaces, growing radially resulting in surface-associated
spherical clusters (Fig. 2B). The Mn oxides produced by

Fig. 2. SEM, TEM, and HR-TEM images of Mn oxides produced by Plectosphaerella cucumerina DS2psM2a2 (A-C) Stagonospora sp.
SRCl1IsM3a (D-F), and Acremonium strictum DS1bioAY4a (G-1). (A) SEM of thin sheets of Mn oxides on hyphal surface of P. cucumerina
shown in Fig. 1B. (B) TEM image of a cross-section through the hypha emphasizing the close association of the oxides with the cell surface.
(C) HR-TEM image showing the rumpled sheet-like morphology of Mn oxides. (D) TEM image of cross-section through one of the
extracellular, thread-like Mn oxide features of Mn oxides produced by Stagonospora sp. (E) TEM image of a whole mount of the thread-like
features of Mn oxides. The box highlights area of image (F). (G) SEM image showing a close-up of the extracellular blocks of Mn oxides
produced by filter-grown Acremonium sp. in Fig. 1H. (H) TEM of cross-section showing a honeycomb-like distribution of oxides that is
distinctive from those produced by the other isolates. (I) HR-TEM of densely-packed Mn oxides in (H).
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Stagonospora have very small crystal sizes (the lateral
dimensions are smaller than those observed for Plectosp-
haerella) that conglomerate in densely-packed threads of
crystals (Figs. 1F and 2D-F). Upon closer examination,
these oxide masses appear as filaments that are not tem-
plated on any visible cellular structures (Fig. 2D). Interest-
ingly, the oxides deposited by surface-grown A. strictum
strain DS1bioAY4a (Sample H) have more poorly formed
sheet morphologies (Fig. 2G) with regions that are thicker
and more densely packed, giving the oxide conglomerate
a honeycomb-like appearance (Fig. 1H and I). Overall,
the Mn oxides are nanoparticulate in nature, having a nee-
dle-like or rumpled sheet appearance in cross-section (e.g.,
Fig. 2B and C, respectively). For all samples, particle sizes
range from approximately 2-6 nm in diameter (equivalent
to 3-8 layers) and 0.1 -1 um in length. The dimensions
of the fungal Mn oxides differ from those typically observed
for bacterial Mn oxides. In particular, the fungal Mn oxides
are smaller in diameter along the « axis (<6 nmv. 10—
50 nm) but longer along the » axis (up to 1pmyv.
<500 nm) than most bacterial Mn oxides (Bargar et al.,
2009; Feng et al., 2010; Villalobos et al., 2003). Consistent
with our results, however, recent characterization of Mn
oxides formed by freshwater fungi found birnessite with
average dimensions of 1.5-2.2nm ( 2-3 layers) perpen-
dicular to the layer plane (Grangeon et al., 2010). Unfortu-
nately, here attempts to obtain lattice fringes using HR-
TEM were unsuccessful because the Mn oxides were highly
susceptible to beam damage.

Although the mechanisms and pathways of Mn(II) oxi-
dation are not elucidated for the fungi employed in this
study, there are clearly significant differences in the mor-
phology and depositional patterns of Mn oxides between
the fungal species suggesting that more than one oxidation
pathway is operative. For example, Mn oxides formed di-
rectly in contact with hyphal surfaces (P. cucumerina and
Pyrenochaeta sp., Fig. 1B and D) likely involve cell wall
associated enzymes. Indeed, a previous study suggests that
a laccase-like multicopper oxidase participates in the oxida-
tion of Mn(Il) by A. strictum strain KR21-2, resulting in
Mn(II) oxidation on the hyphal surface (Miyata et al.,
2004). Furthermore for the Pyrenochaeta and surface-at-
tached Acremonium species investigated here, increased
deposition of Mn oxides is correlated to the formation of
asexual reproductive structures (fruiting bodies) that pro-
duce fungal spores (conidia). Localized production of the
reactive oxygen species superoxide (O, ™) has been observed
in connection with fruiting body formation in many fungal
species (Aguirre et al., 2005) which may lead to oxidation of
Mn(II) by superoxide, as we have observed previously for
Mn(II) oxidation by some bacteria (Learman et al., 2011).
Interestingly, however, the conidia do not directly oxidize
Mn(II) (data not shown), unlike many of the previously iso-
lated bacteria which oxidize Mn(II) only in spore form (i.e.,
several different species of Bacillus — Dick et al., 2006; Fran-
cis and Tebo, 2002). In contrast, Mn(II) oxidation products
formed by the Stagonospora species and the surface-at-
tached Acremonium species do not appear to be directly
associated with any cellular structures (Figs. 1 and 2), as
if the oxides are templating on a soluble protein or

metabolite similar to that observed for bacterial Fe(II) oxi-
dation (Chan et al., 2004, 2009). Many fungi produce large
quantities (mM levels) of organic acids (e.g., oxalate, cit-
rate) and exopolymers (Gadd, 2007). In fact, the filamen-
tous Mn oxides formed by Stagonospora sp. (Figs. 1F and
2D) are morphologically similar to those formed by a
Mn(II)-oxidizing Basidiomycete fungus and the Mn(II)-
and Fe(I)-oxidizing bacterium Leptothrix discophora strain
SS-1 (Emerson et al., 1989). These Metallogenium-like Mn
oxide structures were also found at a distance from the fun-
gal and bacterial cell, and it was suggested that the Mn oxi-
des deposited on a matrix of anionic polymers, likely
containing acidic polysaccharides and a Mn(II)-oxidizing
protein (Emerson et al., 1989) — similar to the mechanism
proposed for Mn oxide encrustations on the surface of bud-
ding and sheathed bacteria (Ghiorse, 1984). Templated
growth along the hyphal surfaces or exopolymers may also
contribute to the elongated growth of the fungal Mn oxides
along the b axis in contrast to bacterial oxides.

3.2. Composition of fungal Mn oxides

The Mn K-edge XANES spectra for Mn oxides precipi-
tated by the four different species of Ascomycete fungi grown
under planktonic (i.e., fully submerged in liquid media) or
surface-attached (i.e., on a filter membrane) conditions are
shown in Fig. 3A (A—H; solid lines). The energy position of
the XANES absorbance maximum for all the fungal Mn oxi-
des centers around 6562 eV. This position is consistent with
the absorbance maximum of 0-MnQO», which has an oxida-
tion state of 3.9-4.0, suggesting that the fungal biooxides
are dominated by Mn(IV). Peaking broadening of the
absorption maxima (particularly sample H), may reflect a
higher contribution from Mn(III). While the average oxida-
tion state is reflective of the predominance of Mn(III)/(IV)
within the solids, a contribution of Mn(II) to the XANES
spectra is evidenced by a shoulder at 6553 ¢V in the fungal
Mn oxide spectra, with the exception of sample F. The rela-
tive contribution of Mn(II) within the fungal biooxides was
determined via linear combination fitting (LCF) of the
XANES spectra (Fig. 3, dotted lines). LCF of the Mn
XANES reveals that all the fungal biooxide spectra can be
reconstructed using four Mn components, aqueous Mn(II)
(as MnCl,), -MnO,, triclinic Ca-birnessite, and todorokite
(only for sample H). Fits were greatly improved (3> was re-
duced by >80%) by adding aqueous Mn(II) as a component
to all spectra (17-27%) except the filter-grown Stagonospora
sp. SRC1IsM3a (Sample F — Fig. 3b). The coordination of
Mn?*, either adsorbed to or incorporated within the oxides
or taken up intracellularly by these organisms, is not estab-
lished in this study. Since the edge shapes of the phyllomang-
anates (0-MnO,, hexagonal and triclinic birnessite) and
tectomanganates (todorokite) are similar due to the similar-
ity in the short-range structure of the phases, especially when
highly disordered and present as nanoparticulate phases,
LCF analysis of the EXAFS spectra was conducted to dis-
cern the structure of Mn within the fungal oxides (Fig. 4,
Table 2).

Although the morphology and localization of the
oxides vary substantially between the fungal species, the
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Fig. 3. (A) Mn XANES data for fungal Mn oxides from samples A-H and Mn. Also depicted are the reference compounds aqueous MnCl,
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the fraction of Mn(II) associated with the fungal biooxide phases.

composition and structure of the oxides revealed via LCF-
EXAFS (Fig. 4) is not distinctly different for most species
and growth conditions, with one exception. A disordered,
nanoparticulate layered Mn oxide phase resembling hexago-
nal birnessite or synthetic 6-MnO, is the primary phase
deposited by the four different Mn(I1)-oxidizing Ascomycete
species when grown in media with the same solution chemis-
try (Figs. 4, Table 2). And with the exception of one species,
A. strictum strain DS1bioAY4a, the Mn oxides deposited by
these fungi consist of only layer-structure phases regardless
of growth conditions (planktonic or surface-attached). Spe-
cifically, inspection of the experimental data reveals similar
spectra for all fungal Mn oxides, with subtle differences in
the region between 7.5 A~"and 9.5A7", the “indicator re-
gion” (Fig. 4, gray shading) for phyllo- and tecto-manganate
structures (McKeown and Post, 2001; Saratovsky et al.,
2009; Webb et al., 2005a). Principle component analysis
(PCA) reveals that each fungal Mn oxide spectra can be sum-
marized using a maximum of two components (Table 2,
Fig. 4 — dashed lines). -MnQO, provides the best (and most
significant) fit to the fungal Mn oxide EXAFS data, except
for Stagonospora sp. SRC11sM3a (sample F) and A. strictum
strain DS1bioAY4a grown on a solid substrate (sample H).
The Stagonospora sp. and A. strictum sp. produce Mn oxides
that are best fit with a combination of 6-MnQO, and triclinic
Ca-birnessite and J-MnO, and todorokite, respectively.
Examination of the spectral fingerprints for these model

compounds (Fig. 4) correspondingly emphasizes the differ-
ences in the “indicator” region observed in the experimental
data. In particular, the two distinct peaks at 8 A~ and
9.3 A~! in the -MnO, and samples A-G spectra give way
to a more broad, gradually-rising slope for the todorokite
and sample H spectra — attributed to interference from the
4 different crystallographic sites for Mn in todorokite as op-
posed to the dominance of a single Mn site in phyllomanga-
nate structures (McKeown and Post, 2001). Similar to the
XANES analysis (Fig. 3b), the fits to several of the experi-
mental spectra, particularly samples A—D, were correspond-
ingly improved by small contributions of aqueous Mn(II) (as
MnClz).

Results from numerous studies characterizing the oxida-
tion products deposited by several different species of
Mn(IT)-oxidizing bacteria have similarly demonstrated that
a poorly-crystalline phyllomanganate with hexagonal sym-
metry (similar to 5-MnQ,) is the primary Mn oxide phase
formed under many environmental conditions (Bargar
et al., 2005; Jurgensen et al., 2004; Villalobos et al., 2003,
2006; Webb et al., 2005a,b). Furthermore, X-ray diffraction
(XRD) and XAS analysis of the Mn oxides deposited by
several species of Ascomycete fungi growing under plank-
tonic conditions (Miyata et al., 2006a,b; Grangeon et al.,
2010) also identified 5-MnO,-like mineral phases. Todorok-
ite, however, is a less frequently observed product of micro-
bial Mn(II) oxidation. Webb et al. (2006) demonstrated
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Fig. 4. Mn EXAFS data for fungal Mn oxides from samples A-H
and reference compounds used for linear combination fitting
(LCF). Data shown in solid lines and fits to data in dotted lines.
The gray shaded area highlights the “indicator region” emphasizing
the spectral differences between J-MnO, and todorokite. Corre-
sponding LCF-EXAFS values are provided in Table 2.

that a poorly ordered, tunnel-type mineral structure similar
to todorokite can form during Mn(II) oxidation by Bacillus
sp. SG-1 in the presence of uranyl. Here, A. strictum strain
DS1bioAY4a produces solely 6-MnO, when grown plank-
tonically, but both §-MnO, and todorokite are observed
when grown on a surface (Table 2). Previously, the Mn oxi-
des produced by A. strictum strain KR21-2 were identified
as solely todorokite (Petkov et al., 2009; Saratovsky et al.,
2009) or layered Mn oxides (Grangeon et al., 2010). A.
strictum strain KR21-2, originally isolated from a stream-

Table 2

bed in Japan (Miyata et al., 2004; Saratovsky et al.,
2009), shares 100% sequence similarity (ITS regions — San-
telli et al., 2010) with strain DS1bioAY4a analyzed in this
study. Based on the results illustrated here, the differences
in the previous Acremonium sp. studies may, in fact, be
due to growth conditions; studies that observed layered
Mn oxides were formed by planktonic cultures (Miyata
et al., 2006a,b; Grangeon et al., 2010), while todorokite
was identified when fungi were grown on agar surfaces (Pet-
kov et al., 2009; Saratovsky et al., 2009). In contrast to the
mixed hexagonal birnessite and todorokite products formed
by strain DSl1bioAY4a here, however, surface grown
KR21-2 produced only todorokite (i.e., phyllomanganates
were not detected).

3.3. Structural model of the fungal Mn oxides

To obtain a more detailed structural analysis of the fun-
gal biooxides, we employed a full multiple scattering model
that is sensitive to bending of the Mn octahedral layer and
Mn site vacancies as described in detail previously (Webb
et al., 2005a). The out-of-plane bend (f angles along the
a- and b-axes) and Mn layer site vacancies (fo..) are diag-
nostics for distinguishing between the phyllomanganates
and tectomanganate (Fig. 5). Specifically, three representa-
tive spectra are selected for a more rigorous Mn EXAFS fit-
ting to obtain quantitative information about fungal Mn
oxide structures: (1) a phyllomanganate with measurable
Mn(Il) — P. cucumerina strain DS2psM2a2 grown in liquid
media, sample A; (2) a phyllomanganate with negligible
Mn(Il), exemplified by Stagonospora sp. SRClIsM3a
grown in liquid (sample F); and (3) A. strictum strain
DS1bioAY4a grown on a solid substrate (sample H) with
attributes of both a layered and tunnel structure based on
LCF analysis of the EXAFS spectra (Fig. 6, Table 3).

As depicted in Fig. 5, the fungal Mn oxides data in k-
space (Fig. 6A, solid lines) and R space (Fig. 6B, solid lines)
are well reproduced by the EXAFS model (dashed lines).
Fitting parameters (Table 3) for P. cucumerina (sample A)
reveal a Mn oxide structure with negligible out-of-plane
bending of the octahedral layers (f..qvis = Pp-axis =0), a
high number of corner-sharing Mn octahedra (Mn—Mn cor-
ner CN = 2.2), and the fraction of occupied Mn octahedral
sites is high (f,.c = 0.91) as a result of continuous chains of
edge-sharing Mn octahedral. These parameters, coupled

Results of linear least-squares fitting analysis for Mn EXAFS spectra of fungal Mn oxides.

Fit components

Sample MnCl, 0-MnO, Todorokite Tri-birnessite® Sum R-factor e

A 0.27 0.94 0 0 1.24 0.10 1.84
B 0.15 0.95 0 0 1.10 0.04 0.80
C 0.12 0.77 0 0 0.89 0.05 0.54
D 0.18 1.02 0 0 1.19 0.05 1.05
E 0 0.75 0 0 0.75 0.04 0.47
F 0 0.8 0 0.19 0.99 0.01 0.23
G 0.06 0.68 0 0 0.74 0.06 0.53
H 0 0.45 0.17 0 0.72 0.04 0.29

# Triclinic Ca-birnessite.
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Fig. 5. Simplified polyhedral representation of the crystal struc-
tures of the Mn oxides observed in this study, hexagonal birnessite
(a), triclinic/pseudo-orthogonal birnessite (b), and todorokite (c).
The dark shaded octahedra in the birnessite structures represent
lattice positions of Mn®>" octahedra. Interlayer cations are omitted
for simplicity. Simplified illustration of the out-of-plane bending
angle () is depicted for triclinic birnessite (inset).

with the EXAFS LCF analysis (Fig. 4, Table 2), suggests
that the structure is intermediate between 6-MnO, and hex-
agonal birnessite with fewer vacancies in the Mn octahedral
layer than is commonly observed for these phases (Webb
et al., 2005a). The local structure of -MnO, and hexagonal
birnessite is similar except for less Mn—Mn corner linkages
and a lower degree of sheet stacking order along the ¢ axis
(generally limited to 2-3 layers) for the former phase (Lan-
son et al., 2000; Silvester et al., 1997; Villalobos et al., 2003).
The higher Mn—Mn corner coordination observed for P.
cucumerina biooxides suggests that the structure is most sim-
ilar to hexagonal birnessite, yet there is a high degree in
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Fig. 6. Mn EXAFS data (solid lines) and the structural EXAFS
fitting results (dashed lines) of a few representative fungal Mn
oxides (samples A, F, and H) in k’-space (A) and R-space (B).
Corresponding model parameter results are provided in Table 3.

uncertainty in determining the coordination numbers of
the corner Mn (Webb et al., 2005a). SR-XRD measure-
ments exhibit two broad, asymmetric peaks at 2.45 and
1.43 A, which originate from the in-layer (20 0)/(110)
and (3 1 0)/(0 2 0) birnessite reflections (Fig. 7). Also evident
in the XRD data is a broadened basal (0 0 1) peak and ab-
sence of a (00 2) reflection (Fig. 7), which together with
the asymmetry of the (4 k 0) reflections suggests that the
phyllomanganates contain a small number of stacked layers
(along the ¢ axis) that are turbostratically disordered
(successive layers are rotated and sheared relative to one an-
other) as frequently observed for Mn biooxides (Bargar
et al., 2005; Feng et al., 2010; Villalobos et al., 2003; Webb
et al., 2005a; Zhu et al., 2010). Thus, the SR-XRD results
suggest that the fungal biooxide is more similar to
0-MnO, or a c-disordered hexagonal birnessite where the
lack of stacking normal to the layers results in the observed
lack of long-range structural coherence.

For Stagonospora sp. (sample F), the f,.. parameter is
similar to the P. cucumerina biooxides, however the
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Table 3
Summary of parameters from Mn K-edge EXAFS fitting of select fungal Mn oxides using the full multiple scattering Mn oxide model
developed by Webb et al. (2005a).

Sample R 7 Socs Satival® Pla-axis)®  P(b-axis)®  Shell CN Dist (A) o>

A 0.0062 50.3 0919 0.22(4) 0(5) 0 Mn-O 1.86(1) 0.003(1)
Mn-O 1.95(2)
Mn-Mn edge 2.83(1) 0.005(1)
Mn-Mn edge 2.87(1)
Mn-O 3.58 0.006(9)
Mn-O 3.67

Mn—-Mn comer 2(1.1)  3.51(4) 0.004(8)
Mn-interlayer 1(0.9)  4.18(9) 0.006(5)
Mn-O 4.4(2) 0.005(4)
Mn-O 4.7(2)
Mn-Mn diag 4.91(5) 0.004(4)
Mn-Mn diag 5.06(7)
Mn-Mn next 5.66 0.01(1)
Mn—-Mn next 5.74
Mn*"-0 2.21(2) 0.003

F 0.0044 50.7  0.93(9) 0.15(4) 7(4) 0 Mn-O 1.86(1) 0.003(1)
Mn-O 1.95(2)
Mn-Mn edge 2.82(1) 0.005(1)
Mn-Mn edge 2.89(1)
Mn-O 3.58 0.007(9)
Mn-O 3.67

Mn-Mn corner
Mn-interlayer

0(0.8)  3.49(4}  0.004(8)
J(1.0)  4.2(1) 0.006(5)

A PRV PROPRLROO—=NDNRERPRONDE PRV PROR—~,NONDRERNDNDR

Mn-O 4.3(4) 0.02(2)
Mn-O 4.8(2)
Mn-Mn diag 4.93(8) 0.008(7)
Mn-Mn diag 5.1(1)
Mn-Mn next 5.65 0.01(1)
Mn-Mn next 5.79
Mn?*-0O 2.26(2)  0.003
H 0.0103  69.9  0.56(8) 0.24(4)  2(5) 7(5) Mn-O 4 1.86(1) 0.003(1)
Mn-O 2 1.98(2)
Mn-Mn edge 2 2.82(3) 0.06(2)
Mn-Mn edge 4 2.87(2)
Mn-O 4 3.58 0.01(1)
Mn-O 2 3.67
Mn-Mn corner  2.9(1.2) 3.46(2) 0.005(6)
Mn-interlayer 0.3(1.0) 4.0(2) 0.006(5)
Mn-O 4 4.1(3) 0.02(1)
Mn-O 8 4.7(2)
Mn-Mn diag 4 4.90(8) 0.005(8)
Mn-Mn diag 2 5.05(9)
Mn-Mn next 2 5.64 0.01(1)
Mn-Mn next 4 5.74
Mn*"-O 6 221(2)  0.003
Reference spectra’:
0-MnO, 0.0097 1932 0.77(8) ND* 0(4) 0(4) Mn-Mn corner  0.6(1.0)  3.43(5) 0.005(4)
Triclinic Birnessite 0.0145 1291  0.90(8) ND 15(5) 0(5) Mn-Mn corner  0.8(8) 3.36(9) 0.006(3)
Hexagonal Birnessite  0.0217 1494 0.77(9) ND 1(5) 0(5) Mn-Mn corner  2.0(1.1)  3.48(1) 0.003(3)
Todorokite 0.0210 8020 0.604(4) ND 6(3) 19(3) Mn-Mn corner  2.9(1.3)  3.46(7) 0.005(0.02)

? foce TEpresents the fraction of occupied Mn octahedra in the mineral structure.

b Jaival Tepresents the fraction of divalent, Mn?" cations accounted for in the structural model.
¢ The out-of-plane bending angles, f-angles, are measured in degrees.

9 The fit results for the reference spectra were reported in Webb et al. (2005a).

¢ Not determined



Mn oxides produced by diverse fungi 2773

25000
| ~1.42A
20000 1
4
O 15000 - k_\
>
=
Z 10000 1
(O]
9
= \—-_._____
5000 A

0 T T T T T T T T y
143 60 38 28 22 18 16 14 12 11

D-spacing (A)

Fig. 7. X-ray diffraction (XRD) analysis of Mn oxides produced by
liquid-grown Plectosphaerella cucumerina (sample A), Pyreno-
chaeta sp. (sample C), and Stagonospora sp. (sample E). Vertical
gray lines emphasize peaks that correspond to those present in
synthetic hexagonal birnessite.

coordination number for corner-sharing Mn is lower (1.0)
while the bending angle in the ¢-axis increased slightly to a
value of 7 (Fig. 6, Table 3). These values fall between the
model parameters for hexagonal and triclinic birnessite
(Webb et al., 2005a), confirming the LC-EXAFS fits
(Fig. 4, Table 2). Triclinic birnessite has pseudo-orthogo-
nal symmetry and is characterized by a large proportion
(up to 1/3) of Mn(III) octahedral in the sheets resulting
in a charge imbalance that is compensated by hydrated
interlayer cations (Lanson et al., 2002; Silvester et al.,
1997). If Mn>t-rich rows are formed, lattice strain results
in buckling of the planar sheets (Lanson et al., 2002),
which is manifested in a large angular non-linearity along
one axis (fa 12-17°) (Webb et al., 2005a). The slight
buckling of the octahedral sheets in the biooxides pro-
duced by Stagonospora suggests that the biooxides contain
layer Mn(IIT) and that either the Mn oxides are transform-
ing from hexagonal to pseudo-orthogonal symmetry or the
co-existence of the two phases, possibly at discrete loca-
tions. The templated Mn oxides filaments produced by
Stagonospora (Figs. 1E and F and 2D-F) may in fact con-
sist of a triclinic birnessite core surrounded by hexagonal
birnessite. The central polymer may control mineral for-
mation by directing mineral structure and orientation,
for instance by reducing the activation energy required
for more stables phases, as observed previously for Fe(III)
oxide deposition on bacterial polymers (Chan et al., 2004,
2009). Mn(II) oxidation by spores of Bacillus sp. strain
SG-1 in seawater resulted in two co-existing hexagonal
and pseudo-orthogonal birnessite phases with the propor-
tion of the hexagonal phase diminishing over time (Webb
et al., 2005a). It was postulated that this transformation
was due to the lability of the Mn oxides, especially in
the presence of dissolved Mn(Il), resulting in the conver-
sion to thermodynamically more stable phases (ie., Ca-
pseudo-orthogonal birnessite under seawater conditions)
(Webb et al., 2005a). Here, we cannot confirm the pres-
ence, association, and abundance of triclinic birnessite
within the fungal biooxides. SR-XRD measurements show

only weak, broad, and asymmetric (4 k) reflections and
absence of (00 /) reflections (Fig. 7), indicative of small,
highly disordered phases (Webb et al., 2005a). An indica-
tor of triclinic symmetry is the splitting of the 2.4 and
1.4 A peaks, yet, the broad, weak (200,110) and
(310,020) reflections here preclude this distinction
(Fig. 7). Further temporal and spatial investigations are
required to determine the relationship and relative signifi-
cance of the two Mn oxide phases.

In contrast to P. cucumerina and Stagonospora sp., the
fit parameters for A. strictum (sample H) show a small de-
gree of bending in both the a-axis and b-axis and the frac-
tion of Mn octahedra vacancies increase dramatically
(foce =0.56) in concert with the Mn—-Mn corner-sharing
number (2.9) (Fig. 6, Table 3). The substantially greater
degree of vacancies (nearly 45% compared to only 10%
for the other spectra), out-of-plane bending, and number
of corner sharing Mn octahedra, are indicative of a tod-
orokite component (Webb et al., 2005a). All of these val-
ues are intermediates between the hexagonal birnessite and
todorokite model compounds (Webb et al., 2005a). The
structural analysis corroborates the LCF analysis (Sec-
tion 3.2 above), where spectral fits to the data were signif-
icantly improved by the addition of a todorokite
component, and this component contributes approxi-
mately 27% of the LC-EXAFS fit (Fig. 4, Table 2).
Although the average oxidation state has not been specif-
ically determined for the todorokite reference, most natu-
ral todorokites have a significant Mn(III) component, thus
the average oxidation state is lower than for 5-MnQO,, for
example. These results suggest that both layer-structured
and tunnel-structured phases are present in the oxides
formed by the surface-attached 4. strictum. Unfortunately,
SR-XRD measurements were unsuccessful for any of the
fungi grown on solid-substrates, due to the high back-
ground produced by the filter. Extensive TEM analysis
did not reveal lattice fringes consistent with a tunnel struc-
ture suggesting that the todorokite is poorly crystalline
with an incoherent tunnel width lacking periodicity in
the ¢- and a-axis, similar to what has been observed previ-
ously for todorokites formed from poorly ordered precur-
sor phyllomanganates (Bodei et al., 2007; Feng et al.,
2010) (see Section 3.4 below). However, in contrast to
the predicted poorly-ordered tunnel structure produced
by A. strictum strain DS1bioAY4a, the todorokite formed
by strain KR21-2 (Petkov et al., 2009; Saratovsky et al.,
2009) was characterized as oblong plates (some with recti-
linear features) with a high degree of crystallinity.

The differences in Mn oxides formed between the two
surface grown A. strictum strains are likely a consequence
of the solution chemistry under which the isolates were
growth. Although both isolates were grown on agar-solidi-
fied AY medium at room temperature, other conditions
varied: pH 6 (strain KR21-2) vs. pH 7 (strain DSIbio-
AY4a); inoculation directly within agar-media (strain
KR21-2) vs. on a cellulose filter membrane placed above
the agar (strain DS1bioAY4a). Also, a significant difference
between the two is the Mn concentration of the growth
media. The medium for A. strictum strain DS1bioAY4a
contains 200 tM Mn>" whereas that for strain KR21-2
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contains 5 mM Mn>". Although the mechanisms and path-
ways of Mn(II) oxidation employed by these two strains
could differ, it is likely that pH and particularly Mn(II) con-
centration are responsible for the dissimilarities in oxida-
tion products and may, in fact, be due to accelerated
conversion of hexagonal birnessite to todorokite in the
presence of high Mn(II) concentrations (see discussion in
Section 3.4 below).

3.4. Implications of hexagonal birnessite and todorokite
association

It is plausible that the tunnel-type structures observed
by the surface grown A. strictum strain DS1bioAY4a are
resulting from the conversion of the 6-MnO, phase ini-
tially precipitated by the fungus. Indeed, this conversion
from a layered to tunnel structure has been previously ob-
served in environmental and synthetic Mn oxides (Bodei
et al., 2007; Cui et al., 2008; Feng et al., 2004; Golden
et al., 1987). And more recently, a study by Feng et al.
(2010) observed a topotactic transformation of layered
biogenic Mn oxide minerals (6-MnQO,) produced by Pseu-
domonas putida strain GB-1 to a nanoparticulate, poorly-
crystalline todorokite phase through refluxing. This trans-
formation resulted in todorokite phases comprised of thin
layers containing a high degree of defects — tunnels strayed
from 3 x 3 sizes (Feng et al., 2010) — likely similar in struc-
ture to todorokite phases produced by A. strictum in this
study.

It has been established that solution chemistry (e.g.,
cation concentration, pH, and eH) can significantly impact
the initial formation and subsequent transformation of
both abiotic and biogenic minerals, particularly Mn oxi-
des. Cations with a high enthalpy of hydration (e.g.,
Ca®", Mg®", Zn?", and Fe*") are typically required for
the transformation of a hexagonal birnessite or J-MnO,-
like phase (Bodei et al.,, 2007; Feng et al., 2010). For
example, several studies have demonstrated that Mn(II)
oxidation products formed by spores of Bacillus sp. SG-
1 transformed from an initial 5-MnO,-like phase to a tri-
clinic birnessite structure in a Ca-rich or seawater solution
(Webb et al., 2005a,b) or to feitknechtite when exposed to
high (1 mM) Mn concentrations (Bargar et al., 2005) with-
in hours of exposure. Also, refluxing with high concentra-
tions of Mg>" promoted the transformation of the
biogenic Mn oxide to a 10 A triclinic phyllomanganate,
which is the intermediate step in todorokite formation
(Feng et al., 2010). If a similar process is operative for
the fungi studied here, it is unclear as to what factors, in
terms of solution chemistry, are initiating the transforma-
tion of the highly disordered, layered Mn oxides to a
tunnel-type structure. The todorokite-like phase was
deposited by only one fungal species and only when grown
on a solid substrate, even though the 3 other species used
in this study were grown under identical conditions (media
composition, pH, [Mn?*]). We predict that the metabolic
activity or biochemistry of A. strictum strain DS1bioAY4a
is altered during surface-attached growth. This altered
activity either changes the local chemical environment
or the mechanisms of Mn(Il) oxidation employed by

A. strictum and is unlike those employed by the other fun-
gal species studied here.

4. SUMMARY AND CONCLUSIONS

The results presented here demonstrate that the phylog-
eny and lifestyle (growth versus surface attached) of
Mn(II)-oxidizing microorganisms are important factors in
the resulting Mn oxide products. Although a poorly-or-
dered, nanocrystalline phyllomanganate similar to o-
MnO; is the initial oxide phase deposited by four different
species of fungi, structural and morphological differences of
these oxides and the secondary products (e.g., triclinic bir-
nessite and todorokite) is largely species dependent — solu-
tion chemistry and growth conditions are the same for all
species here. Furthermore, the same organism (Acremonium
sp.) grown within the same media produces different Mn
oxides when grown planktonically (6-MnO,) versus surface
attached (6-MnO, and todorokite). Due to the high reactiv-
ity of nanoparticulate oxides (Hochella et al., 2008), even
minor morphological (including surface area, size, and
porosity) and structural differences (layer vs. tunnel-struc-
tures) of the fungal biooxides could translate to large influ-
ences on biogeochemical processes in the environment
(Cutting et al., 2009; Madden et al., 2005).

Differences in the morphology and depositional patterns
among the fungal species suggest that more than one oxida-
tion pathway is operative. For instance, the role of fungal
enzymes (e.g., hyphae associated oxides on P. cucumerina),
soluble extracellular polymers (e.g., templated oxides for
Stagonospora sp.), and reactive oxygen species produced
during cell differentiation (e.g., oxide formation at the base
of fruiting bodies for Pyrenochaeta sp.) may all contribute
to the oxidation of Mn(II) and the observed differences in
the structure, morphology, and conversion of the Mn oxide
products. Furthermore, the role of fungal organic templates
in organizing Mn oxide structures and shifting thermody-
namic barriers for precipitation of more crystalline phases
warrants further investigation.
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