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Abstract

The ability of fungi to weather a wide range of minerals influences plant nutrition and enhances global biogeochemical
cycles of life-essential elements. The fungus-mineral interface plays a key role in weathering, but the specific mechanisms
underlying these processes remain poorly understood. Here, we examined fungal-mineral weathering using hematite and Tri-

choderma guizhouense. We showed that hematite dissolution increased over cultivation time, with the formation of secondary
minerals up to �3000 mm�2 at the interfaces after 66 h cultivation. Of the hematite associated with hyphae, approximately
15% was converted to the secondary mineral ferrihydrite. Importantly, superoxide radicals were detected at the hyphal tips
and along the whole hyphae. During cultivation, a high concentration (�1000 nM) of hydroxyl radical was also detected. Syn-
chrotron radiation based spectromicroscopies at fungus-mineral interfaces suggest that fungus hyphae alter the local redox
state of iron and thus are redox-active. These findings indicate that fungus-initiated catalytic reactions occur at hyphal-
mineral interfaces, in view of the fact that superoxide does not diffuse far from the site of formation. Furthermore, these
results also suggest that the catalytic reactions may serve as a new strategy for microbial iron uptake. Together, these findings
constitute a significant step forward in understanding the ways that fungi make minerals available to biological systems.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Fungi have the ability to weather a wide range of miner-
als through biomechanical and biochemical processes
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(Sterflinger, 2000; Smits et al., 2009; Wei et al., 2012). These
bio-weathering processes have important impacts on plant
nutrient acquisition (Jongmans et al., 1997) and are likely
to have critical roles in the biogeochemical cycling of ele-
ments (van Schöll et al., 2008; Hemingway et al., 2018),
since one gram of soil can contain hundreds of meters of
fungal hyphae (Whitfield, 2007). Biomechanical weathering
of minerals proceeds via hyphal penetration and turgor
pressure (Bonneville et al., 2016; Li et al., 2016a), whereas
biochemical weathering occurs via proton- and ligand-
promoted metal mobilization from minerals (van Schöll
et al., 2008; Smits et al., 2009). Hypha-promoted mineral
dissolution has been recognized as an important process
(Banfield et al., 1999; Smits et al., 2009; McMaster, 2012;
Ahmed and Holmström, 2015) that could account for 40–
50% of bulk bio-weathering (Li et al., 2016a). However,
despite their role in bio-weathering, fungi are underappreci-
ated relative to bacteria (Li et al., 2016a), and consequently
the processes that mediate hypha-mineral interactions are
largely unknown (Gazzè et al., 2012).

Extracellular superoxide (O2
�) production is widespread

in fungi and is involved in lignin degradation, host defense,
hyphal branching, and cell differentiation (Aguirre et al.,
2005; Rose et al., 2005; Scott and Eaton, 2008). Superox-
ides play a significant role in the cycling redox-active met-
als, such as Fe(III) (Fujii et al., 2010). Since redox-active
iron minerals are abundant in terrestrial and aquatic sys-
tems (Watts et al., 1999; Thompson et al., 2011), they can
act as catalysts to promote Fenton-like reactions in the
presence of O2

� (Eqs. (1)–(4)) (Petigara et al., 2002;
Garrido-Ramı́rez et al., 2010; Georgiou et al., 2015).

O�
2 þ 2Hþ þ e� ! H2O2 ð1Þ

� FeðIIIÞ þH2O2 ! � FeðHO2Þ2þ þHþ ð2Þ
BFe(HO2)

2þ ! BFe(II) + HO2
� ð3Þ

BFe(II) + H2O2 ! Fe(III) + OH� + HO� ð4Þ
where „Fe represents the surface of iron oxides. These
reactions are different from the classical Fenton reaction
(Eq. (5)) where aqueous Fe(II) reacts with hydrogen perox-
ide (H2O2), giving rise to a hydroxyl radical (HO�).

Fe(II) + H2O2 ! Fe(III) + OH� + HO� ð5Þ
In Fenton-like reactions, aqueous Fe(II) is replaced by

redox-active minerals, such as hematite, goethite, and ferri-
hydrite (Lin and Gurol, 1998; Garrido-Ramı́rez et al.,
2010). Fenton-like reactions are common in natural systems
because they can operate over a wide range of pH values,
unlike the classical Fenton reaction that operates at a pH
of �3 (Garrido-Ramı́rez et al., 2010). Despite the ability
of fungi to produce high concentrations of O2

� (Hansel
et al., 2012), the impact of O2

� on processes occurring at
the hypha-mineral interfaces has been largely unexplored.
This limits our understanding of this interfacial processes,
its impact on microbial dissolution of minerals, and the for-
mation of secondary minerals.

We hypothesized that fungus-initiated catalytic reac-
tions drive mineral dissolution and the formation of sec-
ondary minerals at hypha-mineral interfaces. The
objectives of this study were (i) to identify the quantity,
composition and location of secondary minerals during
biomineralization and (ii) to verify the occurrence of cat-
alytic reactions at hypha-mineral interfaces. We used Tri-

choderma guizhouense NJAU4742 (Zhang et al., 2016) and
hematite (Cornell and Schwertmann, 2004; Thompson
et al., 2011) as a model fungal organism and mineral,
respectively, because they are found in a wide range of envi-
ronments, including terrestrial and aquatic environments.
Additionally, T. guizhouense produces considerable
amounts of O2

� in natural environments (Zhang, 2015).
Throughout our experiments, advanced techniques of
synchrotron-based scanning transmission X-ray micro-
scopy (STXM) images and micro X-ray fluorescence
(m-XRF) as well as stereo microscope were integrated to
identify the interfacial processes occurring between fungi
hyphae and minerals.
2. MATERIALS AND METHODS

2.1. Preparation of fungal stain and hematite

The experimental fungus Trichoderma guizhouense

NJAU 4742 was originally provided by Dr. Jian Zhang
(Zhang et al., 2016). All experiments were performed in
triplicate at 28 �C in the dark using a medium with the addi-
tion of hematite to the desired final concentrations. The
Potato Dextrose Agar (PDA) medium with an initial pH
value of 5.3 contained the followings (per liter): 100 mg of
urea, 1400 mg of (NH4)SO4, 1500 mg of KH2PO4, 100 mg
of CaCl2_s2H2O, 400 mg of MgSO4_s7H2O, 100 mg of yeast
extract, 5 mg of FeSO4_s7H2O, 5 mg of CoCl2, 1.8 mg of
MnSO4_sH2O, 2.5 mg of ZnSO4_s7H2O, 20 g of glucose,
and 600 mg of NaCl. Hematite was synthesized by mixing
2 L of 0.002 M HNO3 (98 �C) with 16.16 g of Fe(NO3)3-
_s9H2O and then aged for 7 d at 98 �C (Schwertmann and
Cornell, 2007). After the synthesis of hematite, the suspen-
sion was dialyzed with deionized water for 3 d to remove
impurities and then the pellets were air-dried.

2.2. Bioweathering experiments

The bioweathering experiments were initiated when the
liquid medium containing 0.1% (w/v) hematite was inocu-
lated with T. guizhouense conidia (104 ml�1) and incubated
in a shaking incubator (170 rpm). To prepare the conidial
suspension, T. guizhouense was grown in a PDA medium
for 7 days at 28 �C in an incubator. Fungal biomass was
removed by filtration through sterilized muslin cloth, and
the filtrates were stored at 4 �C prior to use as conidial sus-
pensions after appropriate dilution with sterile Milli-Q
water. The bioweathering experiments were conducted in
triplicate using a series of 250 mL Erlenmeyer flasks with
100 mL solution. After cultivating T. guizhouense with
hematite for 0, 24, 32, 40, 48, 56, and 66 h visible aggregates
formed and were filtered through a 0.45 lm polytetrafluo-
roethylene (PTFE) filter (Xingya Purification Materials
Co., Shanghai, China). The filtrates were used for further
pH and inductively coupled plasma-atomic emission
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spectroscopy (ICP-AES) analyses, respectively. The aggre-
gates after filtration were collected into 1 mL tube.

In addition, contact experiments were conducted by
mixing 5 g of minerals into the 5 L medium, followed by
inoculation of T. guizhouense conidia (104 ml�1). Separa-
tion experiments followed the same procedure except that
the mineral powder was enclosed in a membrane bag
(0.22 mm-size) (volume: 10 mL). The flasks containing the
final mixtures were incubated in a shaking incubator at
28 �C and 170 rpm for 66 h. Both contact and separation
experiments were conducted in triplicate.

2.3. In situ detection of O2
� and the pH of hyphae

Extracellular O2
� were detected using stains on the PDA

solid medium (Hansel et al., 2012). T. guizhouense that was
grown on PDA plates with an initial pH value of 5.6 were
inoculated with Nitroblue tetrazolium (NBT) for detection
of O2

�. The NBT assay employs a mixture of 2.5 mM NBT
chloride (Sigma, St Louis, MO, USA) and 5 mM 3-(N mor-
pholino) propanesulfonate-NaOH (a pH of 7.6) to react
with O2

� and forms a blue precipitate upon reaction with
O2

�. PDA plates were subsequently incubated with the
NBT solution in the dark for �30 min. After excess
reagents were decanted, and the medium was incubated
for additional 12 h. The plates were finally imaged using a
stereo microscope (Leica DM 5000B, Leica Microsystems,
Germany).

The micro-environmental pH around hyphae growing in
the cultivation experiments was measured by confocal laser
scanning microscopy (CLSM) with an inverted Zeiss micro-
scope with a Meta510 detector (Zeiss, Jena, Germany) and
an argon multiphoton laser at 488 nm. The molecular probe
SNARF4F (Invitrogen, Paisley, UK) was used at a 5 lM
concentration to determine the pH of the hyphal microen-
vironments. This molecular probe possesses two specific
characteristics of fluorescence emission bands at 580 and
640 nm, respectively, for its acidic and basic forms. By
rationing the fluorescence at the two wavelengths, this
method becomes independent of the dye concentration,
photo-bleaching, and changes of instrumental conditions
(Bonneville et al., 2011). A pH-calibration was done by
adding 5 lM of SNARF4F to 0.2 mL of a 50-mM phos-
phate buffer at a pH of 4.6, 5.0, 5.4, 5.8, 6.2, 6.6, 7.0, 7.4,
and 7.8 and by calculating the mean value in a histogram
of the 547–587 and 619–661 nm channels. After calibration,
fungal hyphae were imaged and analyzed.

2.4. Quantification of HO

The samples collected at 0, 24, 32, 40, 48, and 66 h in the
bioweathering experiments were used to quantify HO�. The
HO� was trapped by terephthalic acid (TPA, non-
fluorescent) (Tokyo, Japan), and the fluorescent product,
i.e., 2-hydroxyl terephthalic acid (HTPA, fluorescent), was
quantitated in an Agilent 1260 Infinity high-performance
liquid chromatography (HPLC) system (Agilent Technolo-
gies, Inc., Germany) equipped with a Fluorescence Detec-
tor (G1321B) and a reverse-phase C18 column (Develosil
ODS-UG5, 4.6 mm � 250 mm, Nomura Chemical Co.,
Japan). The concentration of HTPA was used to estimate
the cumulative HO� concentration (Li et al., 2004).

2.5. Micro-XRF and STXM analysis at hypha-mineral

interfaces

After 66 h of cultivation, the fungal-mineral samples col-
lected in tubes during the mineral dissolution experiments
were frozen at �20 �C, followed by sectioning without
any embedding. Then, the thin sections (2 lm) were
obtained using a cryomicrotome (Cryotome E, Thermo
Shandon Limited, Cheshire, UK), transferred to infrared-
reflecting MirrIR low-E microscope slides (Kevley Tech-
nologies, OH, United States), and analyzed using l-XRF
spectromicroscopy. Chemical images of Fe were collected
at the BL15U1 beamline of Shanghai Synchrotron Radia-
tion Facility (SSRF) for the same regions of the thin sec-
tions. A fluorescence map (m-XRF) of Fe was obtained by
scanning the samples under a monochromatic beam at
E = 10 keV with a step size of 6 � 8 lm2 and a dwelling
time of 5 s (Sun et al., 2017).

STXM was performed at the BL08U1 beamline of SSRF
in Shanghai, China. For STXM image collection, the water-
dispersed fungal-mineral aggregates were dropped on the
Si3N4 window (50 nm thickness), which was installed on
the sample holder. After the water evaporated, ratio-
contrast imaging of dual-energy absorption for Fe mapping
was performed. Three photon energies were chosen: the
pre-absorption edge of iron at E1 = 706.0 eV, the absorp-
tion edge of Fe(II) at E2 = 708.5 eV, and the absorption
edge of Fe(III) at E3 = 710 eV, to scan the sample pixel
by pixel (Hunter et al., 2008; Zhang et al., 2010; Jiang
et al., 2013).

2.6. Iron K-edge X-ray absorption fine structure (XAFS)

analyses

Iron K-edge absorption spectra were collected using a Si
(1 1 1) double crystal monochromator at the BL14W1
beamline of SSRF in Shanghai, China. The storage ring
was working at 3.5 GeV with 200 mA as an average storage
current. The hypha-mineral samples after 66 h of cultiva-
tion were filtered using a 0.45 mm PTFE filter and freeze-
dried for 72 h. Both the prepared and standard samples
of hematite, goethite, ferrihydrite, Fe(III) chloride and Fe
(II) chloride were recorded in transmission mode. Fe(III)
chloride and Fe(II) chloride represent inorganic complex
ferric and ferrous, respectively, whereas hematite, goethite,
and ferrihydrite were used as the main iron mineral species.
All the samples were mounted in a thin custom-built plastic
sample holder covered with Kapton tape and placed at 45�
to the incident X-ray beam. Ten scans were averaged for
each sample to obtain a good signal-to-noise ratio. The
X-ray energy scale was calibrated to the iron K-edge
(7112.0 eV) using an iron metal foil before XAFS measure-
ments were performed. The data for an individual X-ray
absorption near edge structure (XANES) spectrum were
normalized to create a relative intensity value of �1 for
the post edge area of the spectra. Extended X-ray absorp-
tion fine structure (EXAFS) spectra were extracted using
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the Autobk algorithm (Rbkg = 0.9; k-weight = 3, spline k-
range = 3–9 Å�1). A linear-combination fitting (LCF) was
performed for both XANES and EXAFS spectra using rou-
tine linearcombo in the ATHENA software (version 2.1.1)
(Ravel and Newville, 2005) using the above 5 standards.
The steps of the LCF method have been described previ-
ously (Manceau et al., 2012). Briefly, the data were fit to
a sum of all five references. Then, references with negative
loadings were successively eliminated in ascending order
of weight. Next, each reference that had been deleted was
added randomly one-by-one, while maintaining the con-
straint of non-negativity, to ensure that the fit had reached
a global rather than local minimum. Uncertainties in the
fractions of reference species were discussed previously
(Manceau et al., 2012). A standard was considered to have
a substantial contribution if it accounted for more than
10% of a linear combination fit.
2.7. Transmission electron microscopy (TEM)

Fungal-mineral aggregates in the mineral dissolution
experiments at 4 time intervals (i.e., 0, 24, 48, and 66 h)
were dispersed and then dropped onto carbon-coated cop-
per grids for TEM observation after they were air-dried.
The images were recorded using a HITACHI microscope
(7500, Japan) at an acceleration voltage of 200 keV. The
particle-size distribution was calculated using Image J (Li
et al., 2016b) (NIH, Bethesda, MD, USA). Briefly, pixel
values were first converted into nm using a scale factor.
Then, images were converted into binary images and ana-
lyzed by ‘‘particle analysis” on the ImageJ toolbar
(Kumara et al., 2012). High-resolution TEM (HRTEM)
images and selected area electron diffraction (SAED) after
66 h of cultivation were conducted using the JEOL JEM-
2100F microscope.
2.8. X-ray powder diffraction (XRD) analyses

Reacted fungal-mineral aggregates were freeze-dried at
�50 �C for 48 h. Mineralogical identification of freeze-
dried samples was carried out using X-ray powder diffrac-
tion. Diffraction patterns were recorded from 3 to 85 deg.
2-theta using Ni-filtered Cu K-alpha radiations, and count-
ing 1 s per step, with a step size of 0.02� on a PANalytical
X-pert Pro diffractometer using a X-Celerator position sen-
sitive detector.

2.9. Statistical analysis

Differences between the data were assessed with one-way
analysis of variance (ANOVA) using the SPSS software
version 18.0 for Windows (SPSS, Chicago, IL). Significance
was determined using one-way ANOVA followed by
Tukey’s HSD post hoc tests, where conditions of normality
and homogeneity of variance were met. Means ± SE
(n = 3) followed by different letters in figures and tables
indicate significant differences between treatments at
P < 0.05.
3. RESULTS

3.1. Mineral dissolution and the formation of secondary

minerals

After cultivating T. guizhouense with hematite for 24 h, a
small amount of soluble Fe, defined as the amount of Fe in
filtrate after filtration through 0.45 lm PTFE, was detected
by ICP-AES (Table 1). After 48 h of cultivation, dissolved
Fe was 10 times higher than that at 24 h cultivation
(Table 1). A control treatment in which minerals were
placed in the medium without T. guizhouense did not show
any release of Fe (Table 1), ruling out the possibility that
abiotic mineral dissolution itself played a role in the release
of Fe. A comparison of contact (i.e., allowing the mineral
phases to have direct contact with the fungi) and separation
(i.e., allowing the mineral phases to interact only with the
fungi’s products) experiments indicated that direct interac-
tion between fungi and minerals enhanced Fe mobilization
by a factor of �2 (Fig. S1), revealing a critical role of
hypha-mineral contact on mineral dissolution.

To characterize the morphology of newly formed sec-
ondary minerals, TEM images together with corresponding
size-distribution histograms (Fig. 1) were obtained from the
fungal-amended medium in the mineral dissolution experi-
ments at four time intervals (0, 24, 48, and 66 h of cultiva-
tion). T. guizhouense became entangled with hematite after
24 h of cultivation, suggesting a close contact between fungi
and minerals. The morphologies of fungus-affected miner-
als at 48 h and 66 h were distinct from those at 0 and
24 h (Fig. 1a). Specifically, the morphologies of hematite
at the former were completely disappeared but still present
at the latter. This observation was further supported by
both scanning electron microscopy (SEM) and cryo-SEM
images (Figs. S2 and S3).

These results indicate a role of fungal activity in mineral
dissolution. Large amounts of secondary minerals appeared
in and around fungal hyphae (Fig. 1a), with an average size
of less than 3 nm (Fig. 1b and Table S1). Additionally,
TEM images and corresponding size-distribution his-
tograms showed that the number of secondary minerals
increased with cultivation time, up to �3000 mm�2 after
66 h of cultivation (Fig. 1b and Table S1), which was calcu-
lated using Image J.

We used XRD (Fig. 2a) to examine the mineralogy after
66 h of cultivation in the mineral dissolution experiments
and found that new reflections were identified when com-
pared to hematite only controls. The broad reflection at
�20� suggests the formation of amorphous minerals. To
further obtain quantitative information on the different
Fe phases present in the hyphae, hypha-mineral samples fil-
tered after 66 h of cultivation were freeze-dried and ana-
lyzed using synchrotron-based XAS. The LCF of both
XANES and EXAFS analyses showed that the Fe phases
associated with hyphae was predominantly hematite
(�75%) and ferrihydrite (�15%), with lower amount of
inorganic Fe(II) (<5%) and Fe(III) (<5%) (Fig. 2b–c and
Fig. S4). These observations support the formation of ferri-
hydrite at the hypha-mineral interface.



Table 1
Changes of the concentration of dissolved Fe in cultivation
experiments.a

Treatment Cultivation time (h) Fe (mg L�1)

Hematite 0 ND
24 ND
40 ND
66 ND

T. guizhouense 0 ND
24 ND
40 ND
66 ND

T. guizhouense + hematite 0 ND
24 0.06 ± 0.02
32 0.33 ± 0.08
40 0.54 ± 0.12
48 0.75 ± 0.25
56 0.98 ± 0.13
66 1.25 ± 0.22

a ND: not detected, indicating that the concentration of dissolved
Fe was less than 0.01 mg L�1. All experiments were conducted in
triplicate. Data are means ± standard deviation (n = 3).
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3.2. Extracellular polymeric substances (EPS) matrix as a

sink for secondary minerals

High-angle annular dark-field scanning TEM
(HAADF-STEM) clearly indicated the presence of EPS
and iron minerals around the cell (Fig. 3a and b).
HRTEM images and their corresponding fast Fourier
transform (FFT) analyses further showed amorphous or
poorly crystalline particles with an interplanar distance
of 0.27 nm, suggestive of ferrihydrite (Fig. 3c). Further-
more, SAED pattern analyses indicated poorly crystal-
lized particles with interplanar distances of 0.27 nm,
consistent with ferrihydrite (Fig. 3e), but distinctly differ-
ent from hematite (Fig. 3d).
Fig. 1. Time-resolved TEM observations. (a) The formation of nano-s
typical observations at 0, 24, 48, and 66 h incubation of Trichoderma g

histogram analysis. ‘‘D” in (b) stands for diameter.
3.3. Evidence for catalytic reactions at hypha-mineral

interfaces

NBT was reduced by O2
� during T. guizhouense cultiva-

tion to form blue formazan (Fig. 4a). The location of the
formazan precipitate indicated that O2

� production was in
the hyphal tips on the leading growth edge or even along
the whole hyphae (Figs. 4a, S5). In addition, O2

� production
was also supported by online detection using continuous
flow chemiluminescence (Fig. S6). The pH values of hyphae
removed from hematite grains during the mineral dissolu-
tion experiments were determined with the fluorescent
molecular probe SNARF4F through CLSM. Calibration
of the signals revealed a slightly lower pH (5.4–6.2) in the
local environment near the cells, suggesting an acidic pH
for the hematite-derived samples (Fig. 4b).

Using terephthalic acid as a radical trapper, HO� can be
quantitated by HPLC-fluorescence detection (Li et al.,
2004). We found no production of HO� in hematite-only
controls (Fig. 4c). Prior to 48 h, the amount of HO� produc-
tion by fungus + hematite cultivation was similar to that by
the fungus alone. However, after 66 h the amount was sig-
nificantly (p < 0.01) higher in the fungus + hematite cultiva-
tion (1018 ± 200 nM) than in the cultivation of fungus
alone (684 ± 49 nM) (Fig. 4c). This difference suggests a
role of hematite or newly produced secondary minerals as
a catalyst in promoting the production of HO�.

To identify the critical role of Fe minerals in the cat-
alytic reactions, we performed element-specific imaging of
samples after 66 h of cultivation. Fig. 5a and b shows the
Fe redox heterogeneities at hypha-mineral interfaces where
a coating of oxidized Fe, primarily as Fe(III) (i.e.,
710 eV/704.5 eV), was distributed at the edges of the
hyphae. Moreover, the m-XRF map (Fig. 5c) showed a
heterogeneous distribution of Fe on the surface of the
hyphae.

The m-XANES spectra were collected at the Fe hotspot
(i.e., spot with a high Fe concentration) and surface rind of
the hyphae (Fig. 5d and e). The intensity of pre-edge peak
cale biogenic minerals during biomineralization. Panels represent
uizhouense with hematite. (b) The corresponding size-distribution



Fig. 2. X-ray powder diffraction and X-ray absorption spectroscopic analysis. Analyses were performed on hypha-mineral samples after 66 h
incubation in the mineral dissolution experiments. (a) X-ray powder diffraction pattern. Orange arrows indicate the formation of secondary
minerals. (b) Fe K-edge X-ray absorption near-edge structure spectrum. Colored lines represent the separate components for each fit. (c)
Extended X-ray absorption fine-structure spectrum. Solid black lines in (b) and (c) represent the k3-weighted v-spectra of hypha-mineral
samples, and the red circles represent the best fits obtained using linear least-squares fitting. Determination of parameters of fit (R-factor and
chi-square) indicated that the linear combination fitting (LCF) results are convincing. (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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at �7112 eV was lower at the surface rind than that at the
hotspot (Fig. 5d). Moving outward from the surface rind to
the hotspot, the K-edge peak (�7127 eV) was substantially
decreased in height (Fig. 5d). This lower K-edge peak
demonstrated a transition from predominantly oxidized
Fe at the surface rind to reduced Fe within the hotspot
(Fig. 5d). This transition is further supported by qualitative
analysis of the first-derivative XANES spectra indicating a
shift in energy between two spectra (Fig. 5e). There is a
shoulder at �7137 eV that is not present in the spectrum
of the hotspot but is present in the surface rind (Fig. 5d).
The distribution of Fe was also supported by the m-FTIR
spectromicroscopy, which further showed a positive but sig-
nificant correlation between organic functional groups and
Fe (Fig. S7). A detailed description of m-XANES and m-
FTIR spectromicroscopy results is given in the Supplemen-
tary Results. Analysis of time resolved Fe(II) in the solution
showed that Fe(II) was positively correlated with HO�



Fig. 3. TEM images of a cross-section (70 nm) after cultivation of hematite for 66 h with T. guizhouense, stained with 1% uranyl acetate.
Cross sections are shown at different scales (1 mm to 10 nm). (a) High-angle annular dark field scanning TEM (HAADF-STEM) image of a
70 nm section, revealing the presence of EPS and iron minerals around the cell. (b and c) High resolution TEM observations of nanoparticles
and their corresponding Fast Fourier Transform (FFT) analyses, showing amorphous or poorly crystallized particles for which the
interplanar distance of 0.27 nm corresponds with ferrihydrite. (d) Selected area electron diffraction (SAED) patterns of crystalline hematite,
and (e) SAED patterns for poorly crystallized particles.
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(R2 = 0.68, p < 0.01, n = 12) (Tables 2 and S3), indicating
that Fe(II) in the solution during biomineralization may
be directly related to fungus-initiated catalytic reactions.

We further identified the redox-active substances using
differential pulse voltammetry (DPV) (Fig. S8). Fungi and
fungal-mineral treatments displayed two similar pairs of
DPV peaks that were distinct from those from treatments
of minerals alone. The pair with the peak potentials (Ep)
at �440 mV (anodic, versus Ag/AgCl), �444 mV (anodic),
�416 mV (cathodic), and �420 mV (cathodic) are attribu-
table to flavins, and the pair at Ep = �122 mV (anodic),
�125 mV (anodic), and �106 mV (cathodic) may be related
to outer membrane c-type cytochromes. Moreover, fungal-
mineral treatment exhibited a stronger redox peak than
fungi alone, suggesting that the presence of hematite may
stimulate fungal extracellular electron transfer. This rein-
forces our findings that nanoscale minerals can facilitate
microbial extracellular electron transfer. Additionally,
EPS extracts also contained flavins and cytochrome-like
substances, as revealed by DPV peaks (Fig. S8).

4. DISCUSSION

4.1. Superoxide and iron chemistry at hypha-mineral

interfaces

Superoxide was found to be formed by fungi at the
hyphal tips or the whole cell (Figs. 4, S4), which is similar
to the previous investigations (Hansel et al., 2012; Tang
et al., 2013). Previous investigations indicated that O2

�

could serve as an electron shuttle that increases iron avail-
ability to the microorganism (Fujii et al., 2010). However,
high concentration of HO� in the fungus + hematite cultiva-
tion was detected in this study (Fig. 4), which is a strong
indicator of the occurrence of catalytic reactions (Eqs.
(1)–(4)). In contrast to iron acquisition via siderophores,
in this superoxide-mediated Fe-acquisition process
microorganisms do not expend energy by release of
purpose-built molecules into the environment and as a con-
sequence, this process is likely more efficient, which is
revealed by previous reports (Rose et al., 2005; Fujii
et al., 2010).

After cultivation of 66 h, the hypha-mineral interface
contained approximately 15% of ferrihydrite (Fig. 2b and
c), which was further confirmed by HRTEM images and
their corresponding FFT analyses (Fig. 3). Dual-energy
STXM showed that fungal hyphae were coated by Fe
(Fig. 5a and b), suggesting a close contact between hyphae
and Fe. This is consistent with the observation from
HRTEM images (Fig. 3). Furthermore, both Fe(II) (i.e.,
708.5 eV/704.5 eV) and Fe(III) (i.e., 710 eV/704.5 eV)
(Hunter et al., 2008; Jiang et al., 2013) were distributed
on the surface of the hyphae (Fig. 5a and b). The m-
XANES spectra were further collected (Fig. 5d and e), with
the pre-edge peak at �7112 eV, assigned to the 1s ? 3d
transition, being focused, owing to its sensitive to the geom-
etry of the Fe atom (Garcia-Prieto et al., 2016). The inten-
sity of the pre-edge peak at the surface rind was lower than
that at the hotspot (Fig. 5d), indicating a more centrosym-
metric environment for Fe at the surface rind than within
the hotspot. Meanwhile, the K-edge peak (�7127 eV) of
Fe, assigned to the 1s? 4p transition, was lower at the



Fig. 4. Superoxide and pH in the hyphae of T. guizhouense, and detection of hydroxyl radicals during biomineralization of hematite. (a)
Deposits of formazan pigment, indicative of the presence of O2

� in the tips and growing edges of the fungal hyphae. (b) Micro-environmental
pH measurements. Samples were stained with 5 mM SNARF4F (Invitrogen) and measured with confocal laser scanning microscopy using
emissions at 580 and 640 nm, after excitation with a 488 nm argon laser. (c) Production of hydroxyl radicals during biomineralization.
Concentrations were measured using terephthalic acid and HPLC fluorescence detection. Data are means ± standard deviation (n = 3)
(**p < 0.01).
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hotspot, consisting with a reduced oxidation state of Fe
(Berry et al., 2003). The reduced oxidation state of Fe sug-
gests that fungal hyphae may transform oxidized Fe to
reduced Fe. In contrast, the shoulder at �7137 eV was only
present in the surface rind (Fig. 5d), suggesting the possibil-
ity of the formation of ferritin during the biomineralization
of hematite by T. guizhouense (Garcia-Prieto et al., 2016).
This possibility is also supported by the comparison
between Fe K-edge XANES spectra from the surface rind
with those of bacterial ferritin (FtnA) and bacterioferritin
(Bfr) of Escherichia coli and archaeal ferritin (PfFtn) of
Pyrococcus furiosus (Fig. S9). Specifically, the shoulder at
�7137 eV is present in the spectrum of the surface rind
and three native ferritin-like proteins (i.e., FtnA, Bfr, and
PfFtn) but is not present in synthetic hematite and ferrihy-
drite. To summarize, both dual-energy ratio-contrast
images and l-XRF spectromicroscopy demonstrate that
fungal hyphae are redox-active, with both ferrous and ferric
iron presenting in/around fungal hyphae.

4.2. Proposed conceptual model of fungus-initiated catalytic

reactions

Collectively, our cultivation experiments and microscale
observations show that a fungus-initiated catalytic reac-
tions drive mineral dissolution and the formation of sec-
ondary minerals. This activity occurs at hypha-mineral
interfaces, in view of the fact that O2

� does not diffuse far
from the site of formation (Hansel et al., 2012; Tang
et al., 2013).

A proposed conceptual model is shown in Fig. 6. Pro-
duction of O2

� by fungi at the hyphal tips or the whole cell
(Figs. 4, S4) is a critical step (Process 1, Fig. 6) toward min-
eral dissolution (Table 1) and the formation of secondary
minerals (Figs. 1–3). The O2

�, being a charged species, will
rapidly be converted to H2O2 through dismutation (Process
2, Fig. 6) (Scott and Eaton, 2008). In the presence of H2O2,
redox-active minerals (Fig. 2) can act as catalysts or
nanocatalysts (Garrido-Ramı́rez et al., 2010) to promote
Fenton-like reactions at hypha-mineral interfaces and pro-
duce surface-adsorbed Fe(II) (Process 3, Fig. 6). These
nanocatalysts (i.e., new biogenic secondary minerals) are
more reactive than catalysts because their active sites are
located on the surface (Garrido-Ramı́rez et al., 2010). As
a result, these reactions generate a high concentration of
HO� (Fig. 4c) and promote the dissolution of Fe(III) miner-
als via the production of Fe(II) (Table 2). Meanwhile, the
produced surface Fe(II) and H2O2 (Process 4, Fig. 6) induce
Fenton reactions and also form surface Fe(III) as well as
HO� (Eq. (5)). Since the rate of Fe(III) reduction with
superoxide is faster than that of Fe(II) oxidation by
superoxide (Melton et al., 2014), superoxide-mediated



Fig. 5. Redox properties of fungal hyphae. (a and b) Dual-energy ratio-contrast images (with a resolution of 30 nm) acquired near the Fe L3

edge. (c) m-XRF spectromicroscopy of the cultivated 66 h hypha-mineral samples. (d) and (e) XANES spectra and their first derivatives,
respectively. The color scale is a relative density of Fe species. A and B represent the hotspot of Fe concentration and surface rind region,
respectively. Scale bar is 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. Conceptual model of fungus-initiated catalytic reactions at
hypha-mineral interfaces. Reactions ①?⑥ represent the pro-
cesses occurring at hypha-mineral interfaces and are detailed in the
main text. ① Production of O2

� by fungi at the hyphal tips or the
whole cell;② conversion from O2

� to H2O2 by enzymes;③ Fenton-
like reactions; ④ Fenton reaction; ⑤ formation of surface Fe(II)
by flavins and c-type cytochromes.
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Fenton-like reactions may be dominant when compared to
Fenton reaction. The micro-environmental pH measure-
ments (Fig. 4b) also supported the overwhelming advantage
of Fenton-like reactions. Production of HO� may be an
important strategy to enhance nutrient uptake by fungi,
in view of the strong oxidation capability of HO�

(Williams et al., 2011; Wang et al., 2017). It is evidenced
that the production of HO� together with proteolysis
improved N liberation from proteins in soils (Op De
Beeck et al., 2018). In addition, flavins and c-type cyto-
chromes on fungal hyphae (Fig. S6) or a network of EPS
(Fig. S7) may directly involved in extracellular electron
transfer (Shi et al., 2016; Xiao et al., 2017) and contribute
to the formation of surface Fe(II) by interacting with sur-
face Fe(III) (Process 5, Fig. 6). To our knowledge, this is
the first study to suggest that fungus-initiated catalytic reac-
tions can occur at hypha-mineral interfaces. These repre-
sent a potentially important, but previously unrecognized
mechanism for mineral dissolution and the formation of
secondary minerals.

4.3. Biogeochemical implications of fungus-initiated catalytic

reactions

Given the versatility of O2
� as a redox reactant and the

universal ability of fungi to produce extracellular O2
�

(Rose et al., 2005; Scott and Eaton, 2008; Hansel et al.,
2012), this reaction at hypha-mineral interfaces may play
a central role in mineral dissolution, biomineralization,
nutrient uptake, and the cycling and bioavailability of



Table 2
Time resolved Fe(II) and total Fe during biomineralization (mg L�1).

t (h) 0 24 48 66

Fe(II) 0.28 ± 0.05c 0.38 ± 0.11c 0.94 ± 0.11b 1.34 ± 0.11 a
Total Fea 0.88 ± 0.05c 1.22 ± 0.09b 1.55 ± 0.08 a 1.28 ± 0.13b
Percentage of Fe(II) 31.8 ± 0.3% 31.1 ± 0.1% 60.6 ± 0.5% 105 ± 0.8%

a After reduction of Fe(III) with hydroxylamine chlorhydrate. Significant differences were determined using one-way ANOVA followed by
Duncan’s multiple range test at p < 0.05, in which the conditions of normality and homogeneity of variance were met. All experiments were
conducted in triplicate. Data are means ± standard deviation (n = 3).
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redox-active metals (e.g., Fe) in natural systems (van Schöll
et al., 2008). Several previous investigators found that at
hypha-mineral interfaces, biomechanical forces of hyphal
growth played an important role in fungal weathering,
which may breach the mineral lattice (Bonneville et al.,
2016; Li et al., 2016a). Because biomechanical forces coex-
isted with exudate-induced chemical weathering, we suggest
that fungal-initiated catalytic reactions may be more critical
than biomechanical forces in mineral dissolution that occur
at hypha-mineral interfaces.

Iron is the most abundant of the transition metals at 6.7
wt% in the continental crust (Rudnick and Gao, 2004). In
many cultivated soils, Fe is a relatively abundant element
with a total concentration of 20–40 g kg�1 (Cornell and
Schwertmann, 2004). Accordingly, mobilization of Fe by
fungi can contribute to global nutrient cycling budgets.
Furthermore, these catalytic reactions may be useful for
fungi to exhibit anti-bacterium activity, by producing
strongly oxidants (i.e., HO�) (Williams et al., 2011). How-
ever, the production of strong oxidants could also be fatal
to fungi (Wang et al., 2017). Previous reports have shown
that the biogenic Fe minerals could protect microbes from
ultraviolet radiation (Gauger et al., 2015). Our results in
this study showed for the first time that radical capture
through these catalytic reactions that consume oxidants
by biogenic minerals may serve as a protective mechanism
for fungi. Most importantly, this catalytic reaction can also
be expanded from sunlit environments into dark environ-
ments, including wetlands, soils, and sediments, owing to
the ubiquity of fungi in these environments (Whitfield,
2007) and thus the production of superoxide not restricted
to sunlight (Diaz et al., 2013; Melton et al., 2014).
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