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Over recent years, the role of fungi, especially mycorrhizal fungi, in the weathering of rock-
forming minerals has been increasingly recognised. Much of our understanding of the
effects of fungi on mineral weathering is based on macroscopic studies. However, the
ability of fungi to translocate materials, including organic acids and siderophores, to
specific areas of a mineral surface leads to significant spatial heterogeneity in the weath-
ering process. Thus, geomycologists are confronted with unique challenges of how to

Keywords: comprehend and quantify such a high degree of diversity and complicated arrays of inter-
FIB actions. Recent advances in experimental and analytical techniques have increased our
Fungal weathering ability to probe the fungal-mineral interface at the resolution necessary to decouple signif-
SEM icant biogeochemical processes. Modern microscopy, spectroscopy, mass spectrometry,
Surface analysis wet chemistry, and scattering techniques allow for the selective extraction of physical,
TEM chemical, and structural data at the micro- to nano-scale. These techniques offer exciting
XRFS possibilities to study fungal-mineral interactions at the scale of individual hyphae. In this
review, we give an overview of some of these techniques with their characteristics, advan-
tages and limitations, and how they can be used to further our understanding of biotic

mineral weathering.
© 2009 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction conceptualized in terms of abiotic reactions. However,
growing evidence now suggests that soil microbiota associ-
The transformation of rock into soils (i.e., weathering) is at the ated with plant-roots largely contribute to, if not control, the
foundation of terrestrial ecosystem productivity, agriculture, weathering of rock-forming minerals (Hoffland et al., 2004).

and forest production. Initially, this process was primarily Classical studies of biotic weathering have mainly focused
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on water-mineral interactions and the ability of plants and
microorganisms to influence the soil solution chemical
composition. Much of this research has been dedicated to
organisms (mainly bacteria) cultivated in batch experiments
in nutrient-rich liquid medium, and aims to evaluate their
abilities to favour bulk dissolution reactions (see Hutchens
et al., 2006; Wu et al., 2008). However, soils are typically
under-saturated environments, in which most of the microor-
ganisms are found firmly attached to the surfaces of minerals
which are themselves only intermittently exposed to the soil
solution. Therefore, most biotic weathering is restricted to
the mineral-microorganism interface. As for any living
organism, microbial metabolic function is dependent on
energy supply. In this respect, filamentous fungi have an
advantage over bacteria, namely, that they have the ability
to concentrate energy and biomass towards specific weath-
ering locations through carbon translocation via their mycelia
(Roslinget al., 2004; Leake et al., 2008), avoiding the need to rely
on diffusion through bulk soil solution. Moreover, many fungi
that exist in soils and on rock surfaces are found in symbiosis
with plant-roots (i.e., mycorrhizal) or algae (lichens),
benefiting from a significant part of the carbon compounds
produced by their phototrophic partners. This combination
of both access to, and transport of energy from, a distant
source, to specific locations makes fungi one of the prevalent
microorganisms in the biotic weathering processes. Because
of the microscopic nature of fungal filaments (hyphae), the
biotic weathering operates and needs to be understood at
a sub-micrometer level, a great challenge for scientists, even
with the help of the latest techniques. Recent developments
in conventional and synchrotron-based X-ray approaches,
combined with advances in spatially resolved micro-analyt-
ical techniques [e.g., atomic force microscopy (AFM), scanning
and transmission electron microscopy (SEM and TEM), and
secondary ion mass spectrometry (SIMS)], open new avenues
for such research. This suite of techniques, already widely
used in environmental geochemistry (see Maurice and
Hochella, 2009 and reference therein), gives mycologists
unprecedented opportunities to advance the understanding
of the nature of the fungal-mineral interface and to quantify
the biogeochemical reactions associated with it. To further
progress in the field of biotic weathering, the aim of this paper
is therefore to (i) highlight the challenges in the study of
fungal-mineral interactions, (ii) give an overview of the exist-
ing techniques with their specific applications and limitations
in the field of fungal-mineral interactions, and (iii) provide an
outlook on how micro-analytical methods can be integrated
into a holistic approach.

2. Nature and challenges of the
fungal-mineral interface

Fungi have the ability to degrade mineral substrates through
biomechanical and biochemical processes (e.g., Burgstaller
and Schinner, 1993; Banfield et al., 1999; Burford et al., 2003;
Fomina et al., 2005; Bonneville et al.,, 2009). At the fungal-
mineral interface, three categories of phenomenon levels are
of importance in understanding biotic weathering: (i) mineral
colonization; (ii) fungal exudation (iii) cell wall-mineral

surface interactions. A schematic representation of these
interactions is given in Fig 1.

Fungal hyphae grow in intimate contact with mineral
grains (Van Breemen et al., 2000) and they may exert mechan-
ical forces by osmotically applied turgor pressure (Money,
2004), resulting in biomechanical weathering of the minerals
(Bonneville et al., 2009). Mineral penetration is supported by
mucilaginous slime produced by fungi which may contain
acidic and metal-chelating metabolites (Burford et al., 2003).
Fungal mineral colonization is highly heterogeneous and
some minerals are preferentially colonized over others (Ros-
ling et al.,, 2004; Smits et al., 2008), furthermore individual
hyphae show a tendency to grow on areas with a high concen-
tration of active sites, such as crystal planes, cleavage, cracks
and etch pits (Banfield et al., 1999; Burford et al., 2003; Smits,
2006).

Exudation and uptake processes can dramatically alter the
solution chemistry in the direct vicinity of the hyphae.
Exudates can include a wide range of molecules, including
protons, organic chelators, siderophores, and organic poly-
mers (mucilage) (Hoffland et al., 2004), which can all enhance
dissolution reactions either by direct adsorption and destabi-
lisation of the mineral surface or by inducing changes in the
chemical parameters driving dissolution reactions (i.e., pH
and redox conditions).

The fungus not only interacts with the mineral via the
liquid interface. There is also, and in some cases (i.e., in
under-saturated environments) more importantly, a direct
contact between the fungal cell walls and the mineral surface.
Recent studies that have focussed on the processes at the
fungal-mineral interface indicate a close contact between
the fungal hyphae and the mineral surface (Lee et al., 2007;
Bonneville et al., 2009), and these studies show that weath-
ering occurs via a combined biomechanical and biochemical
process. In addition, reactive groups on the cell wall surface
could directly interact with the mineral surface, influencing
the weathering kinetics.
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Fig. 1 - Schematic representation of the three-process-level
interactions between mineral/rocks and the fungal hypha:
(i) mechanical force, (ii) exudation of protons, organic
chelators and siderophores, and (iii) direct cell wall-mineral
surface interactions.
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The three-process-level phenomena mentioned above
(Fig 1) occur often concurrently, sometimes in a synergistic
manner, and they can change simultaneously over various
spatio-temporal scales. Geomycologists are therefore con-
fronted with unique challenges of how to deal both conceptu-
ally and experimentally with such a high degree of diversitiy
and complicated arrays of interactions. Firstly, the interface
involves a crystalline mineral phase, a biotic fungal phase,
and a liquid interface, with interactions that occur at molec-
ular to microbial scales. Secondly, the interactions between
fungi and minerals are highly dynamic, both in space and
time. The fungal hypha is mostly active near the tip, and tip
growth may be as fast as 10 pm/min (e.g., Lépez-Franco
et al.,, 1994). Finally, the fungal-mineral interface is far from
being a closed system because fungal hyphae usually form
extensive mycelial networks that enable the transport of
water, nutrients, and other elements to and from the
fungal-mineral interface and the host-plant. Many fungi live
in symbiosis with a photosynthetic host organism (i.e., higher
plants or algae), giving a major, distant source for carbon
(photosynthates) and a sink for nutrients (uptake into the
plant). The diversity and complexity of fungal-mineral inter-
actions necessitate careful consideration of sampling strate-
gies in order to understand and quantify biotic weathering
at the fungal-mineral interface.

3. Recent developments in micro-analytical
techniques

In the last 25y, sensitivity and resolution of micro-analyt-
ical techniques has been improved significantly. In some
cases, we now can analyse material at parts per million
and nanometre resolution. A few examples are the develop-
ment of the atomic force microscope (AFM) in 1986 (Binnig
et al., 1986), improvement of the environmental scanning
electron microscope (ESEM) in the late eighties (Danilatos,
1988), and the analytical developments in scanning trans-
mission X-ray microscopy (STXM) (Ade et al., 1992). For
instance, synchrotron-based X-ray microscopy allows for
spatially resolved chemical characterization at the sub-
micron level of the microorganism-mineral interface and,
when combined with high-resolution microscopy [i.e., high
resolution transmission electron microscopy (HR-TEM) and
focused ion beam (FIB)], molecular level information can
now be derived (Bonneville et al., 2009; Obst et al., 2009). In
the following sections, we discuss the current state-of-the
art of some techniques and the challenges faced in their
application to the interdisciplinary field of geomycology.
Table 1 provides an overview of information that can be
obtained as well as sample size and limitations of each of
these techniques.

Topography

Developed in 1986, AFM utilizes an optical level coupled with
a microscopic tip to probe the microtopography of a surface
(Binnig et al., 1986). This technique allows for sub-nanometre
to micron scale spatial measurements under ambient condi-
tions (viz. air or solution), and thus provides unique

opportunities for studying fungal-surface interactions.
Conventional imaging is accomplished by tapping or dragging
(contact mode) a sharp tip mounted on the end of a cantilever
across the mineral surface, and measuring the deflection of
the tip with a laser. A more advanced AFM method to look
at mineral surfaces is to probe the attractive or repulsive
forces between the tip and surface without them touching
(non-contact mode). In mineral weathering studies, AFM is
typically used to monitor the development of surface topo-
graphic features during (in situ) or after reaction (ex situ).
Abiotic mineral dissolution experiments have been conducted
using biomolecules associated with fungal exudation,
including oxalate (Sutheimer et al., 1999), small organic acids
(Hong et al., 1997; Teng and Dove, 1997), siderophores (Buss
et al., 2002) and extracellular polysaccharides (Buss et al.,
2002; Perry et al., 2004). The use of an AFM flow-through cell
allows for the measurement of the bulk solution chemistry,
and thus gives the opportunity to determine and compare
weathering rates derived from the AFM imaging capability
(from 1x1pm up to 100 x 100 pm in lateral resolution) and
measured by the variation over time in bulk solution chem-
istry involving the total mineral surface area (Shiraki et al.,
2000; Duckworth and Martin, 2004; Perry et al., 2004).

Although AFM imaging provides no direct chemical infor-
mation about the surface, physical properties of the surface
and its interactions with the tip can be probed by tapping
the surface. The tip of the AFM not only gathers topographical
information but also records variations in the phase lag
between the tip and its driver, reflecting variation in physical
surface properties. Similarly, lateral deflection of the canti-
lever during contact imaging provides information about the
strength of the interaction between the tip and the surface.
Although these “phase” and “friction” images do not give
structural or chemical data on the mineral surface, it is
a useful and sensitive method to map the spatial variations
in surface properties at a nano- to micrometer scale. More
detailed surface information can be gathered by using the
AFM as a force spectrometer (FS) to measure repulsive or
attractive interaction forces between surfaces and the tip.
The tip can be “functionalized” with specific molecules
(Dufréne and van der Aa, 2002; Kendall and Hochella, 2003)
or via the use of a voltage biased-tip (Kendall and Martin,
2007). FS has used to observe bacterial-mineral interactions
(Lower et al., 2000, 2001a,b), and microfungi (Pouliot et al.,
2005).

AFM does not require a high vacuum or specific sample
preparation and can operate with or without fluids. It can
even be applied to living fungi, observing in situ growth and
cell wall development (Ma et al., 2005). The main limitations
are the restricted field of view (<100 x 100 pm) and the prereq-
uisite of an extreme (atomically) flat surface. Although AFM
has been used extensively to study bacterial interactions
with surfaces during weathering (Grantham and Dove, 1996;
Maurice et al., 1996; Grantham et al., 1997; Forsythe et al.,
1998), it has been much less utilized less for fungal weathering
studies. Recently, Balogh-Brunstad et al. (2008) used ex situ
AFM, in conjunction with SEM and wet chemistry, to study
the fungal attachment and weathering of biotite. Fungi were
found to attach directly to the mineral surface and caused
the formation of dissolution features with a concomitant



Table 1 - Overview of microscopy and spectroscopy techniques.

Information Spatial resolution Detection limit Limitations
FM (Atomic force microscopy) 3-D surface microtopography <10 nm Max. sample
FS (Force spectroscopy) Interfacial forces size, require
extreme flat surfaces
SEM (Scanning electron microscopy) 3-D spatial imaging 10-15 nm No liquid
phase (vacuum)
EDS (Energy dispersive spectroscopy) Elemental compositional measurements 5 pm ~0.1%
TEM (Transmission electron microscopy) 2-D spatial imaging 0.1-0.2 nm Sample thickness,
EELS (Electron energy loss spectroscopy) Elemental compositional measurements 1nm ~0.0001 % risk of artefacts
with sample preparation
using FIB (vacuum)
SAED (Selected area electron diffraction) Crystal structure and long-range ordering 0.2-1 um
SIMS (Secondary ion mass spectroscopy) Elemental and isotopic compositional 50 nm (NanoSIMS) ~0.01% No liquid
measurements (dynamic mode), phase (high vacuum),
molecular information (static mode) destructive
10-15 pm (SIMS)
XRD (X-ray diffraction) Crystal structure 5-10 pm Spatial resolution
and long-range ordering (conv. XRD for single crystals)
Sub-pm (synchrotron pXRD)
STXM (Scanning transmission Composition and structural 5-30 nm Sample thickness,
X-ray microscopy) chemistry (adsorption, binding) risk of artefacts
with sample preparation
using FIB
NEXAFS 5-30 nm ~0.001 %
(Near edge X-ray absorption fine structures)
LC-ESI-MS/MS Molecular identification n.a 50 pM-50 nM Solution sampling
(Liquid chromatography electrospray ionization and quantification limits spatial resolution
mass spectrometry)
MALDI-MS (Matrix assisted laser Molecular identification 10 pM 1 fmol pixel * Variable ionization
desorption/ionization-mass spectrometry) and quantification rate hinders quantification
Fluorescent confocal microscopy 3-D spatially resolved quantitative 0.5 uM Variable Lack of probes, sensitivity to

data of target molecules

variation in chemistry
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increase in dissolution rates. Nevertheless, AFM does not
provide information in relation to the interfacial contact
zone between fungi and the mineral substrates where weath-
ering processes are thought to be intense.

Elemental and isotopic analysis

SEM, including ESEM, has been used extensively for the
surface visualisation of fungi in association with minerals
(e.g., Fomina et al., 2005; Gleeson et al., 2005; Burford et al.,
2006; Rosling, 2003; Rosling et al., 2007). SEM (and in particular
Field Emission Gun - FEG-SEM) can provide spatial informa-
tion at the micrometer-to sub-micrometer scales. Coupled
with energy dispersive spectroscopy (EDS), this approach
can reveal high-resolution elemental compositional measure-
ments. Structural characterization, chemical analysis and
imaging at the nanometre scale (viz. sub-cellular) can be
achieved with TEM. Both SEM and TEM can provide elemental
distribution maps when coupled with EDS, with Scanning
Transmission Electron Microscopy (STEM-EDS) having
a higher resolution. In addition, STEM can be used to measure
and map the oxidation state of elements via electron energy
loss spectroscopy (EELS). While EDS is particularly useful to
determine chemical composition, especially heavier
elements, EELS is optimal for lower weight elements (C-Zn).
Additionally, structural analyses can be accomplished with

TEM by using selected area electron diffraction (SAED) (see
section below).

TEM analysis requires very thin samples (<100 nm) to
allow the electron beam to pass through (transmission) the
samples. Therefore, samples are commonly produced by
microtoming or by the FIB approach. FIB is a spatially resolved
ion milling technique that uses a focused ion beam of gallium
ions to extract cross-sections from the mineral surface.
Adequate sample preparation to avoid Ga incorporation into
the cross-section is key for successful application of FIB
coupled with TEM or other micro-analytical techniques (Lee
et al., 2007). FIB in combination with TEM has been used
(Fig 2) to sample and study the surface of naturally weathered
alkali feldspars (Benzerara et al., 2005a,b; Lee et al., 2007)
and fungal-biotite interfaces (Bonneville et al., 2009).

SIMS is an ion microprobe technology that provides
spatially resolved, elemental and isotopic analysis of mineral
surfaces at scales ranging from a few um for conventional
SIMS to 50 nm lateral resolution with the new SIMS generation
(Cameca NanoSIMS 50, referred to NanoSIMS in the
following) (Herrmann et al., 2007a). In the context of soil
ecology, Cliff et al. (2002, 2007) used time-of-flight, secondary
ion mass spectrometry (TOF-SIMS) to qualitatively describe
the in situ assimilation of *N and *3C into soil microorgan-
isms. With NanoSIMS, the much improved lateral resolution
allows for the analysis of isotopic signatures at a sub-cellular

Platinum strap  Hypha

Interface

“— Oxidized layer of
biotite rich in Fe(lll).

«— Structural Fe(ll) of
non-altered biotite.

Fig. 2 - (A) SEM micrograph of ion milling process by FIB on a hypha at the surface of a biotite flake (red: protective platinum
strap; purple: fungal hypha). (B) HR-TEM bright field micrograph of the hypha-biotite interface with stacking default within
the biotite structure (white arrow), (C) NEXAFS image of a hypha-biotite FIB section at 700 eV. (D) Fe speciation map of the
hypha-biotite interface derived from a principal component analysis of sequence of NEXAFS images at the Fe L2,3 edge. (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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level which is particularly useful to the ecophysiology of
microorganisms in complex environments and communities
(Behrens et al., 2008; Musat et al., 2008). Herrmann et al.
(2007a,b) showed that NanoSIMS can also be used to detect
isotopically enriched bacteria in the soil matrix (Fig 3). Alter-
natively, by sputtering the mineral surface, SIMS can provide
depth profiles of element abundances which could potentially
prove to be useful in understanding the fungi-mineral
interface.

Each of the above mentioned techniques has its own
specific focus and sample restrictions. SIMS, specifically
NanoSIMS, requires a stable, conductive and fairly flat
surface (surface roughness <5-10um) (Herrmann et al,
2007a). Charging effects (i.e., obscuring the boundaries
between different mineral areas) may occur when depth
profiling heterogeneous mineral surfaces as primary ion
beam ablation may cause differences in variations in surface
topography. Such effects, however, have not yet been
checked but an electron flood gun can lessen emerging
charging effects. SEM, except for ESEM, can accommodate
non-flat and mineral grain-type samples however with
conductive coating (carbon, platinum or gold) a few nanome-
ters thick but the latter has an limited spatial resolution
compared to SEM. TEM only requires ultra-thin samples but
the high voltage of the TEM beam (80-300kV) can induce
significant beam damage to the sample and in some cases
can hinder elemental analysis. Apart from ESEM which can
operate in relatively humid and low vacuum conditions and
without conductive coating, the common disadvantage of
all the techniques listed above is the requirement of high
vacuum which prevents the analysis of liquid phases around

Fig. 3 - NanoSIMS image of a cross-section of *°N enriched
Pseudomonas fluorescens (red), attached to a mineral particle
(Si in blue), surrounded by '*N material (green) (see
Herrmann et al., 2007b for further information). (For inter-
pretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

the fungi or possibly at the fungi-mineral interface (although
some of the techniques can be applied with shock-frozen
samples, see below “Composition of the liquid phase of the
interface”).

Structural analysis

TEM or SEM, in combination with EDS analysis and SIMS, can
provide imaging, elemental and isotopic information at
micro- to nanometre-scales. However, the analytical ideal
for examining the fungal-mineral interface would be
a method, or combination of methods, offering both struc-
tural, as well as elemental, composition data. One established
technique to study mineral crystal structure is X-ray diffrac-
tion (XRD). The obtained diffractogram gives information on
crystal structure and, when compared to a database, allows
rapid identification of mineral species. XRD has been used
extensively to identify biominerals at fungal-mineral inter-
faces (e.g., Wilson et al., 1980; Krumbein and Jens, 1981; Adamo
and Violante, 2000; Russ et al., 1996). However conventional
XRD usually analyses powders or single crystals and no capa-
bility of spatially resolved measurements is available.

Spatially resolved measurements of long- and short-range
order can be achieved by modern diffraction and spectroscopy
techniques. Selected area electron diffraction (SAED), using
the electron beam of the TEM instead of X-rays to induce
diffraction, has the great advantage of a high lateral resolution
(i-e., from 0.2 to 1 pm) and also the possibility to spatially link
structural data to element data within the same TEM sample.
Compared to conventional XRD, synchrotron-based p-X-ray
techniques offer improved spatial resolution data and faster
acquisition times than traditional XRD (Manceau et al., 2002).
X-ray diffraction can be measured down to the sub-um level
(Cloetens et al., 1996). These advances make time-resolved
and in situ measurements feasible.

Another family of synchrotron-based techniques, X-ray
spectroscopy, provides information about the local electron
and coordination structure of the targeted atom. Scanning
transmission X-ray microscopy (STXM), coupled with near
edge X-ray absorption fine structure (NEXAFS) or X-ray
absorption near edge structure (XANES), can provide infor-
mation on the structural organic/inorganic chemistry of
soil/minerals at nanoscales. The technique provides both
an image of soil particles as well as a spectrum for a given
area on the respective image that can be used for functional
group speciation, making it possible to evaluate relation-
ships between organic matter chemistry and mineral
surface composition. STXM coupled with NEXAFS has been
used to study microbial-mineral interactions of filamentous
microorganisms and biotic weathering products of Mg-Fe-
orthopyroxene at nm-scales (Benzerara et al, 2005a).
Recently STXM-XANES was used to demonstrate local
changes in the oxidation state of Fe in biotite near the
fungal-mineral interface (Bonneville et al., 2009), as shown
in Fig 2. Samples for STXM can be small grains, but can
also be prepared using the FIB approach described above
(Benzerara et al., 2005a; Bonneville et al., 2009). The advan-
tage of using FIB prepared samples is the ability to combine
TEM and STXM techniques to a wide range of data on the
same region of interest.
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Composition of the liquid phase of the interface

Of all aspects of the fungi-mineral interactions, pH, redox
status and chemical composition of fluids is probably the
most challenging to study because of the extremely restricted
volumes available and the highly temporally dynamic nature
of organic solutes. However, recent developments in analyt-
ical tools enable measurements of organic exudates in the
sub-pmol range. The combination of liquid chromatography
with electrospray ionization mass spectroscopy (LC-ESI-MS/
MS) allows measurement of low molecular weight organic
acids and siderophores down to 50 pM in 100 uL samples
(Bylund et al., 2007; Moberg et al., 2003, 2006) Currently, the
micro-sampling at specific areas colonized by fungi actually
limits the spatial resolution of studies of fluid chemistry.
Techniques such as micro-suction (Dieffenbach and Matzner,
2000) and centrifugation (Geibe et al., 2006) have been used
but these are not suitable at the scale of individual hyphae.
Nevertheless, these methods can help to link the local chem-
istry at this scale to the presence of fungal hyphae. Because
of the small volume of sample needed for the determination
of low molecular mass organic acids and siderophores,
it would be possible to develop more precise sampling
techniques.

A (different approach utilizes shock-frozen samples
combined with surface analytical techniques. Matrix assisted
laser desorption/ionization coupled with a mass spectrometer
(MALDI-MS) has been successfully used to study metabolite
distribution at a cellular level in plant tissues (Burrell et al.,
2007). The ideal matrix appears to be water ice, which make
this technique potentially valuable to obtain spatially resolved
data of the fluid’s chemical composition. To our knowledge,
this technique has not yet been applied to extracellular
aqueous chemistry. TEM has also been applied with frozen
samples (Gustafsson et al.,, 1995). With this technique the
most critical step is handling of the ultra-thin cryo-TEM
samples (MoberlyChan et al., 2005). Up to now a combined
cryo-FIB/SEM and TEM is hitherto not available in one instru-
ment (pers. comm. Susan Stipp).

In the field of fungal and plant physiology, fluorescence
imaging with confocal microscopy is a rapidly developing
tool to study in situ molecular dynamics at the sub-cellular
level (Emptage, 2001). The latest advances in confocal
microscopy allow for the acquisition of spectral data at
the sub-micrometer scale and in three dimensions. Also
promising is the possibility to use fluorescent probes to
target specific molecules and subsequently derive concen-
trations. This method was successfully applied in a study
on bacterial-mineral interactions in which pH changes in
biotite interlayers colonized by bacteria were measured
(Barker et al., 1998). A variety of fluorescent probes are
now available to measure pH, the concentrations of
a number of cations, and even hydrophobicity. The devel-
opment of multiphoton microscopy improved fluorescence
imaging considerably, by reducing the photobleaching and
the out-of-focus light scattering. However, the lack of
probes for most of the fungal exudates and the sensitivity
currently limit the use of fluorescent probes to investigate
fungi-mineral interactions and exudation products.

4, Outlook

Recent development of micro-analytical techniques offers
exciting possibilities to study fungal-mineral interactions at
the scale of individual hyphae. Most of these techniques are
only applicable to solid phases (i.e., fungus and mineral
components of the interface) as the requirements for sample
preparation most often exclude the study the aqueous phase.
The liquid-mineral phase interface remains probably the
most challenging, but important, aspect to study in respect
to fungal-mineral interactions.

Up to now, most studies have focussed on either the
mineral, the fungus, or the liquid phase chemistry. A unified
approach that focuses on all three aspects in the same study
would provide unique insights into our understanding of
fungal-mineral interactions (Banfield et al., 1999). Advances
in instrumentation have allowed for many of the above tech-
niques to be combined into a single platform that can simulta-
neously probe different aspects of biotic mineral weathering.
For instance, combined confocal and AF microscopy are
capable of fluorescence imaging of microorganisms and
solutes while monitoring changes in surface topography or
surface chemistry. Other instrumentation pairs that once
were mutually exclusive may now be used due to advances
in sampling and sample preparation. For instance, ultra-thin
samples, prepared for TEM and other transmission tech-
niques, can also be analysed with NanoSIMS (Clode et al.,
2009), making it possible to spatially link structural visual
(TEM), structural (SAED), elemental (EDS/EELS/NanoSIMS),
chemical (STXM) and isotopic data (NanoSIMS). With further
development of the cryo-instrumentation, the liquid phase
could be included in most of these ultra-thin sample
techniques.

The ability to study fungal-mineral interactions at high
resolution raises a final key question: “What are the implica-
tions of fungal-mineral interactions observed at the scale of
the individual hyphae for biotic weathering at the ecosystem
and global levels?” Although it is critical to use these modern
techniques to unravel the fundamental mechanisms of inter-
actions at the fungal-mineral interface, a concerted effort
with measurements needs to be placed in the larger context
of biogeochemical cycling, environmental processes and
ecosystem function. As fungal weathering is a spatially local-
ized process (see e.g., Bonneville et al., 2009), observations at
the scale of the fungal-mineral interface are necessary to
elucidate the mechanisms of fungal weathering. In order to
extrapolate micron scale observation to soil or ecosystem
scale, three aspects need to be considered: (i) spatial and (ii)
temporal heterogeneity, and (iii) the rates of fungal-mineral
interactions and processes. Experimental approaches at rele-
vant spatial scales are required for accurate calibration of
model parameters for modelling of fungal weathering at soil
or ecosystem scales. Defining biogeochemical conditions in
the fungal-mineral interface is likely to be the main challenge
in developing accurate models (see Rosling et al., 2010).
However, recent developments of micro-analytical tools pre-
sented in this review will provide adequate sensitivity and
resolution to obtain experimental data at the fungal-mineral
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interface. The results of these studies, when combined with
mathematical modelling approaches, can be reassembled to
test and improve conceptual ideas in fungal-mineral interface
research and they will further improve our understanding of
biotic weathering.
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