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Abstract: In the field of microbial biomineralization, much of the scientific attention is focused on
processes carried out by prokaryotes, in particular bacteria, even though fungi are also known to be
involved in biogeochemical cycles in numerous ways. They are traditionally recognized as key players
in organic matter recycling, as nutrient suppliers via mineral weathering, as well as large producers
of organic acids such as oxalic acid for instance, an activity leading to the genesis of various metal
complexes such as metal-oxalate. Their implications in the transformation of various mineral and
metallic compounds has been widely acknowledged during the last decade, however, currently, their
contribution to the genesis of a common biomineral, calcite, needs to be more thoroughly documented.
Calcite is observed in many ecosystems and plays an essential role in the biogeochemical cycles of
both carbon (C) and calcium (Ca). It may be physicochemical or biogenic in origin and numerous
organisms have been recognized to control or induce its biomineralization. While fungi have often
been suspected of being involved in this process in terrestrial environments, only scarce information
supports this hypothesis in natural settings. As a result, calcite biomineralization by microbes is
still largely attributed to bacteria at present. However, in some terrestrial environments there are
particular calcitic habits that have been described as being fungal in origin. In addition to this, several
studies dealing with axenic cultures of fungi have demonstrated the ability of fungi to produce calcite.
Examples of fungal biomineralization range from induced to organomineralization processes. More
examples of calcite biomineralization related to direct fungal activity, or at least to their presence,
have been described within the last decade. However, the peculiar mechanisms leading to calcite
biomineralization by fungi remain incompletely understood and more research is necessary, posing
new exciting questions linked to microbial biomineralization processes.
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1. Introduction

Biomineralization is defined as the formation of a mineral as a result of biological activity [1]. Three
levels of biological mediation over the formation of biominerals can be defined [2,3]: (i) biologically
controlled mineralization (BCM), when crystal nucleation, growth and morphology are under the tight
genomic control of an organism; (ii) biologically induced mineralization (BIM), when biological activity
induces physicochemical changes in the environment resulting in mineral nucleation and growth, also
influencing mineral morphology; (iii) biologically influenced mineralization (or organomineralization
sensu stricto; [2]) involving a biological matrix to initiate or enhance crystal nucleation and growth,
with an influence on mineral morphology. Importantly, in this last type of biomineralization, living
organisms are not directly required and only the organic fraction matters as a template for nucleation.
For this reason, Trichet and Défarge [4] defined organomineralization as a “precipitation mediated
by non-living organic substrates in soils and sediments” and this is the definition that will be used
throughout this contribution.
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The term microbe encompasses diverse organisms that are too small to be visible to the naked eye
and belonging to both the Prokaryotes (bacteria and archaea) and the Eukaryotes (fungi, protists, and
microscopic algae; [5]). All of them are involved in at least one type of biomineralization. For instance,
BCM is common in algae and protists, but also very widespread in macroscopic pluricellular organisms
(skeletons, shells, efc.; [6]). As a result, it is considered of minor importance in the microbial world
except in the case of magnetotactic bacteria [7]. On the contrary, the two other types of biomineralization
(BIM and organomineralization) are very common in microbes. Numerous examples exist in the
scientific literature dealing with microbial BIM (e.g., [8-11]). Organomineralization studies published
in the last decade demonstrate that this process might be of greater importance than previously thought
(e.g., [2,3,12-14]). In particular, microbes with their minute sizes (1-20 um) exhibit large surface to
volume ratio and therefore microbial surfaces and residues represent a very large fraction of potential
organic templates for mineral precipitation.

Among biominerals, calcite and aragonite (two polymorphs of calcium carbonate, CaCO3) are the
most commonly encountered minerals [15]. As a matter of fact, CaCO3 biominerals precipitated under,
or related to the influence of biological processes are widespread and represent a greater contribution
to the CaCOj3 pool on Earth than physicochemical CaCOs3 [16,17]. As a result, CaCO3 biominerals are
found in a myriad of different habits. Their recognition as biominerals, as well as the actual processes
that led to their formation, are sometimes difficult to assess. In particular, biominerals from biologically
induced or influenced mineralization often exhibit poorly defined shapes in contrast to biominerals
formed under controlled conditions [18]. As a result, when observed in association with a given
organism, attributing their formation to the activity of this organism is not always straightforward.

Biominerals and biomineralization are important fields in both geo- and bio-sciences because of
their great influence in global biogeochemical cycles: CaCO3 minerals are of major importance in both
the global carbon (C) and calcium (Ca) biogeochemical cycles. Therefore, processes related to their
dissolution and precipitation are of major interest in our understanding of how microbes influence
global biogeochemical cycles at their microscopic scale. In addition, biominerals represent critical
indicators of past environmental conditions when observed in fossil records, as they offer testimony
to biological activity [1]. Therefore their clear recognition as biominerals and the processes to which
they might be related, are of great significance [1,2]. Finally, in an era of increased pressure to find
sustainable solutions to our industrial way of life it has become more important than ever to utilize
microbes as catalysts for some activities such as metal decontamination for example, and presses the
need to more thoroughly characterize the diversity of biomineralization processes linked to microbes.

The aim of this contribution is to review the latest advances in the field of CaCO;5; fungal
biomineralization. In order to set the context, a brief definition of the fungal kingdom will be presented
together with its role in global biogeochemical cycles. Then a thorough review of what is known
currently about fungal biominerals will be presented, with an emphasis on fungal CaCO3 biominerals
including both a literature review, as well as the work of the authors. Finally, the last part will
be devoted to what the reasons might be for the lack of knowledge regarding the field of fungal
biomineralization when compared to prokaryotic biomineralization.

2. Fungi in the Geobiosphere

Fungi are ubiquitous on the surface of the Earth, wherever oxygen is present; they are also able to
live in the absence of oxygen, however, this is not their main lifestyle. Soils are believed to be their
most characteristic habitat where their biomass can reach 75% of the soil microbial biomass [19]. They
are also very common in more oligotrophic environments such as caves and rock surfaces [20-22].
Finally, they are also common inhabitants of aquatic ecosystems such as streams and lakes and are
even observed down in deep-sea environments [23,24].

Fungi are chemo-organo-heterotrophic organisms and therefore depend on organic matter in
order to sustain their metabolism. They obtain their carbon source either from dead organic matter
(as saprotrophs) or from associations with living partners (either as mutualistic or parasitic symbionts).



Minerals 2016, 6, 41 30f 19

Mutualistic symbiosis may occur with plants (mycorrhizae), cyanobacteria or algae (lichens) and even
with animals [25,26]. These mutualistic symbioses have a paramount importance in terms of global
biogeochemical cycling of elements [20,25]. Fungi acquire their nutrients by absorption, meaning that
they must first pre-digest their substrate using hydrolytic or oxidative enzymes secreted in the external
environments. Solubilized nutrients are then transported inside their cells.

Most fungi are multicellular, exhibiting a branched filamentous growth habit called the mycelium.
This vegetative structure consists of rigid tubular hyphae made of elongated cells arranged one after
the other [26]. Hyphae have a very high mechanical resistance resulting from the presence of the fungal
cell wall, an highly rigid structure and the turgor pressure exerted by the protoplast on the inner side
of the cell wall [27,28]. Thanks to this high mechanical resistance, fungal hyphae have been observed
actively drilling into mineral substrates [29,30].

Hyphae grow apically with new apices arising from the creation of lateral branches forming
a three-dimensional network (Figure 1). This particularity allows them to explore and exploit their
environment while maintaining exponential growth by branching. This pattern is of great advantage to
fungi as they usually live in environments displaying both nutritional and structural spatio-temporal
heterogeneities [31]. Metabolically active cytoplasm usually move forward together with the expanding
hyphal tips as a result of exploiting heterogeneous substrates, leaving the older parts of the mycelium
as empty tubes [28,32]. In soils for instance, it has been shown that most of the hyphal network
is actually made of empty hyphae [33], which are, however, important for the functionality of the
whole mycelium.

A B

Figure 1. (A) Hyphal filamentous structure showing cells arranged one after the other, with the
formation of ramification by cell branching; (B) Typical two-dimensional morphology of a mycelium as
a result of the hyphal branched pattern.

Metabolic activity of a mycelial network is highly heterogeneous and depends mostly on the
available nutrients [34,35]. Extensive translocation of nutrients and water occurs between metabolically
active parts. As a result, the mycelial network can be described as a real logistic network [36,37].

Besides multicellular fungi, there are also unicellular fungi as well as polymorphic fungi, which are
able to change from a uni- to a multi-cellular lifestyle as a result of abiotic or biotic stimuli. Finally, fungi
reproduce both sexually and asexually, resulting in the formation of numerous types of spores [26].
Spores are used both for resistance to unfavourable conditions and for dispersion. As a result, the
density of fungal spores in the aerial environment is high and allows the ubiquitous distribution of
fungi in terrestrial environments to be explained. Spores are so common in the atmosphere that they
contribute to cloud formation [38,39].
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In phylogenetic terms, the fungal kingdom is a monophyletic group [40]. In a simplified way,
the fungal tree of life can be described as containing five phyla: Chytridiomycota, Zygomycota,
Glomeromycota, Ascomycota and Basidiomycota [26] (Figure 2).
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Zygomycota
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Figure 2. Simplified phylogenetic tree of Fungi showing the five main phyla currently defined. For

each phylum, one typical morphological example is shown.

Chytridiomycota is a primitive group of mostly unicellular fungi with both parasitic and
saprophytic lifestyles. Zygomycota comprise of many opportunistic fungi, either parasitic or
saprotrophic. Glomeromycota form characteristic associations with plants called endomycorrhizas or
arbuscular mycrorhizal fungi (AMF). Over 80% of land plants are involved in a mutualistic association
with AMF and therefore Glomeromycota represent a phyla of major importance for the functioning of
most terrestrial ecosystems [41].

Ascomycota and Basidiomycota belong to the sub-kingdom Dikarya which represents 98% of
the fungal diversity described currently [42]. Both uni- and multi-cellular forms are observed within
the Dikarya. Ascomycota represent the largest fraction of fungi described currently with 64% of the
described fungal species. They are ubiquitous in the environment and two of their most prominent
lifestyles are related to either lichen symbioses or to parasitism of plants and animals. However, they
are also common mycorrhizal fungi, as well as saprotrophs. Additionally, some have developed an
extremophilic lifestyle by colonizing rock surfaces in extreme environments (microcolonial fungi [21]).
Finally, Basidiomycota account for 34% of the total described fungal diversity. They are the common
mushroom forming fungi and are well known as ectomycorrhizal mutualistic symbionts of trees
in boreal and temperate forests [41]. However, they are also common saprotrophs and parasites of
plants and animals. Ascomycota and Basidiomycota exploit highly varied ecological niches from
organic rich to very oligotrophic mineral environments and are therefore important players in global
biogeochemical cycles.

3. Importance of Fungi in the Biogeochemical Cycles of Elements

Geomycology, a term coined by Professor Geoffrey M. Gadd and his team, is the field that
investigates the role of fungi in biogeochemical cycles [25,43,44]. Traditionally, fungi have been
considered as key players in the global C biogeochemical cycle thanks to their ability to recycle
organic matter, either through saprophytic or parasitic lifestyles. This activity typically leads to the
release of CO, and major nutrients such as N, P and S (Figure 3; [25]). However, fungi also interact
with metals and other inorganic minerals and therefore are also involved in the biogeochemical cycling
of compounds such as Fe, Ca, K, P, Mg, etc. Typically, fungi involved in lichen and mycorrhizal
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symbioses are important players of mineral turnover at global scales [26]. Similarly, microcolonial
fungi colonizing rock surfaces in arid environments interact with their mineral substrate, influencing
its chemical and physical stability [21,45].

metal-minerals uptake @

bioavailable
metals/nutrients

secondary
minerals

organic
acids

oM recych'ng

CaCO; [c|
I

organic CO, (&N, P, S) Ca*
matter + +

H,0 < H,CO; < HCO; + H* = CO, + 2H*

Figure 3. Sketch showing the involvement of fungi in global some biogeochemical cycles; (a) Fungi
contribute substantially to mineral weathering, leading to the release of bioavailable metals or nutrients,
which eventually may be uptaken by living organisms or precipitated as secondary minerals; (b) Fungi
as heterotrophs, recycle organic matter (OM). While doing so, they produce metabolites such as
organic acids that can also precipitate as secondary minerals (salts). OM recycling eventually releases
constitutive elements such as C, N, P and S; (c) CO, produced by heterotrophic fungal respiration can
dissolve into HyO and depending on the physicochemical conditions precipitate as CaCOj leading to
the formation of a secondary mineral.

The interaction of fungi with metals and minerals can be summed up by two groups of processes
leading to either mobilization, or immobilization of metals and minerals in solution [46]. Mobilization
involves all the mechanisms leading to the transfer of mineral constituents into solutions. These
processes are crucial, for instance, for nutrient bioavailability in the biosphere but can also lead to
the release of toxic compounds in the environment [32,47]. Mobilization of metals and minerals by
fungi involves both mechanical and biochemical processes, with the latter considered as being more
important in terms of the amounts of released material. Mechanical action of fungi is a result of
their ability to grow into cracks, as well as to drill within mineral substrata [20,48,49]. Biochemical
action involves several processes such as chelation, through siderophores and organic acids, redox
transformation and methylation processes. Collectively these processes can also be referred to as
bioweathering [43].

On the other hand, mechanisms leading to the immobilization of metals and minerals can
be described by both active and passive mechanisms. Active mechanisms involve intracellular
accumulation and redox transformations, whereas passive mechanisms involve sorption to cell surfaces
and exopolymeric substances (EPS) secreted outside cells, as well as formation of insoluble complexes
with conjugated bases of organic acids. Immobilization processes can eventually lead to biomineral
formation [25,46].

Within the last few decades, numerous studies have been dedicated to the interaction of fungi
with metals and minerals and have shown that fungi are able to resist high concentrations of toxic
metals [50,51], are important players in mineral weathering [29,30,48,52,53] and are large producers
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of secondary mineral compounds, in particular of metal-oxalates [49,54-58] (Figure 3). As a result,
fungi, similarly to prokaryotes, have to be considered as major players in biogeochemical cycles.
Indeed, in terms of diversity of metabolic processes associated to elemental cycling, they have a
profound influence on biogeochemical cycles of both organic and inorganic components of the Earth
system [25,43,49,59].

4. Fungal Biominerals

When considering microbial biomineralization, the majority of studies and literature deals
with prokaryotes. To the contrary, induced microbial biomineralization by eukaryotes is much less
documented, particularly when considering the Fungal Kingdom [20,43,60,61]. As an example, a
quick search in Web of Science™ for fung* AND biomineralization in comparison to bact* AND
biomineralization retrieves 129 and 1238 hints respectively. As fungi are ubiquitous in both terrestrial
and aquatic environments, this conflicts with their ecological importance.

Fungi are well known to produce large amounts of various organic acids, also called low molecular
weight organic acids (LMWOA) [20,25]. As reported by Sterflinger [20], acetic, citric, formic, fumaric,
gluconic, glyoxylic and oxalic acids are commonly produced by a wide array of fungi observed
in relationship with mineral substrata. Most of these acids are present as their conjugated bases at
environmental pHs (4 to 9) and are therefore prone to precipitation with different metals depending on
their corresponding salt solubility product [62]. Oxalic acid is one of the most important and ubiquitous
organic acids produced by fungi as it serves several different functions in fungal metabolism. It is
involved in pathogenicity, competition with other fungi, wood degradation, nutrient release from
minerals and resistance to toxic metals [55,63]. Oxalic acid is a strong organic acid (pK,; = 1.23 and
pKaz = 4.19) and is mainly present in the environment as the oxalate ion or as an oxalate salt. As a
result of oxalate ubiquity in relationship to fungal metabolism, metal-oxalates are the most common
and widespread biominerals of fungal origin described in present-day literature. Figure 4 depicts some
typical calcium-oxalate crystals associated to fungal hyphae in samples from natural environments.

Figure 4. Scanning Electron Microscope (SEM) images of fungal hyphae (white arrow) coated with

calcium oxalate crystals (probably wheddelite). Both images (A) and (B) are from a sample of plant
root associated to fungal hyphae (possibly mycorrhizal fungi) in a secondary CaCOj3 deposit of a calcic
Cambisol humic calcaric skeletic soil (WRB 2006) in Villiers, Switzerland. Detailed procedure of sample
treatment prior to electron microscopy and operation of SEM can be found in [14].

However, it is expected that fungi might be linked to the formation of other types of
biominerals. Indeed, they are ubiquitous in most of the terrestrial environments where both their
biomass and surface-to-volume ratio are enormous [19]. Additionally they have the ability to
interact with various metals and minerals [25]. Despite this fact, their implication in the genesis
of other types of minerals remains poorly documented to this day. A recent study mentions an
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Ascomycota, Purpureocillium lilacinum, as being involved in the biomineralization of jarosite, a
peculiar type of sulphur and iron mineral formed in acidic conditions, through its metabolic
activity [64]. Biomineralization of phosphate minerals as a result of fungal activity has also been
documented recently [65-69]. All are typical examples of BIM, confirming the fact that fungi are also
important players in microbial biomineralization.

5. Fungi and CaCOs;

Fungi are involved in both CaCOj3 bioweathering and biomineralization [20,48,52,70-72]. These
two activities are actually strongly related, since products released as a result of CaCOj3 dissolution
can further re-precipitate as CaCO3 depending on physicochemical conditions [71]. Whether CaCOj is
stable or not in a given solution depends mainly on factors such as temperature, pH, pCO, and/or
carbonate alkalinity. Carbonate alkalinity is controlled mainly by the pH, which will define the amount
of the various carbonate species present in a solution (CO, gas, H,COs, HCO3%2~ and CO527). Asa
result, in order to precipitate CaCOj3 two factors are critical: carbonate alkalinity and calcium (Ca?*)
concentration [2,73].

Fungal metabolism can influence both carbonate alkalinity and Ca** concentrations. Typical
fungal activities that can decrease alkalinity are heterotrophic respiration leading to an increase in
pCO;, production of organic acids and excretion of H" during fungal thigmotropism [74]. In contrast,
typical fungal activities that can increase carbonate alkalinity are water consumption (e.g., through
translocation within the fungal network), physicochemical degassing of fungal respired CO,, organic
acid oxidation [75,76], urea mineralization [77,78] and nitrate assimilation [79].

In addition to their influence on carbonate alkalinity, fungi can also influence Ca?* concentrations,
either directly or indirectly. Ca®* is important for the apical growth of fungal hyphae as it should be
highly concentrated at the apex for proper apical growth. Consequently, Ca?* concentration within
metabolically active fungal cells is under strict control: Ca?* must be concentrated at the apex and
instantly decreased in subapical regions [80]. Average concentrations of free cytoplasmic Ca?* range
from 100 to 350 nM, whereas at the tip, concentrations up to 2600 nM are observed. In order to keep
this steep gradient, fungi have to efficiently regulate Ca?*. Ca?* can enter the cytoplasm both actively
and passively, so Ca?* concentration in the cytoplasm is maintained at low levels by actively pumping
it either out of the cell, or by sequestration in organelles (mitochondria, endoplasmic reticulum, and
vacuoles), or by binding it onto cytoplasmic proteins (calmodulins) and within the cell wall [50,80,81].

Besides fungal metabolic activities that can influence alkalinity and Ca?* concentrations potentially
leading to induced CaCOj3 biomineralization, fungi can also participate through organomineralization.
Fungal cell walls, as well as secreted EPS, can adsorb various metals such as CaZ*. In environments
with high metal concentrations, it represents a first rampart of passive metal immobilization [50].
Interestingly, among fungal cell wall polymers, chitin is known for its ability to bind Ca* [82]. Cell
wall glycoproteins with available acidic groups may display a similar binding capacity [50]. In fact,
overconcentration of Ca?* on an organic matrix is a first prerequisite for CaCOj3; nucleation and
subsequent organomineralization [2]. Consequently, there are several factors in relationship to fungi
that can directly or indirectly influence CaCOj stability.

Fungi growing in Ca-rich environments are exposed to high concentrations of Ca?* and CO3%~ in
solution. These conditions likely represent a source of stress due to subsequent osmotic pressure and
Ca?* cytotoxicity. The formation of Ca-oxalates has been suggested as a means to immobilize excessive
Ca?* [54,55,83]. Precipitation of CaCOj3 by fungi may represent a similar passive mechanism leading to
a decrease of their internal Ca%* content. This process is documented for bacteria [84-86], but remains
a hypothesis regarding fungi. Similarly to osmotic pressure generated by Ca2*, excessive alkalinity can
also represent a stress for fungal cells and precipitating metal-CO3, such as CaCOj3, could represent a
mean of intracellular protection (Figure 5).
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Figure 5. Processes potentially leading to fungal CaCO3 biomineralization at the fungal microenvironment
scale. These processes are mainly linked to both Ca* sequestration and metabolic control of carbonate
alkalinity within cell compartments (cell wall (cw), cytoplasm (cy), and organelles) of fluids translocated
inside the hypha. (i) Carbonate alkalinity levels in the fungal microenvironment influence Ca®* and
CO32~ bioavailability; (ii) Ca?* sequestration rate by fungi in the different cellular compartments
influences Ca?* bioavailability. Ca?* can be present within the cell-wall (Ca*-cw) as free cytoplasmic
Ca®* bounded to proteins (Ca?*-B) or stored in organelles. Finally, fungi may exert a metabolic
control on intra-hyphal alkalinity levels (represented as CO32™), through pH regulation for instance
(e.g., H" excretion).

5.1. Fungal CaCO3z Produced in the Laboratory

CaCOs biominerals are regularly mentioned in typical fungal environments and as a result, a
fungal implication in their genesis has often been suggested [43,48,70,71,87-92]. CaCOj is a ubiquitous
component in the environment and is the most common biomineral [16]. Up until recently, it was
considered that mostly bacteria and microscopic algae were involved in its biomineralization at a
microbial level [61,71]. However, within the last decade, several studies have started to unravel some
of the specific mechanisms leading to fungal CaCOj3; biomineralization.

Li et al. [78,93] demonstrated that urease-positive fungi similarly to ureolytic bacteria, can induce
CaCOj3 biomineralization. In particular, in one of their studies [93], they isolated fungi from calcareous
soils, showing that in these environments ureolytic fungi are indeed present and may contribute to
CaCOs formation/stability. This is again a typical example of BIM since the main consequence of urea
transformation into ammonium is a pH increase, one of the critical factors for CaCOj3 precipitation.

In another study linked to nitrogen metabolism, Hou et al. [79] noted the precipitation of CaCO3
by Alternaria sp. as a consequence of nitrate removal from the medium. Nitrate uptake correlated with
an increase in pH, leading to CaCOj3 precipitation. Interestingly, they also mentioned that nucleation
seems to occur around silica particles and that the initial stage of biomineralization involves an
amorphous calcium carbonate (ACC) intermediate. This latter fact has already been discussed as a
possible intermediate, yet rarely identified in experimental procedures for biominerals by several
authors [94-96].

Rautaray et al. [97,98], Ahmad et al. [99] and Sanyal ef al. [100] performed similar studies in which
they demonstrated that fungal biomass exposed to significant concentration of Ca* (as CaCl,) leads
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to CaCOj3 biomineralization. They observed very distinct morphologies of crystals depending on the
fungal species involved and proposed that specific proteins were responsible for this. Moreover, this
effect was also reproduced only from cultures filtrates, meaning that some soluble compounds were
linked to this process. As a result, this is an example of both BIM and organomineralization.

Other authors performed experiments in less controlled conditions, i.e., in microcosms leading to
the production of CaCOs phases as a consequence of the presence of fungi. Burford et al. [71] grew
Serpula himantioides (a brown rot Basidiomycota) and Cephalotrichum sp. (previously isolated from a
limestone sample) on limestone powders with no organic C source. They observed extensive crystal
production of both calcium oxalate and CaCQOg, the ratio between the two chemical components being
a consequence of the fungal species. Crystal production was observed with both dead and live biomass,
with a more prominent effect using live biomass. This again points to the fact that both BIM and
organomineralization processes are also related to fungal presence and activity.

In another microcosm study, Masaphy et al. [101] could demonstrate the production of CaCOs3
as a result of the presence of Morchella sp. They observed calcification of quartz sands as well
as coating of hyphae with nanostructures identified as CaCOj3. They proposed that water uptake
by the mycelium, evaporation and degassing of respired CO; are responsible for adjusting the
physicochemical conditions in favour of CaCOj3 precipitation. This process corresponds to BIM. In
addition, they observed fungal hyphae within cavities with CaCOj precipitated at some distance. They
proposed that LMWOA excreted by fungal hyphae led to dissolution of CaCO3 which will further
re-precipitate in favourable physicochemical conditions. This is in agreement with the mechanism
already discussed by Verrecchia et al. [102], Burford et al. [43], Kolo et al. [48], as well as Fomina et al. [49]
(rock-building hypothesis).

As a conclusion, all these examples point to the fact that fungi are responsible, similarly to bacteria,
for a fraction of the CaCOj3 biomineralization observed in the natural environment. Moreover, they are
capable of both induced biomineralization and organomineralization processes.

5.2. Fungal CaCQOg in the Natural Environment

There are many records of suspected fungal involvement in the production of secondary CaCOs3
in the natural environment [43,48,70,71,87-92]. Owing to the knowledge gathered from laboratory
experiments performed during the last ten years, it is now possible to support observations made
by early authors. Indeed, results of some typical heterotrophic activity performed by fungi enhance
saturation in CaCOs3, e.g., (1) conversion of urea into ammonium [78,93]; (2) uptake of nitrate [79];
(3) degassing of respired CO;; (4) water translocation [101]. All these examples are typical of BIM.
In addition to this, Bindschedler et al. [14] demonstrated that fungi can be a source of organic substrates
that are likely to act as template for organomineralization in environments supersaturated in CaCOs.

Currently, no in situ studies exist to actually demonstrate the role of fungi in CaCOj3 precipitation
directly in the natural environment. Consequently, only a suspected link can be drawn. In order to
discuss this aspect, we choose to present our own experience with a typical example of secondary
CaCOs crystals attributed to fungal activity but still under debate! These minerals are known as needle
fibre calcite (NFC) and their associated nanofibres ([103] and references therein; [14] and references
from their Table 1; [90-92,104,105]). Both features are distinct micro- to nano-crystalline shapes of
calcite crystals [14] (Figure 6). Discussions among the scientific community attribute the origin of these
features either to physicochemical [106-108] or biogenic [90,103,104,109-112] processes.

However, a fungal origin can be further supported based on what is presently known about the
involvement of fungi in CaCO3 biomineralization. Indeed, both NFC and nanofibres are observed
only in vadose calcareous environments. Both Li et al. [78] and Burford et al. [71] demonstrated
that calcareous environments are efficient sources of calcifying fungi. Morever, as discussed in
Castanier et al. [73], the heterotrophic pathway of CaCOj3 precipitation presented for bacteria is also
valid for fungi. As a result, fungi have the ability to induce the physicochemical conditions leading to
carbonate supersaturation.
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Figure 6. Scanning Electron Microscope (SEM) images of natural samples of secondary CaCO3 deposit
composed of needle fibre calcite (NFC; white arrows) and nanofibres (black stars) from a calcic Cambisol
humic calcaric skeletic soil (IWRB 2006) in Villiers, Switzerland. Both images (A) and (B) are from a fungal
rhizomorph (fungal hyphae are shown in A by a black arrow) associated to a limestone fragment from
deep mineral layers of a soil covered with secondary CaCOj3 deposits.

In addition, they also act on the Ca?* component of the system. Energy Dispersive Spectroscopy
(EDS) measurements under a Transmission Electron Microscope (TEM) of ultrathin sections of fungal
rhizomorphs sampled in calcareous environments highlighted high concentrations of Ca within hyphal
walls as well as in intrahyphal inclusions (Figure 7; for details of sampling site and experimental
procedures, see reference [92]).

C
2
S
3
) (o}
Ca
Os Cu Os
Os 1Ca Os Cu Osos
W Wy Ak —
2.00 4.00 6.00 8.00 10.00 keV

Figure 7. Transmission electron microscopy (TEM) images of fungal rhizomorphs and associated EDS
spectra. Analysed zones are indicated with a star. Cu is from the TEM grid. Fungal rhizomorphs
sampled in a calcic Cambisol humic calcaric skeletic soil (WRB 2006) in Villiers, Switzerland at the interface
between the B and C horizons, showing the presence of calcium in both their cell wall (left-hand side)
and in intrahyphal inclusions (right-hand side). Os peak indicates that inclusions also contain organic
material (see [91] for further details).

These results stress that two factors critical for CaCOj3 precipitation in calcareous environment
can be triggered by fungi: (1) carbonate alkalinity and (2) concentration of Ca?* on an organic matrix.
However, in situ studies actually linking CaCO3 biominerals and fungal activity are still lacking. This



Minerals 2016, 6, 41 11 of 19

is mainly due to the access to advanced analytical technologies having only become available within
the last decade.

6. Methodological Issues in the Study of Fungal Biominerals from Natural Environments

An approach to associate an organism to a mineral in order to demonstrate a causal link, is to look
for biomarkers. A biomarker represents a measurable form of a given biological state. Depending of
the research field using this term, it can be an organic or an inorganic chemical compound, an isotopic
signature or even a morphological characteristic [113]. Indicators based on organic compounds are
frequently used as tracers in geological and environmental processes [114]. Therefore, the search for
organic molecules in mineral matter might be a way of emphasizing a biotic origin of a particular
mineral. In the following section, we propose to use the terms “organic signature” or “organic
biomarker” to illustrate this.

There are two ways in which an organic molecule may be trapped within the crystal lattice.
First, the nucleation and/or the crystal growth are controlled by an organic matrix, which is then
subsequently trapped in the crystal lattice [115]. Second, organic matter present in the environment is
passively trapped between crystal planes of polycrystalline phases [116]. Therefore, this latter process
has no influence on crystallogenesis sensu stricto. However, it may still be used as an environmental or
biogeochemical proxy.

Retrieving an organic signature from environmental samples may be achieved in several manners.
The analysis may be performed on a bulk sample by an “extraction-analysis” approach which is
then most likely a mixture of several phases, as experienced in our own observations with NFC
and nanofibres [91,105]. By this method, the presence of a given organic biomarker may indicate
the presence of an organism or a metabolism (depending on the nature of the biomarker) but it
does not necessarily indicate an implication of the targeted organism in the crystal genesis [117-119].
Alternatively, targeting the inside of the crystal lattice using fine microanalytical tools may be carried
out. Yet this approach implies a critical size for the single crystal in order to be able to focus the
analysis [120].

The “extraction-analysis” approach usually leads to poor results. Often no organic signatures are
detected, a result which is related to either detection limits, which are frequently above biomarker
compound concentrations within the object investigated, or the simple absence of the considered
biomarker. However, such results tend to remain unpublished (personal observation by the authors).

In contrast, if organic biomarkers are detected and identified, their causal link to a given
biomineral remains dubious [117-119]. Consequently, using a fine-scale analytical approach is
necessary because of the low specificity and/or poor resolution of broad-spectrum methods [120-122].
Indeed, the study of organic molecules possibly trapped into the crystal lattice of sub-micrometric
objects such as biominerals, require methods capable of very high spatial and chemical
resolutions [123].

Many biominerals exhibit submicron sizes, which are often very near or under the resolution
limits of most of the methods currently available in the field of in situ microscopy and microanalysis.
The use of Scanning Electron Microscopy (SEM) and TEM coupled to EDS analyses has led to major
advances in the field of biomineralization. However, it does not allow for the direct discrimination of
organic vs. mineral matter, nor does it permit molecular characterization of the objects observed since
EDS only analyses elemental composition.

Electron Energy Loss Spectroscopy (EELS) and Electron Spectroscopic Imaging (ESI) coupled
to the TEM are very powerful microanalysis tools, as together they enable element and high spatial
resolutions. The latter configuration corresponds well to the sizes of the objects to be analysed but a
major problem subsists because of the high heterogeneity of natural samples. As a result, spectrograms
obtained with such samples are almost impossible to interpret, as too many peaks are present. This
problem was not encountered in lab experiments, as shown in a study by Cailleau et al. [104]. Therefore,
it appears that this method is not adapted to the investigation of natural samples.
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An accurate examination of the chemistry of biominerals at submicrometric scales requires a
microanalytical tool of very high spatial and spectral resolution that is also able to focus on one
element at a time, such as Scanning Transmission X-ray Microscopy (STXM). Looking at an object being
analysed through X-ray images is a critical approach in biomineralization. The use of NEXAFS (Near
edge X-ray absorption fine structure) spectrometry allows for very high mass resolution appropriate
for detecting light elements such as C, N, O and Ca which are constitutive elements of fungal CaCOs3
biominerals. Moreover, analysis with fine X-ray sources provide the opportunity to retrieve information
regarding bond types between elements and is therefore the tool of choice when studying organic
materials. Indeed, organic materials are usually often composed of the same major elements (C, H,
O, N) but the difference lies on the bond types between these elements. A final advantage of this
method is the possibility of analysing hydrated environmental samples [120]. By this means, it is
possible to avoid the complex preparation of samples prior to observation, which can potentially create
artefacts to the sample. Indeed, one major problem that remains in conventional electron microscopy
studies with these kinds of samples, especially when containing a large fraction of biological material,
is that they have to be fixed and dehydrated using chemical and/or physical methods. Each of these
treatment steps can modify the structure of a sample, as well as the relationships between the different
elements within a sample [124]. This fact has been suggested as an explanation for the observation of
enigmatic or unidentified features in some studies [117,125].

To sum up, all the characteristics mentioned above make STXM a tool of very high analytic
resolution, able to retrieve nanometer scale chemical information under in situ environmental
conditions [120]. And as a matter of fact, STXM has proven to be an appropriate tool to study the
biogenecity of some minerals [53,126-129].

NanoSIMS (Secondary Ion Mass Spectrometry) can also be a valuable option for investigating
fungal biominerals as it also exhibits very high lateral (around 50 nm [130]) and mass resolutions.
However, nanoSIMS does not have the capability of analysing bond types, which is critical
when studying organic materials as explained above. Fine elemental mapping as well as isotopic
discrimination are possible [130], which could lead to the recovery of either an isotopic or elemental
pattern in biominerals, which may help to discuss their origin [131].

Finally, another approach often used in the field of geomycology are DNA-based methods (DNA
extraction, PCR and sequencing). While crucial advances have been made in the last ten years, in
particular regarding sequencing methods, fungal community ecology still lags behind prokaryotic
community ecology. The term microbial has often been (and is still sometimes) used for studies only
describing bacteria [60,132]. Additionally, besides exhibiting very diverse life forms, fungi spread
across three ecological categories: saprophytes, mycorrhizae and pathogens/parasites, which have
been targeted individually by researchers [133,134]. However, recent research clearly demonstrates
that all three categories matter for soil functioning [133]. Therefore, a global overview of fungal
community ecology (the different fungi present in an environment and the ecological functions
they fulfil) requires the use of advanced molecular methods, which are currently being developed.
Consequently, the poor results usually obtained with DNA-based approaches in the field of fungal
biomineralization [135] are more likely due to poor primer specificity and under-representation of
fungal sequences in databases [136-138], as well as peculiarities of fungal biology [134] in comparison
to prokaryotes, rather than a lack of fungal involvement.

7. Conclusions

Microbial biomineralization is a rapidly expanding field, mainly due to the fast development of
new methods to qualitatively and quantitatively analyse interactions at the scale of microbes. However,
while microbe is a term that defines a wide range of organisms (from prokaryotes to eukaryotes),
studies dealing with microbial biomineralization are still biased towards prokaryotes. This is probably
the result of traditional microbial ecology that first developed in the field of bacteriology, as well as
the difficulty in studying complex organisms such as fungi that usually exhibit very heterogeneous
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morphologies and metabolic activities in space and time. Bacteria are usually single-celled organisms
whose morphology and related metabolic activity are much easier to define and to study accurately in
laboratory conditions. In addition, fungi have long been investigated regarding their importance in
organic matter degradation, either through saprotrophy or parasitic/pathogenic interactions. Due to
this, their link to inorganic constituents was considered as being restricted to mineral nutrition through
mycorrhizal symbiosis, mineral weathering of lichens as well as production of mycogenic oxalates.
Presently this view appears as being rather minimalistic, since recent studies in the field of geomycology
have demonstrated that fungi are widely present and active in relationship to mineral substrata on
a global scale. They are, similarly to bacteria, major players in the mobilization and immobilization
of various mineral and metal compounds. In particular, considering the immobilization of mineral
compounds, their action goes far beyond producing oxalate minerals. Fungi have an important role in
microbial CaCOj3 biomineralization and participate to both biologically induced biomineralization
and organomineralization processes. Several examples of induced biomineralization through fungal
metabolic activity (i.e., through heterotrophic pathways) have been documented. The relationship of
fungi to CaCOj3 organomineralization is also mentioned regularly, however the exact mechanisms still
remain to be more thoroughly assessed. Therefore, in order to adequately quantify the importance of
microbes in CaCO3 biomineralization, the most common biomineral encountered in the biosphere,
further efforts should be made to highlight the diversity of fungal processes, as well as their importance
in global biogeochemical of both the C and Ca cycles. In addition, it also emphasizes their possible
role in the biomineralization of other type of mineral of ecological importance such as phosphate
and oxides.
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