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SUMMARY

Geomicrobiology addresses the roles of microorganisms in geological and geochemical
processes and geomycology is a part of this topic focussing on the fungi. Geoactive roles of
fungi include organic and inorganic transformations important in nutrient and element
cycling, rock and mineral bioweathering, mycogenic biomineral formation, and metal-fungal
interactions. Lichens and mycorrhizas are significant geoactive agents. Organic matter
decomposition is important for cycling of major biomass-associated elements, e.g. C, H, N,
O, P and S as well as all other elements found in lower concentrations. Transformations of
metals and minerals are central to geomicrobiology, and fungi effect changes in metal
speciation, as well as mediate mineral formation or dissolution. Such mechanisms are
components of biogeochemical cycles for metals as well as associated elements in biomass,
soil, rocks and minerals, e.g. S, P, and metalloids. Fungi may have the greatest geochemical
influence within the terrestrial environment. However, they are also important in the aquatic
environment and significant components of the deep subsurface, extreme environments and
habitats polluted by xenobiotics, metals and radionuclides. Applications of geomycology
include metal and radionuclide bioleaching, biorecovery, detoxification, and bioremediation,
and the production of biominerals or metal(loid) elements with catalytic or other properties.
Adverse effects include biodeterioration of natural and synthetic materials, rock and mineral-
based building materials (e.g. concrete), cultural heritage, metals, alloys and related
substances, and adverse effects on radionuclide mobility and containment. The ubiquity and
importance of fungi in the biosphere underlines the importance of geomycology as a

conceptual framework encompassing the environmental activities of fungi.

INTRODUCTION
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The significance of fungi in natural environments is extensive and profound. Their most
obvious roles are as decomposers of organic materials, and as animal and plant pathogens and
symbionts. It is therefore obvious that they are of major importance in the global carbon cycle
through such activities and as important determinants of plant growth and productivity.
However, their importance in terms of nutrient and element cycling greatly extends beyond
this core activity and they are involved in the biogeochemical cycling of many other elements
and substances, as well as many other related processes of environmental significance. The
growing discipline of geomicrobiology addresses the roles of microorganisms in geological
and geochemical processes (1,2), and geomycology can be considered to be a part of this
topic that focusses on the fungi (3,4). The often clear demarcation between mycological and
bacteriological research has ensured that the geoactive properties and significance of fungi
have been unappreciated in wider geomicrobiological contexts. The range of prokaryotic
metabolic diversity found in archaea and bacteria, including their abilities to use a variety of
different terminal electron acceptors in respiration and effect redox transformations of many
metal species (5,6), has also contributed to a narrow overall view of the significance of
eukaryotic organisms in important biosphere processes. A recent collection of
geomicrobiology review articles managed to completely exclude fungi (as well as algae),
even to the extent of defining “microbes” as being only bacteria and archaea (7).
Nevertheless, appreciation of fungi as agents of geochemical change is growing, and their
significance is being discovered even in locations not usually regarded as prime fungal
habitats, e.g. rocks, acid mine drainage, deep aquatic sediments, hydrothermal vents and the
igneous oceanic crust (8-11). Their significance as bioweathering agents of rocks and
minerals is probably better understood than bacterial roles (12), and this ability is of prime
importance in the weathering of human structures in the built environment and cultural

heritage (13-15). On the positive side, the geoactive properties of fungi can be used for
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human benefit and several aspects may contribute to providing solutions to several important
global challenges. Geomycology is relevant to reclamation and revegetation of polluted
habitats, bioremediation, nuclear decommissioning and radionuclide containment,
biorecovery of important elements, and the production of novel biomaterials. This chapter
outlines important geoactive properties of fungi in relation to important environmental

processes, their positive and negative applications and impact on human society.

THE FUNGAL HABITAT

Fungi are ubiquitous components of the microbial communities of any terrestrial
environment, including such hostile habitats as the Arctic, hot deserts, and metal-rich and
hypersaline soils (16). They are significant inhabitants of the aquatic environment as
decomposers of organic matter but are also involved in other elemental cycles, e.g.
Manganese oxidation (17). Fungi are ubiquitous in habitats polluted by xenobiotics, toxic
metals and radionuclides, both terrestrial and aquatic, as well as leachates and other solid or
liquid wastes (18). In such habitats, fungi may exhibit a variety of mechanisms that determine
tolerance and survival, and which are also components of elemental cycles for pollutant
elements (18). These “extreme” locations may also act as a reservoir of novel organisms with
unusual properties. For example, acid mine drainage is now known to harbor fungal
communities, the preponderance of earlier research on this habitat being devoted to
prokaryotes, and some isolates possess unusual element bioaccumulation properties. New
species include Fodinomyces uranophilus and Coniochaeta fodinicola from uranium mine
locations that can bind mobile uranium (10,19) and a Penidiella sp. from an acidic abandoned
mine location that was capable of accumulating rare earth elements such as dysprosium (Dy)
(20). A global fungal role in biogeochemical cycling of the elements (e.g. C,H, N, O, P, S,

metals, metalloids) is therefore obvious and interlinked with the ability to adopt a variety of
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growth, metabolic and morphological strategies, adaptive capabilities to environmental
extremes and, their symbiotic associations with animals, plants, algae and cyanobacteria
(16,21,22). The ability of many fungi to grow oligotrophically by scavenging nutrients from
the air and rainwater helps them survive on stone and rock surfaces which are considered to
be an inhospitable environment (9,23). In addition, organic and inorganic residues on
mineral surfaces or within cracks and fissures can act as nutrient sources in the sub-aerial
rock environment (24). One of the most successful means for fungi to survive in the extreme
sub-aerial environment is underpinned by their symbiotic associations with algae and
cyanobacteria as lichens where the phototrophs provide a source of carbon and protection
from light and irradiation (24,25). Lichens enable colonization of a wide range of
environments including those at climatic extremes such as the Arctic and Antarctic, exposed

rock surfaces and dry deserts.

In the deep subsurface, the research emphasis is mostly on prokaryotes, but the presence of
fungi is now well known (11, 26-28). Fungi occur in abundance and high diversity in such
varied environments as deep-sea sediments (29), hydrothermal vents (30,31), and methane
cold-seeps (29,32). They are now also known as abundant inhabitants of the igneous oceanic
crust which has consequently been described as the largest fungal habitat on Earth (11).
Fungi seem to play an important ecological role in the igneous oceanic crust as they exist in
symbiosis with chemolithotrophic prokaryotes, decompose organic matter, dissolve and form
minerals, and therefore are involved in the cycling of elements (11,33,34). Fossilized
microorganisms have been observed in drilled cores and dredged samples from the ocean
floor with a majority of these findings representing fungi (34,35). These fungi existed in a
close symbiotic-like relationship with two types of prokaryotes, which appeared to use the

structural framework of the mycelium for their growth (34). It therefore seems clear that
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geomycological processes are significant in a wide range of biosphere habitats, including

those traditionally thought to be inimical to fungal growth and development (36).

ORGANIC MATTER DECOMPOSITION AND BIOGEOCHEMICAL CYCLING OF
COMPONENT ELEMENTS

Organic matter decomposition is the attribute most commonly associated with fungi, and is a
major contribution to global biogeochemistry as well as the spoilage of foodstuffs and
organic materials (21,36). In fact, fungal processes represent a potential control point in the
global carbon cycle (37). To some extent, research on this aspect of chemoorganotrophic
metabolism has obscured the wider global implications of decomposition in terms of the
cycling of other elements and nutrients, and also contributed to a lack of attention to fungal

roles in wider geochemical cycles.

Most biogeochemical attention on fungi has been given to carbon and nitrogen cycles, and
the ability of fungi to utilize a wide spectrum of organic compounds is well known. Simple
compounds such as sugars, organic acids, and amino acids can easily be transported into the
cell while more complex molecules are first broken down to smaller molecules by
extracellular enzymes before cellular entry. Such compounds include natural substances such
as cellulose, pectin, lignin, lignocellulose, chitin and starch to anthropogenic products like
hydrocarbons, pesticides, and other xenobiotics (21,37). Organometals (compounds with at
least one metal-carbon bond) can also be attacked by fungi. Degradation of organometallic
compounds can be carried out by fungi either by direct enzymic action or by facilitating
abiotic degradation, e.g. by alteration of external pH through metabolite excretion. Tributyltin
oxide and tributyltin naphthenate may be degraded to mono- and dibutyltins by fungal action,

inorganic Sn(ll) being the final degradation product (38). Organomercury compounds may be
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detoxified by conversion to Hg(Il) by fungal organomercury lyase, the Hg(Il) being
subsequently reduced to Hg(0) by mercuric reductase, a system analogous to that found in

mercury-resistant bacteria.

Some fungi have remarkable degradative properties and ligninolytic fungi, like the white rot
Phanerochaete chrysosporium, can degrade many xenobiotics including aromatic
hydrocarbons, chlorinated organics, polychlorinated biphenyls, nitrogen-containing aromatics
and many other pesticides, dyes and xenobiotics (39,40). Such activities are of importance in
polluted habitats and have been applied in bioremediation where ligninolytic fungi have been
used to treat soil contaminated with substances like pentachlorophenol (PCP) and polynuclear
aromatic hydrocarbons (PAHSs) (21, 41-43). In many cases, xenobiotic-transforming fungi
need additional utilizable carbon sources for co-metabolism because although capable of
degradation, they cannot adequately utilize these substrates as an energy source. Inexpensive
utilizable lignicellulosic wastes such as corn cobs, straw and sawdust can therefore be used as
nutrient additions for enhanced pollutant degradation. Wood-rotting and other fungi have also
received considerable attention for the bleaching of dyes and industrial effluents, and
biotreatment of various agricultural wastes such as forestry, pulp and paper by-products,

sugar cane bagasse, coffee pulp, sugar beet pulp, apple and tomato pulp, and cyanide (42).

As mentioned, fungi are highly important in the degradation of naturally-occurring complex
molecules in terrestrial and aquatic habitats. Since around 95% of plant tissue is composed of
carbon, hydrogen, oxygen, nitrogen, phosphorus and sulfur, decomposition activities of fungi
are clearly important in relation to redistribution of these elements between organisms and
environmental compartments. As well as C, H, O, N, P, and S, another 15 elements are

typically found in living plant tissues - K, Ca, Mg, B, Cl, Fe, Mn, Zn, Cu, Mo, Ni, Co, Se,
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Na, Si. However, all 90 or so naturally-occurring elements may be found in plants, mostly at
low concentrations although this may be highly dependent on environmental conditions.
These include toxic and inessential metals and metalloids including As, Hg, Pb and U. Some
plants accumulate relatively high concentrations of metals like Ni and Cd. Plant metal
concentrations may reflect environmental conditions and provide a bioindicator of toxic
metal pollution or a metalliferous substrate. Metal-accumulating plants are also receiving

attention in bioremediation (=phytoremediation).

Similar concepts of element cycling also relate to animal and microbial biomass. Animals
also contain multiple elements in varying amounts. The human body (like other organisms) is
mostly water and around 99% of the mass comprises oxygen, carbon, hydrogen, nitrogen,
calcium and phosphorus. However, many other elements are present in lower amounts
including substances taken up as contaminants in food and water. It follows that
decomposition, degradative and pathogenic activities of fungi are linked to the redistribution
and cycling of all these constituent elements on local and global scales. There must be a
fungal component therefore in the biogeochemical cycles of virtually all biomass-associated
elements (3,21). The release of elements and nutrient moieties through degradation makes
them available to other microorganisms and plants, and also chemical interaction with the

environmental pool of different chemical species.

FUNGAL INTERACTIONS WITH THE INORGANIC ENVIRONMENT: ROCKS,

MINERALS AND METALS

Bioweathering
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Rocks and minerals represent a vast reservoir of elements, many essential for life, and such
elements must be released in forms that may be assimilated by the biota. These include essential
metals as well as elements like S and P (3,44). Many important microbial processes are
influenced by minerals including nutrient acquisition, cell adhesion and biofilm formation (45).
Essential nutrients and environmental contaminants sorbed to mineral surfaces can be acquired
or removed by organisms including metals and organic compounds (46,47). Other elements
and nutrients may be released from minerals as a result of bioweathering, and fungi have

notable activities in this context (3,16,24,48).

Bioweathering can be defined as the erosion, decay and decomposition of rocks and minerals
mediated by living organisms. Fungi are well suited as geoactive weathering agents since they
possess a variety of growth, metabolic and morphological strategies and can be resistant to a
range of environmental extremes such as metal toxicity, UV radiation, and desiccation. Their
mutualistic associations with plants (mycorrhizas), algae and cyanobacteria (lichens) are
particularly significant geoactive agents (3,16,24,48). The ability of fungi to translocate water,
ions and nutrients within the mycelial network is another important feature for exploiting

heterogeneous environments (49-51).

Fungi appear to be ubiquitous components of the microbiota of all rocks, building stone and
concrete, and have been reported from a wide range of rock types, e.g. limestone, marble,
granite, sandstone, basalt, gneiss, dolerite and quartz, even from the most extreme
environments (9,16,48). Rock surfaces may be subject to moisture deficit and nutrient
limitation although many species can tolerate extremes of UV irradiation, salinity, pH, and
water potential (16,24,25,48,52). Nutrients can be scavenged from the atmosphere and

rainwater, and they also use organic and inorganic residues on surfaces or within cracks and
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fissures, waste products of other microorganisms, decaying plants and insects, dust particles,
aerosols and animal faeces as nutrient sources (24). Fungi may receive protection from
environmental extremes by the presence of melanin pigments and mycosporines in their cell
walls, and by the production of mucilaginous exopolymeric substances that may entrap
inorganic particulates, e.g. clay minerals, providing further protection (9,53). Fungal
interactions with rock-mineral substrates can result in dissolution and biodeterioration but also
the formation of patinas, films, varnishes, and crusts (3,9). In soil, fungus-mineral interactions

are also an integral component of environmental cycling of elements and nutrients (4,21).

Biomechanical deterioration of rocks and minerals can occur through hyphal penetration and
burrowing into decaying material and along crystal planes in, e.g. calcitic and dolomitic rocks
(3,24,54). Intracellular turgor pressure may be a significant factor in biomechanical disruption
(55,56). Spatial exploration of the environment to locate and exploit new substrates is
facilitated by a range of sensory responses that determine the direction of hyphal growth such
as thigmotropism (or contact guidance) (57). Biochemical weathering of rocks and minerals
can occur through excretion of geoactive metabolites (58,59), and this is believed to be a more
significant process than mechanical degradation although a combination of mechanisms is
often likely. This can result in pitting and etching of surfaces to complete dissolution of mineral
grains (60-62). Bioweathering is a highly significant process and has direct consequences not
only for rock and mineral dissolution, but the mobilization and immobilization of metals,

nutrient release, and the formation of secondary minerals (2,3).

Metal mobilization

Metal mobilization from rocks, minerals, soil and other substrates can be a consequence of

protonolysis, carbonic acid formation from respiratory CO2, complexation by Fe(l11)-binding

10



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

siderophores and other excreted metabolites, e.g. amino acids, phenolic compounds, and
organic acids, and methylation (for e.g. Hg, Se and As) which can result in volatilization.
Fungal-excreted carboxylic acids can attack mineral surfaces providing protons as well as a
metal-chelating anion, e.g. citrate (58). Oxalic acid can leach metals that form soluble oxalate
complexes, e.g. Al and Fe (63). Solubilization mechanisms can result in metal mobilization
from toxic metal containing minerals, e.g. pyromorphite (Pbs(PO4)3Cl), contaminated soil and
other solid wastes (64-66). Fungi may also mobilize metals and attack mineral surfaces by
redox transformations: Fe(l1l) and Mn(IV) solubility is increased by reduction to Fe(ll) and
Mn(Il) respectively. Fungal reduction of Hg(ll) to volatile elemental Hg(0) has also been
recorded (67). As discussed earlier, metals may be mobilized from organic substrates during

decomposition (21).

Metal immobilization

Fungi are effective accumulators of metals and related substances. Important mechanisms
include biosorption to cell walls, pigments and exopolymers, intracellular transport,
accumulation and sequestration, or bioprecipitation on and/or around hyphae (3,53,68-76).
Living or dead fungal biomass are effective biosorbents for a variety of metals including Ni,
Zn, Ag, Cu, Cd and Pb as well as actinides, e.g. U, Th, with a variety of functional groups
being involved (24,53,76). The presence of chitin, and pigments like melanin, may enhance the
ability of fungal biomass to act as a biosorbent. Fungal biomineralization processes lead to

metal immobilization as biominerals or elemental forms, as described below (3).

Biomineralization

Biomineralization refers to the processes by which organisms form minerals. Biologically-

induced mineralization (BIM) is where the organism modifies the local microenvironment

11
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creating conditions amenable for extracellular chemical precipitation of mineral phases. The
organism does not appear to control the biomineralization process in BIM while a great degree
of control over biomineralization is exerted in biologically-controlled biomineralization
(BCM), e.g. the complex cellular biomineral structures found in certain other eukaryotes like
diatoms (77). Fungal biomineralization therefore usually refers to biologically-induced
mineralization. This can result from the bioweathering mechanisms discussed previously such
as redox transformations and metabolite excretion (78,79) and organic matter decomposition
where released substances re-precipitate with metals in the microenvironment, and vice versa

(4,21,80-82). As mentioned, fungal surfaces provide many reactive sites for sorption (=

biosorption) and this can also lead to the formation of mineral precipitates (2,71,83).

Common Mineral and Biomineral Transformations by Fungi

Fungi are involved in many environmental mineral transformations at differing scales (84-86).
They are clearly a very important group of geoactive organisms especially when considering
their ubiquity and capacity for production of mineral-transforming metabolites, their symbiotic
associations, and the aforementioned consequences of their major significance in organic

matter decomposition (4,5).

Carbonates Insoluble carbonates may be broken down by fungal attack, usually the result of
acid formation (87-89). Such activity is particularly evident on limestones and marble used in
building construction, but can also occur in natural limestone (88,90). Fungal attack on
carbonates (dolomites and limestones) can result in transformation of these substrates to
dolomite (CaMg(CO3)2), glushinskite (MgC204.2H20), weddellite (CaC204.2H20),

whewellite (CaC204.H20), and possibly struvite (NH2MgPO4-6H,0) (91).

12
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Certain fungi can deposit calcium carbonate extracellularly (92-95). Calcite (CaCO3) and
calcium oxalate monohydrate (whewellite; CaC204.H20) was precipitated on hyphae of
Serpula himantioides when grown in simulated limestone microcosms (93). Urease-positive
fungi degrade urea liberating carbonate (96). This process results in the precipitation of metal-
containing carbonates which provides a means of metal immobilization and biorecovery (94).
Incubation of Neurospora crassa in urea-containing media resulted in the formation of calcite,
as well as carbonates containing other metals. When a carbonate-laden N. crassa culture
supernatant was mixed with CdCl;, the Cd was precipitated in the form of highly pure otavite
(CdCO3) (94). After incubation in media containing urea and CaCl, and/or SrCl»,
Pestalotiopsis sp. and Xepiculopsis graminea (syn. Myrothecium gramineum), isolated from
calcareous soil, precipitated calcite (CaCO3), strontianite (SrCO3), vaterite in different forms
[CaCOg3, (CaxSr1-x)CO3] and olekminskite [Sr(Sr,Ca)(CO3)2] suggesting that urease-positive
fungi could play an important role in the environmental fate, bioremediation or biorecovery of
Sr or other metals and radionuclides that form insoluble carbonates (95). Paecilomyces
javanicus mediated the formation of an unknown lead mineral phase after incubation in liquid
media with lead shot. After 2 weeks incubation, precipitated mineral phase particles were found
to contain plumbonacrite (Pb10(CO3)sO(OH)s). However, after 4 weeks incubation, the lead
particles that accumulated inside the fungal pellets were transformed into a white mineral phase
composed of lead oxalate (PbC204), hydrocerussite (Pb3(CO3)2(OH)2) and a new lead

hydroxycarbonate mineral species, thus revealing novel steps in lead carbonation by fungi (97).

Oxalates Calcium oxalate is the most common form of oxalate in the environment, occurring
as the dihydrate (CaC204.3H20, weddellite) or the more stable monohydrate (CaC204.H20,
whewellite) (59,79). Calcium oxalate can be associated with free-living, pathogenic and plant

symbiotic fungi, and lichens, and is formed by precipitation of soluble calcium as the oxalate

13
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(59,61,87,98,99). Fungal calcium oxalate can exhibit a variety of crystalline forms (tetragonal,
bipyramidal, plate-like, rhombohedral or needles) (100). Calcium oxalate has an important
influence on soil biogeochemistry, acting as a calcium reservoir, and can also influence
phosphate availability. Fungi can produce many other metal oxalates on interacting with a
variety of different metals and metal-bearing minerals, e.g. Ca, Cd, Co, Cu, Mg, Mn, Sr, Zn,
Ni and Pb (3,59,64,79,101-103). The formation of toxic metal oxalates may contribute to
fungal metal tolerance (53,102). In many arid and semi-arid regions, calcareous soils and near
surface limestones (calcretes) are secondarily cemented with calcite (CaCO3) and whewellite
(calcium oxalate monohydrate, CaC>04.H2O) and the presence of fungal filaments
biomineralized with these substances has been reported (52). Calcium oxalate can also be
degraded to calcium carbonate, and this may again cement pre-existing limestones (104). Other
experimental work has demonstrated fungal precipitation of secondary calcite, whewellite, and
glushkinskite (MgC204.2H20) (3,16,48,93). Fungal attack on a dolomitic and seawater
substrate resulted in the formation of Ca-oxalates (weddellite, CaC204.2H20; whewellite,

CaC204.H20) and glushinskite (MgC204.2H>0) (105).

Oxides Several fungi can oxidize Mn(ll) to Mn(IV)O2 including Acremonium spp.
(17,106,107). Fungal oxidation is probably non-enzymatic in many cases although
involvement of laccase and/or multicopper oxidases have been shown in ascomycetes (17,106).
Non-enzymatic microbial Mn?* oxidation may be effected through production of organic acids
such as citrate, lactate, malate, gluconate, or tartrate. Some fungi can oxidize Mn(1l) and Fe(ll)
in metal-bearing minerals such as siderite (FeCO3) and rhodochrosite (MnCO3) resulting in
their precipitation as oxides (108). Manganese and iron oxides are major components (20—
30%) along with clay (~60%) and various trace elements in desert varnish (9,108). Oxidation

of Fe(I1) and Mn(11) by fungi can lead to the formation of dark patinas on glass surfaces (109).

14
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Manganese-reducing microbes may mobilize oxidized manganese, releasing it into the aqueous
phase. Most of those fungi that reduce Mn(lV) oxides reduce them indirectly (non-
enzymatically) with the likely mechanism being the production of metabolic products that act

as reductants for Mn(1V) such as oxalate (1,103).

Phosphates Phosphorus occurs primarily as organic phosphate esters and inorganic forms,
e.g. calcium, aluminium, and iron phosphates. Organic phosphates are broken down by
phosphatases which liberate orthophosphate during the microbial decomposition of organic
material. Fungi also mobilize orthophosphate from insoluble inorganic phosphates by
producing acids or chelators, e.g. gluconate, citrate, oxalate, and lactate, which complex the
metal resulting in dissociation. Phosphate-solubilization is very important in the plant
mycorrhizosphere (110). Microbes can also play a role in the formation of phosphate minerals
such as vivianite (Fez(P0O4)2.8H20), strengite (FePO4.2H20), and variscite (AIPO4.2H20).
The orthophosphate may be derived from organic phosphate degradation while Fe or Al may
arise from solubilization of other minerals. Such formation of phosphate minerals is probably
most common in soil (1). Fungal biodeterioration of metallic lead can result in pyromorphite
(Pbs[PO4]3sX [X= F, ClI or OH]) formation (111-113). Many fungi can solubilize uranium
oxides and depleted uranium and reprecipitate secondary uranium phosphate minerals,
uramphite and/or chernikovite, which can encrust fungal hyphae to high accumulation values
(73,74,114). These minerals appear capable of long-term U retention (73,74,114,115).
Aspergillus niger and Paecilomyces javanicus precipitated U-containing phosphate
biominerals when grown with an organic P source with the hyphal matrix acting to localize the
uranium minerals. The uranyl phosphates identified included potassium uranyl phosphate
hydrate (KPUO6.3H20), meta-ankoleite [(K1.7Bao.2)(UO2)2(PO4)2.6H20], uranyl phosphate

hydrate  [(UO2)3(PQ4)2.4H20], meta-ankoleite  (K(UO2)(PO4).3H20), uramphite
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(NH4UO2P04.3H20) and chernikovite [(H30)2(UO2)2(P0O4)2.6H20] (80). These organisms
could also mediate lead bioprecipitation during growth on organic P substrates (81). These
minerals were identified as pyromorphite (Pbs(PO4)3CIl) which was only produced by P.
javanicus, and lead oxalate (PbC.04), which was produced by A. niger and P. javanicus (81).
Several yeasts could also mediate lead bioprecipitation when utilizing an organic phosphorus-
containing substrate (glycerol 2-phosphate, phytic acid) as sole phosphorus source. The
minerals precipitated here included lead phosphate (Pb3(PQO4)2), pyromorphite (Pbs(PO4)3Cl),
anglesite (PbSO4), and the lead oxides massicot and litharge (PbO). All yeasts examined

produced pyromorphite, and most produced anglesite (82).

Silicates Silicates comprise 30% of all minerals and about 90% of the Earth’s crust (116)
(1,60,116). Many species of fungi play a role in the dissolution of silicates and therefore in the
formation of clay minerals, and in soil and sediment formation (54, 87, 117-122). The presence
of clay minerals can be a typical symptom of rock bioweathering by lichens and
ectomycorrhizas (118,119). Bioweathering is mainly indirect, through the production of
metabolites together with biomechanical effects (123,124). Geoactive metabolites may be
excreted into the bulk phase but may also be produced by adhering organisms on silicate
surfaces resulting in etching (125,126). After colonization of sheets of muscovite, a
phyllosilicate mineral, by Aspergillus niger, dissolution was evident by a network of fungal
“footprints” that reflected coverage by the mycelium (126). New biominerals resulted from
fungal interactions with both zinc silicate and zinc sulfide, largely resulting from organic acid
excretion. Zinc oxalate dihydrate was formed and mineral surfaces showed varying patterns of
bioweathering and biomineral formation (127). Silicate dissolution may release limiting
nutrients like bound P and Fe. In lichen bioweathering of silicates, calcium, potassium, iron,

clay minerals and nanocrystalline aluminous iron oxyhydroxides become mixed with fungal
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organic polymers (118), while biotite (K(Mg,Fe(I1))3AISiz010(OH,0O,F)2) was penetrated by
fungal hyphae along cleavages, partially converting it to vermiculite
((Mg,Fe(11),AD3(Al,Si)2010(0OH)2.4H20) (117). The fungal partner has also been reported to
be involved in formation of secondary silicates, such as opal (SiO2.nH2QO) and forsterite
(Mg2SiOa4), in lichen thalli (128). The transformation rate of mica and chlorite to clay minerals
was pronounced in ectomycorrhizosphere soil and probably a result production of organic acids
and direct extraction of K* and Mg?* by fungal hyphae (119). Fungal-clay mineral interactions
also play an important role in soil development, aggregation and stabilization (16,129).
Interactions between clay minerals and fungal biomass alters the sorptive properties of both
clay minerals and fungal hyphae (130,131) and also affect the size, shape and structure of

myecelial pellets (132).

Reduction or oxidation of metals and metalloids Many fungi can precipitate reduced forms
of metals and metalloids, e.g. Ag(l) reduction to elemental silver Ag(0); selenate [Se(VI)] and
selenite [Se(IV)] to elemental selenium [Se(0)]; tellurite [Te(IV)] to elemental tellurium
[Te(0)] (133-135). Reduction of Hg(Il) to volatile Hg(0) can also be mediated by fungi (67,68).
Increased arsenate reduction contributed to tolerance in an Aspergillus sp. (136,137). Mn

oxidation/reduction has been described above.

Other mycogenic minerals A range of minerals other than those mentioned above have been
found in association with fungi (2,3,73,74,77,80-82,114). Mycogenic secondary minerals
associated with fungal hyphae and lichen thalli include desert varnish (MnO and FeO),
ferrihydrite (5Fe203.9H.0), iron gluconate, calcium formate, forsterite, goethite (o-
Fe3*O(OH)), moolooite (Cu(C204).0.4H20), halloysite (Al2Si2Os(OH)4), and hydrocerussite

(Pb3(C0Os3)2(0OH)2) (16,48,52,108,120,128,138). Another biogenic mineral (tepius) has been
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identified in association with a lichen carpet occurring in high mountain ranges in Venezuela

(128).

Halide transformations Several fungi have the ability to produce a variety of atmospheric
methyl halides. This ability is widespread in both free-living and symbiotic fungi, and is
dependent on substrate concentration and community composition (139,140). The production
of chloromethane (CH3Cl) by wood-rotting fungi, e.g. Phellinus spp., may be particularly
significant with one estimate of annual global input to the atmosphere from this source being
160 000 t of which 75% is released from tropical and subtropical forests (139). Filamentous
fungi may also contribute to the global circulation of stable iodine and also the long-lived

radioiodine, 12°I (half-life: 1.6 x 10 years), released from nuclear facilities (141).

FUNGAL SYMBIOSES IN GEOMYCOLOGY

Many fungi form partnerships with plants (mycorrhizas) and algae or cyanobacteria (lichens)
that are significant geoactive agents. In general terms, the mycobiont is provided with carbon
by the photobionts, while the mycobiont may protect the symbiosis from harsh environmental
conditions (e.g., desiccation, metal toxicity), and provide increased access to inorganic

nutrients such as phosphate and essential metals.

Lichens are fungi that exist in facultative or obligate symbioses with one or more
photosynthesizing partners occurring in almost all surface terrestrial environments (142).
Lichens play important roles in retention and distribution of nutrient (e.g. C, N) and trace
elements, in soil formation, and rock bioweathering (54,87,143). Lichens can accumulate
metals such as lead (Pb) and copper (Cu), and many other elements, including radionuclides

(144). They also form a variety of metal-organic biominerals, e.g. oxalates, especially during
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growth on metal-rich substrates (98,143). On copper sulfide bearing rocks, precipitation of

copper oxalate (moolooite) can occur within lichen thalli (145,146).

The majority of terrestrial plants depend on symbiotic mycorrhizal fungi (147,148).
Mycorrhizal fungi can mediate metal and phosphate solubilization from mineral sources,
extracellular precipitation of metal oxalates, and immobilize metals within biomass
(65,66,149-157). Such activities lead to changes in the physico-chemical characteristics of the
root environment and enhanced bioweathering of soil minerals (55,157,158). Furthermore,
ectomycorrhizal mycelia may respond to different soil silicate and phosphate minerals (e.g.

apatite, quartz, potassium feldspar) by regulating growth and metabolic activity (159,160).

Mycorrhizal fungi often excrete bioweathering agents such as low molecular weight
carboxylic acids and siderophores (65,161). Ectomycorrhizal fungi can also form narrow
pores in weatherable minerals in podzol E horizons, probably by dissolution of Al silicates
(162,163). Such excretions can also release elements from apatite and wood ash (K, Ca, Ti,
Mn, Pb) (164). Ericoid mycorrhizal and ectomycorrhizal fungi can dissolve several
cadmium, copper, zinc and lead-bearing minerals including metal phosphates
(65,66,152,161,165). Mobilization of phosphorus from inorganic and organic phosphorus
sources is generally regarded as one of the most important functions of mycorrhizal fungi,
and this can also result in redistribution of incorporated metals, and the formation of other
secondary minerals including other metal phosphates. The ericoid mycorrhiza Oidiodendron
maius can solubilize zinc oxide and phosphate (161). Many ericoid mycorrhizal and
ectomyecorrhizal fungi are able to solubilize zinc, cadmium, copper phosphates and lead
chlorophosphate (pyromorphite) releasing phosphate and component metals (65,152). An

association of arbuscular mycorrhizal fungi (AMF) with Lindenbergia philippensis, sampled
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from a Zn-contaminated settling pond at a zinc smelter, enhanced Zn accumulation in Zn-
loaded rhizosphere sediment compared to treatments that suppressed AMF colonization. A
significant proportion of Zn was present as crystalline and other solid materials that were
associated with the root mucilaginous sheath (166). Such results may indicate a role for AMF
in enhancing Zn immobilization in the rhizosphere of plants that successfully colonize Zn

mining and smelting disposal sites (153,166,168).

ENVIRONMENTAL AND APPLIED SIGNIFICANCE OF GEOMYCOLOGY

The kinds of processes detailed previously can impact upon human society not only through
their environmental significance and biotechnological applications, but also in deleterious
contexts such as biodeterioration and biocorrosion. The biodeterioration of stone and mineral
artefacts represents a loss of cultural heritage (13,14). Materials used to stabilize building
blocks (mortar) and to coat surfaces prior to painting (plaster or stucco) are also susceptible
to biodeterioration (13). Highly deteriorated stone surfaces provide a “*proto-soil’’ for
colonization by mosses, ferns and higher plants (14). Mechanisms of stone deterioration are
complex and include most of the direct and indirect mechanisms previously discussed for
mineral dissolution (13,169). Extracellular polymeric substances (EPS) are also capable of
metal complexation and weakening of mineral lattices through wetting and drying cycles, as
well as the production of efflorescences, i.e. secondary minerals produced through reaction of
anions from excreted acids with cations from the stone (170). Physical damage may be
caused by hyphal penetration of weakened areas (88,138). Lichens cause damage due to
penetration by their rhizines, composed of fungal filaments, and expansion/contraction of the
thallus on wetting/drying (171). *“Lichen acids’’, mainly oxalic acid, cause damage at the
stone/lichen interface, and lichen thalli may accumulate up to 50% calcium oxalate,

depending on the substrate (172,173). In addition, carbonic acid formed in the lichen thallus
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can solubilize calcium and magnesium carbonates in calcareous stone (174). Fungal
biodeterioration of ancient ivory (natural apatite; walrus tusk) was accompanied by
widespread etching and tunneling by hyphae and extensive formation of calcium oxalate
monohydrate, whewellite (175). Concrete and cement can be biodeteriorated and in some
environments, fungi dominate the concrete-deteriorating microbiota (13,14,176-178).
Microbial attack on concrete is mediated by protons, inorganic and organic acids and the
production of hydrophilic slimes leading to biochemical and biomechanical deterioration
(13,75,169). Several species of microfungi were able to colonize samples of the concrete used
as radioactive waste barrier in the Chernobyl reactor and leached iron, aluminium, silicon and

calcium, and re-precipitated silicon and calcium oxalate (75).

Mineral and metal solubilization mechanisms enable metal removal from industrial wastes,
low-grade ores, and metal-bearing minerals. This may have application in bioremediation,
metal biorecovery and recycling (58,68,179,180). Metals can be solubilized from fly ash
(originating from municipal solid waste incineration), contaminated soil, electronic scrap and
other waste materials by fungal activity (179,181). Although fungal systems cannot compare
with the efficiency of bacterial bioleaching, they may be more suited to specific bioreactor
applications (58). A variety of fungal mechanisms result in metal immobilization such as
biosorption, bioaccumulation and bioprecipitation. Biosorption is a physico-chemical
process, and is a property of both living and dead organisms (and their components), and
fungi are effective agents for removal of metals, radionuclides and other substances from
solution (69,70,71,76,130,182-193). Urease-positive fungi can be used to precipitate metal-
containing carbonates, some in nanoscale dimensions, thus providing a means of metal
biorecovery as well as potentially useful nanoscale biomineral products (94,95). Similarly,

the formation of other insoluble metal compounds by fungi or their metabolites could also be
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considered as a means to biorecover metals, metalloids and radionuclides, e.g. oxalates,
oxides, oxalates, and phosphates, as well as the production of elemental metal or metalloid
forms (2,78). Some biomineral and elemental products, including those of nanoscale
dimensions, are of relevance to the production of novel advanced biomaterials with
applications in metal and radionuclide bioremediation, antimicrobial treatments (e.g. nano-
silver), solar energy and electrical battery applications, and microelectronics (194). In a novel
approach, urease-positive Neurospora crassa was used to precipitate manganese carbonate.
After thermal treatment at 300°C, the carbonized biomass-manganese oxide composite
material was used in lithium-ion batteries (LiB) and supercapacitors where it was found to
exhibit excellent electrochemical properties. In LiB, around 90% charge capacity was

retained after 200 charge-discharge cycles (195).

The ability of fungi and bacteria to transform metalloids has been successfully used for
bioremediation of contaminated land and water. Selenium methylation results in
volatilization and this has been used to remove selenium from the San Joaquin Valley and
Kesterson Reservoir, California (196). Mycorrhizal associations may have application in
phytoremediation (197,198), the use of plants to remove or detoxify environmental pollutants
(199), by metal phytoextraction or by acting as a biological barrier (200-202). Glomalin, an
insoluble glycoprotein, is produced in copious amounts on hyphae of arbuscular mycorrhizal
fungi and can sequester metals such as Cu, Cd and Pb (203). Arbuscular mycorrhizal fungi
can also decrease U translocation from plant roots to shoot (204-206). For ericaceous
mycorrhizas, the fungus prevents translocation of Cu and Zn to host plant shoots
(147,207,208). The development of stress-tolerant plant-mycorrhizal associations may be a

promising strategy for phytoremediation and soil amelioration (161,209,210).
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Some of the geomycological processes detailed previously may have consequences for
abiotic soil treatment processes, notably the immobilization of toxic metals by phosphate
formation. Apatite Cas(POa4)3(F,Cl,OH), pyromorphite Pbs(PO4)sCl, mimetite
Pbs(AsO4)3Cl and vanadinite Pbs(VO4)3Cl are the most common prototypes of the apatite
mineral family. Such minerals hold promise for stabilization and recycling of industrial and
nuclear waste and have been explored for treatment of lead-contaminated soils and waters
(211-216). The stability of these minerals is therefore of interest in any soil remediation
strategy seeking to reduce the effects of potentially-toxic elements, like Pb, V and As. For
example, pyromorphite is a highly insoluble lead phosphate mineral under a wide range of
geochemical conditions and has often been suggested as a means to reduce Pb bioavailability.
However, solubilization of pyromorphite and formation of lead oxalate by several free-living
and symbiotic fungi demonstrates that pyromorphite may not be as effective at immobilizing
lead as some previous studies have suggested (64,65). Similarly, despite the insolubility of
vanadinite, fungi exerted both biochemical and biophysical effects on the mineral including
etching, penetration and the formation of new biominerals (217). Lead oxalate was
precipitated by Aspergillus niger during the bioleaching of vanadinite and mimetite which
implies a general fungal mechanism for the transformation of lead-containing apatite group
minerals (e.g. vanadinite, pyromorphite, mimetite) (217,218). This pattern of fungal
bioweathering of lead apatites could be extended to other metal apatites, such as calcium
apatite [Cas(PO4)3(OH,F,Cl)]. Here, the formation of monohydrated (whewellite) and
dihydrated (weddellite) calcium oxalate can be accomplished by many different fungal
species (79,93,99,175,219,220). The ability of free-living and mycorrhizal fungi to transform
toxic metal-containing minerals should therefore be taken into account in risk assessments of
the long-term environmental consequences of in situ chemical remediation techniques,

revegetation strategies or natural attenuation of contaminated sites. The bioweathering
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573  potential of fungi has been suggested as a possible means for the bioremediation of asbestos
574  rich soils. Several fungi could extract iron from asbestos mineral fibres (e.g. 7.3% from

575  crocidolite and 33.6% from chrysotile by a Verticillium sp.), thereby removing the reactive
576  iron ions responsible for DNA damage (221).

577

578 CONCLUSIONS

579  The geoactive roles of fungi have often received scant attention in geomicrobiological

580  contexts but they are of clear importance in several key areas. These include a variety of

581  organic and inorganic transformations important in nutrient and element cycling, rock and
582  mineral bioweathering, mycogenic biomineral formation, and metal-fungal interactions.

583  Lichens and mycorrhizas are of special significance as geoactive agents. Organic matter

584  decomposition is important for the cycling of major biomass-associated elements, e.g. C, H,
585 N, O, Pand S as well as all other elements that may be found in lower concentrations.

586  Transformations of metals and minerals are central to many geomicrobial processes, and
587  fungi can effect changes in metal speciation, toxicity and mobility, as well as mediate mineral
588  formation or dissolution. Such mechanisms are important components of natural

589  biogeochemical cycles for metals as well as associated elements in biomass, soil, rocks and
590  minerals, e.g. S and P, and metalloids, actinides and metal radionuclides. It is within the

591  terrestrial environment where fungi have the greatest abundance and geochemical influence.
592  However, they are also important in aquatic habitats and are now recognized as significant
593  components of aquatic sediments and the deep subsurface. Geomycological processes can
594  have beneficial or detrimental consequences in a human context. Beneficial applications in
595  environmental biotechnology include metal and radionuclide bioleaching, biorecovery,

596  detoxification, and bioremediation, and in the production of biominerals or metal(loid)

597 elements with catalytic or other properties in nanoparticle, crystalline or colloidal forms. The
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latter may be relevant to the development of novel biomaterials. Adverse effects include
biodeterioration and destruction of natural and synthetic materials, rock and mineral-based
building materials (e.g. concrete), cultural heritage, biocorrosion of metals, alloys and related
substances, and adverse effects on radionuclide speciation, mobility and containment. The
ubiquity and importance of fungi in biosphere processes underlines the importance of
geomycology as a conceptual framework encompassing the environmental activities of fungi,

their impact, and their applied significance.

ACKNOWLEDGEMENTS

The author gratefully acknowledges research support from the Natural Environment Research
Council, the Biotechnology and Biological Sciences Research Council, the Royal Societies of
London and Edinburgh, CCLRC Daresbury SRS, British Nuclear Fuels plc, the National
Nuclear Laboratory and the Nuclear Decommissioning Agency. Financial support for some
of the research described was received from the Natural Environment Research Council
(NE/M010910/1 (TeaSe); NE/M011275/1 (COG3)) which is gratefully acknowledged, as
well as the National Natural Science Foundation of China (U1503281). G. M. Gadd
gratefully acknowledges an award under the 1000 Talents Plan with the Xinjiang Institute of

Ecology and Geography, Chinese Academy of Sciences, Urumgi, China.

REFERENCES

1. Ehrlich HL, Newman DK. 2009. Geomicrobiology, 5th edition. CRC Press/Taylor
and Francis Group, Boca Raton, FL.

2. Gadd GM. 2010. Metals, minerals and microbes: geomicrobiology and

bioremediation. Microbiol 156: 609 — 643.

25



622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

10.

11.

12.

13.

Gadd GM. 2007. Geomycology: biogeochemical transformations of rocks, minerals,
metals and radionuclides by fungi, bioweathering and bioremediation. Mycol Res 111:
3-49.

Gadd GM. 2008. Fungi and their role in the biosphere, p 1709-1717. In Jorgensen
SE, B. Fath B ed., Encyclopedia of Ecology. Elsevier, Amsterdam.

Gadd GM. 2008. Bacterial and fungal geomicrobiology: a problem with
communities? Geobiol 6: 278-284.

Kim BH, Gadd GM. 2008. Bacterial Physiology and Metabolism. Cambridge
University Press, Cambridge.

Druschel GK, Kappler A. 2015. Geomicrobiology and microbial geochemistry.
Elements 11: 389-394.

Reitner J, Schumann G, Pedersen K. 2006. Fungi in subterranean environments, p
377-403. In Gadd GM ed., Fungi in Biogeochemical Cycles. Cambridge University
Press, Cambridge.

Gorbushina AA. 2007. Life on the rocks. Environ Microbiol 9: 1613-1631.
Vazquez-Campos X, Kinsela AS, Waite TD, Collins R.N, Neilan BA. 2014.
Fodinomyces uranophilus gen. nov. sp. nov. and Coniochaeta fodinicola sp. nov., two
uranium mine inhabiting Ascomycota fungi from northern Australia. Mycologia 106:
1073—1089.

Ivarsson M, Bengtson S, Neubeck A. 2016. The igneous oceanic crust — Earth’s
largest fungal habitat? Fungal Ecol 20: 249-255.

Uroz S, Calvaruso C, Turpault M-P, Frey-Klett P. 2009. Mineral weathering by
bacteria: ecology, actors and mechanisms. Trends Microbiol 17: 378-387.

Scheerer S, Ortega-Morales O, Gaylarde C. 2009. Microbial deterioration of stone

monuments: an updated overview. Adv Appl Microbiol 66: 97-139.

26



647 14, Cutler N, Viles H. 2010. Eukaryotic microorganisms and stone biodeterioration.

648 Geomicrobiol J 27: 630-646.

649  15. Gadd GM. 2016. Geomicrobiology of the built environment. Nature Microbiol in
650 press.

651  16. Burford EP, Fomina M, Gadd GM. 2003. Fungal involvement in bioweathering and
652 biotransformation of rocks and minerals. Mineral Mag 67: 1127-1155.

653  17. Miyata N, Tani Y, lwahori K, Soma M. 2004. Enzymatic formation of manganese
654 oxides by an Acremonium-like hyphomycete fungus, strain KR21-2. FEMS Microbiol
655 Ecol 47: 101-109.

656  18. Fomina M, Burford EP, Gadd GM. 2005. Toxic metals and fungal communities, p
657 733-758. In Dighton J, White JF, Oudemans P ed., The Fungal Community. Its

658 Organization and Role in the Ecosystem. CRC Press, Boca Raton, Fl.

659  19. Vézquez-Campos X, Kinsela AS, Collins RN, NeilaBA, Aoyagi N, Waite TD.
660 2015. Uranium binding mechanisms of the acid-tolerant fungus Coniochaeta

661 fodinicola. Environ Sci Technol 49: 8487—-8496.

662  20. Horiike T, Yamashita M. 2015. A new fungal isolate, Penidiella sp. strain T9,

663 accumulates the rare earth element dysprosium. Appl Environ Microbiol 81: 3062—
664 3068.

665  21. Gadd GM. 2004. Mycotransformation of organic and inorganic substrates.

666 Mycologist 18: 60-70.

667  22. Braissant O, Cailleau G, Aragno M, Verrecchia EP. 2004. Biologically induced
668 mineralization in the tree Milicia excelsa Moraceae.: its causes and consequences to
669 the environment. Geobiol 2: 59-66.

670  23. Wainwright M, Tasnee AA, Barakah F. 1993. A review of the role of oligotrophic

671 microorganisms in biodeterioration. Int Biodet Biodeg 31: 1-13.

27



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sterflinger K. 2000. Fungi as geologic agents. Geomicrobiol J 17: 97-124.
Gorbushina AA, Krumbein WE, Hamann R, Panina L, Soucharjevsky S,
Wollenzien U. 1993. On the role of black fungi in colour change and biodeterioration
of antique marbles. Geomicrobiol J 11: 205-221.

lvarsson M. 2012. The subseafloor basalts as fungal habitats. Biogeosci 9: 3625-
3635.

Nagano Y, Nagahama T. 2012. Fungal diversity in deep-sea extreme environments.
Fungal Ecol 5: 463-471.

Orsi WD, Biddle JF, Edgcomb VD. 2013. Deep sequencing of subseafloor
eukaryotic rRNA reveals active fungi across marine subsurface provinces. PLoS One
8: 1-10.

Nagano Y, Nagahama T, Hatada Y, Nunoura T, Takami H, Miyazaki J, Takai K,
Horikoshi K. 2010. Fungal diversity in deep-sea sediments e the presence of novel
fungal groups. Fungal Ecol 3: 316-325.

Le Calvez T, Burgaud G, Mahe S, Barbier G, P. 2009. Fungal diversity in deep
sea hydrothermal ecosystems. Appl Environ Microbiol 75: 6415-6421.

Connell L, Barrett A, Templeton A, Staudigel H. 2009. Fungal diversity associated
with an active deep sea volcano: Vailulu'u Seamount, Samoa. Geomicrobiol J 26:
597-605.

Nagahama T, Takahashi E, Nagano Y, Abdel-Wahab MA, Miyazaki M. 2011.
Molecular evidence that deep branching fungi are major fungal components in deep-
sea methane cold-seep sediments. Environ Microbiol 13: 2359-2370.

lvarsson M, Bengtson S, Skogby H, Lazor P, Broman C, Belivanova V, Marone

F. 2015. A fungal-prokaryotic consortium at the basalt-zeolite interface in subseafloor

28


http://www.ncbi.nlm.nih.gov/pubmed/?term=Barbier%20G%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lazor%20P%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Broman%20C%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Belivanova%20V%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marone%20F%5Bauth%5D

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

34.

35.

36.

37.

38.

39.

40.

41.

42,

igneous crust. PLoS One 1010.:

e014016. http://dx.doi.org/10.1371/journal.pone.0140106.

Bengtson S, lvarsson M, Astolfo A, Belivanova V, Broman C, Marone F,
Stampanoni M. 2014. Deep-biosphere consortium of fungi and prokaryotes in
Eocene sub-seafloor basalts. Geobiol 12: 489-496.

Schumann G, Manz W, Reitner J, Lustrino M. 2004. Ancient fungal life in North
Pacific Eocene oceanic crust. Geomicrobiol J 21: 241-246.

Gadd GM. ed.. 2006. Fungi in Biogeochemical Cycles. Cambridge University Press,
Cambridge.

Boddy L. 2016. Fungi, ecosystems, and global change, p 361-400. In Watkinson SC,
Boddy L, Money NP ed., The Fungi. Elsevier, Amsterdam.

Gadd GM. 2000. Microbial interactions with tributyltin compounds: detoxification,
accumulation, and environmental fate. Sci Total Environ 258: 119-127.

Cerniglia CE, Sutherland JB. 2001. Bioremediation of polycyclic aromatic
hydrocarbons by ligninolytic and non-ligninolytic fungi, p 136-187. In Gadd GM ed.,
Fungi in Bioremediation. Cambridge University Press, Cambridge.

Cerniglia CE, Sutherland JB. 2006. Relative roles of bacteria and fungi in
polycyclic aromatic hydrocarbon biodegradation and bioremediation of contaminated
soils, p 182-211. In Gadd GM ed., Fungi in Biogeochemical Cycles. Cambridge
University Press, Cambridge.

Singleton 1. 2001. Fungal remediation of soils contaminated with persistent organic
pollutants, p 79-96. In Gadd GM ed., Fungi in Bioremediation. Cambridge University
Press, Cambridge.

Gadd GM. ed.. 2001. Fungi in Bioremediation. Cambridge University Press,

Cambridge.

29


http://dx.doi.org/10.1371/journal.pone.0140106

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

Sutherland JB. 2004. Degradation of hydrocarbons by yeasts and filamentous fungi,
p 443-455. In Arora DK ed., Fungal Biotechnology in Agricultural, Food, and
Environmental Applications. Marcel Dekker, New York.

Gadd GM, Burford EP, Fomina M, Melville K. 2007. Mineral transformations and
biogeochemical cycles: a geomycological perspective, p 78-111. In Gadd GM, Dyer
P, Watkinson S ed., Fungi in the Environment. Cambridge University Press,
Cambridge.

Hochella MF. 2002. Sustaining Earth: thoughts on the present and future roles in
mineralogy in environmental science. Mineral Mag 66: 627-652.

Kraemer SM, Cheah SF, Zapf R, Xu JD, Raymond KN, Sposito G. 1999. Effect
of hydroxamate siderophores on Fe release and Pbll. adsorption by goethite. Geochim
Cosmochim Acta 63: 3003-3008.

Vaughan DJ, Pattrick RAD, Wogelius RA. 2002. Minerals, metals and molecules:
ore and environmental mineralogy in the new millennium. Mineral Mag 66: 653-676.
Burford EP, Kierans M, Gadd GM. 2003. Geomycology: fungal growth in mineral
substrata. Mycologist 17: 98-107.

Boswell GP, Jacobs H, Davidson FA, Gadd GM, Ritz K. 2002. Functional
consequences of nutrient translocation in mycelial fungi. J Theor Biol 217: 459-477.
Boswell GP, Jacobs H, Davidson FA, Gadd GM, Ritz K. 2003. Growth and function
of fungal mycelia in heterogeneous environments. Bull Math Biol 65: 447-477.
Boswell GP, Jacobs H, Ritz K, Gadd GM, Davidson FA. 2007. The development
of fungal networks in complex environments. Bull Math Biol 69: 605-634.
Verrecchia EP. 2000. Fungi and sediments, p 69-75. In Riding RE, Awramik SM
ed., Microbial Sediments. Springer-Verlag, Berlin.

Gadd GM. 1993. Interactions of fungi with toxic metals. New Phytol 124: 25-60.

30



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Banfield JP, Barker WW, Welch SA, Taunton A. 1999. Biological impact on
mineral dissolution: application of the lichen model to understanding mineral
weathering in the rhizosphere. Proc Nat Acad Sci USA 96: 3404-3411.

Bonneville S, Smits MM, Brown A, Harrington J, Leake JR, Brydson R, Benning
LG. 2009. Plant-driven fungal weathering: early stages of mineral alteration at the
nanometer scale. Geology 37: 615-618.

Li L, Liu L, Chen J, Teng HH. 2016. Cellular dissolution at hypha- and spore-
mineral interfaces revealing unrecognized mechanisms and scales of fungal
weathering. Geol Soc Amer Data, Repository Item 2016094.

Bowen AD, Davidson FA, Keatch R, Gadd GM. 2007. Induction of contour
sensing in Aspergillus niger by stress and its relevance to fungal growth mechanics
and hyphal tip structure. Fungal Gen Biol 44: 484-491.

Burgstaller W, Schinner F. 1993. Leaching of metals with fungi. J Biotechnol 27:
91-116.

Gadd GM. 1999. Fungal production of citric and oxalic acid: importance in metal
speciation, physiology and biogeochemical processes. Adv Microb Physiol 41: 47-92.
Ehrlich H L. 1998. Geomicrobiology: its significance for geology. Earth Sci Rev 45:
45-60.

Gharieb MM, Sayer JA, Gadd GM. 1998. Solubilization of natural gypsum
CaS04.2H>0. and the formation of calcium oxalate by Aspergillus niger and Serpula
himantioides. Mycol Res 102: 825-830.

Adeyemi AO, Gadd GM. 2005. Fungal degradation of calcium-, lead- and silicon-
bearing minerals. Biometals 18: 269-281.

Strasser H, Burgstaller W, Schinner F. 1994. High yield production of oxalic acid

for metal leaching purposes by Aspergillus niger. FEMS Microbiol Lett 119: 365-370.

31



771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

Sayer JA, Cotter-Howells JD, Watson C, Hillier S, Gadd GM. 1999. Lead mineral
transformation by fungi. Curr Biol 9: 691-694.

Fomina MA, Alexander 1J, Hillier S, Gadd GM. 2004. Zinc phosphate and
pyromorphite solubilization by soil plant-symbiotic fungi. Geomicrobiol J 21: 351-
366.

Fomina MA, Alexander 1J, Colpaert JV, Gadd GM. 2005. Solubilization of toxic
metal minerals and metal tolerance of mycorrhizal fungi. Soil Biol Biochem 37: 851-
866.

Gadd GM. 1993. Microbial formation and transformation of organometallic and
organometalloid compounds. FEMS Microbiol Rev 11: 297-316.

Gadd GM. 2000. Bioremedial potential of microbial mechanisms of metal mobilization
and immobilization. Curr Opinion Biotechnol 11: 271-279.

Gadd GM. 2001. Accumulation and transformation of metals by microorganisms, p
225-264. In Rehm H-J, Reed G, Puhler A, Stadler P ed., Biotechnology, a Multi-volume
Comprehensive Treatise, Volume 10: Special Processes. Wiley-VCH Verlag GmbH,
Weinheim, Germany.

Gadd GM. 2001. Metal transformations, p 359-382. In Gadd GM ed., Fungi in
Bioremediation. Cambridge University Press, Cambridge.

Gadd GM. 2009. Biosorption: critical review of scientific rationale, environmental
importance and significance for pollution treatment. J Chem Technol Biotechnol 84:
13-28.

Baldrian P. 2003. Interaction of heavy metals with white-rot fungi. Enzyme Microb
Technol 32: 78-91.

Fomina M, Charnock JM, Hillier S, Alvarez R, Gadd GM. 2007. Fungal

transformations of uranium oxides. Environ Microbiol 9: 1696-1710.

32



796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Fomina M, Charnock J, Bowen AD, Gadd GM. 2007. X-ray absorption
spectroscopy XAS. of toxic metal mineral transformations by fungi. Environ
Microbiol 9: 308-321.

Fomina M, Podgorsky VS, Olishevska SV, Kadoshnikov VM, Pisanska IR,
Hillier S, Gadd GM. 2007. Fungal deterioration of barrier concrete used in nuclear
waste disposal. Geomicrobiol J 24: 643-653.

Fomina M, Gadd GM. 2014. Biosorption: current perspectives on concept, definition
and application. Biores Technol 160: 3-14.

Gadd GM, Raven JA. 2010. Geomicrobiology of eukaryotic microorganisms.
Geomicrobiol J 27: 491-519.

Gadd GM, Rhee YJ, Stephenson K, Wei Z. 2012. Geomycology: metals, actinides
and biominerals. Environ Microbiol Rep 4: 270-296.

Gadd GM, Bahri-Esfahani J, Li Q, Rhee YJ, Wei Z, Fomina M, Liang X. 2014.
Oxalate production by fungi: significance in geomycology, biodeterioration and
bioremediation. Fungal Biol Rev 28: 36-55.

Liang X, Hillier S, Pendlowski H, Gray N, Ceci A, Gadd GM. 2015. Uranium
phosphate biomineralization by fungi. Environ Microbiol 17: 2064-2075.

Liang X, Kierans M, Ceci A, Hillier S, Gadd GM. 2016. Phosphatase-mediated
bioprecipitation of lead by soil fungi. Environ Microbiol 18: 219-231.

Liang X, Csetenyi L, Gadd GM. 2016. Lead bioprecipitation by yeasts utilizing
organic phosphorus substrates. Geomicrobiol J 33: 294-307.

Lloyd JR, Pearce Cl, Coker VS, Pattrick RADP, van der Laan G, Cutting, R,
Vaughan DV, Paterson-Beedle M, Mikheenko IP, Yong P, Macaskie LE. 2008.
Biomineralization: linking the fossil record to the production of high value functional

materials. Geobiol 6: 285-297.

33



821  84. Rosling A, Roose T, Herrmann AM, Davidson FA, Finlay RD, Gadd GM. 20009.
822 Approaches to modelling mineral weathering by fungi. Fungal Biol Rev 23: 1-7.

823  85. Smits MM. 2009. Scale matters? Exploring the effect of scale on fungal-mineral

824 interactions. Fungal Biol Rev 23: 132-137.

825  86. Hutchens E. 2009. Microbial selectivity on mineral surfaces: possible implications
826 for weathering processes. Fungal Biol Rev 23: 115-121.

827 87.  Adamo P, Violante P.2000. Weathering of rocks and neogenesis of minerals

828 associated with lichen activity. Appl Clay Sci 16: 229-256.

829  88. Cockell CS. Herrera A. 2008. Why are some microorganisms boring? Trends

830 Microbiol 16: 101-106.

831  89. Lian B, Wang B, Pan M, Liu C, Teng HH. 2008. Microbial release of potassium
832 from K-bearing minerals by thermophilic fungus Aspergillus fumigatus. Geochim
833 Cosmochim Acta 72: 87-98.

834 90. Golubic S, Radtke G, Le Campion-Alsumard T. 2005. Endolithic fungi in marine
835 ecosystems. Trends Microbiol 13: 229-235.

836  91. Kolo K, Keppens E, Preat A, Claeys P. 2007. Experimental observations on fungal
837 diagenesis of carbonate substrates. J Geophys Res 112: 1-20.

838  92. Verrecchia E.P, Dumont JL, Rolko KE. 1990. Do fungi building limestones exist in
839 semi-arid regions? Naturwissenschaften 77: 584-586.

840  93. Burford EP, Hillier S, Gadd GM. 2006. Biomineralization of fungal hyphae with
841 calcite CaCOs3. and calcium oxalate mono- and dihydrate in carboniferous limestone
842 microcosms. Geomicrobiol J 23: 599-611.

843 94, Li Q, Csetenyi L, Gadd GM. 2014. Biomineralization of metal carbonates by

844 Neurospora crassa.Environ Sci Technol 48: 14409-14416.

34



845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Li Q, Csetenyi L, Paton GI, Gadd GM. 2015. CaCOs3 and SrCO3 bioprecipitation
by fungi isolated from calcareous soil. Environ Microbiol 17: 3082-3097.

Kumari D, Qian X-Y,Pan X, Achal V, Li Q, Gadd GM. 2016. Microbially-
induced carbonate precipitation for immobilization of toxic metals. Adv Appl
Microbiol 94: 79-108.

Rhee YJ, Hillier S, Gadd GM. 2016. A new lead hydroxycarbonate produced during
transformation of lead metal by the soil fungus Paecilomyces javanicus.
Geomicrobiol J in press.. Any page numbers yet?

Adamo P, Vingiani S, Violante P. 2002. Lichen-rock interactions and bioformation
of minerals. Dev Soil Sci 28B: 377-391.

Pinzari F, Zotti M, De Mico A, Calvini P. 2010. Biodegradation of inorganic
components in paper documents: formation of calcium oxalate crystals as a
consequence of Aspergillus terreus Thom growth. Int Biodet Biodegrad 64:499-505.
Arnott HJ. 1995. Calcium oxalate in fungi, p 73-111. In Khan SR ed., Calcium
Oxalate in Biological Systems. CRC Press, Boca Raton, FL.

Sayer JA, Gadd GM. 1997. Solubilization and transformation of insoluble metal
compounds to insoluble metal oxalates by Aspergillus niger. Mycol Res 101: 653-661.
Jarosz-Wilkoelazka A, Gadd GM. 2003. Oxalate production by wood-rotting fungi
growing in toxic metal-amended medium. Chemosphere 52: 541-547.

Wei Z, Hillier S, Gadd GM. 2012. Biotransformation of manganese oxides by fungi:
solubilization and production of manganese oxalate biominerals. Environ Microbiol
14: 1744-1753.

Verrecchia EP, Braissant O, Cailleau G. 2006. The oxalate-carbonate pathway in
soil carbon storage: the role of fungi and oxalotrophic bacteria, p 289-310. In Gadd

GM ed., Fungi in Biogeochemical Cycles. Cambridge University Press, Cambridge.

35



870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Kolo K, Claeys P. 2005. In vitro formation of Ca-oxalates and the mineral
glushinskite by fungal interaction with carbonate substrates and seawater.
Biogeosciences 2: 277-293.

Miyata M, Tani Y, Sakata M, Iwahori K. 2007. Microbial manganese oxide
formation and interaction with toxic metal ions. J Biosci Bioeng 104: 1-8.
Saratovsky I, Gurr SJ, Hayward MA. 2009. The structure of manganese oxide
formed by the fungus Acremonium sp. strain KR21-2. Geochim Cosmochim Acta 73:
3291-3300.

Grote G, Krumbein WE. 1992. Microbial precipitation of manganese by bacteria
and fungi from desert rock and rock varnish. Geomicrobiol J 10: 49-57.

Eckhardt FEW. 1985. Solubilisation, transport, and deposition of mineral cations by
microorganisms-efficient rock-weathering agents, p 161-173. In Drever J ed., The
Chemistry of Weathering, vol. 149. Nato Asi Ser C.

Whitelaw MA, Harden TJ, Helyar KR. 1999. Phosphate solubilization in solution
culture by the soil fungus Penicillium radicum. Soil Biol Biochem 31: 655-665.

Rhee YJ, Hillier S, Gadd GM. 2012. Lead transformation to pyromorphite by fungi.
Curr Biol 22: 237-241.

Rhee YJ, Hillier S, Pendlowski H, Gadd GM. 2014. Pyromorphite formation in a
fungal biofilm community growing on lead metal. Environ Microbiol 16: 1441-1451.
Rhee YJ, Hillier S, Pendlowski H, Gadd GM. 2014. Fungal transformation of
metallic lead to pyromorphite in liquid medium. Chemosphere 113: 17-21.

Fomina M, Charnock JM, Hillier S, Alvarez R, Livens F, Gadd GM. 2008. Role
of fungi in the biogeochemical fate of depleted uranium. Curr Biol 18: 375-377.

Gadd GM, Fomina M. 2011. Uranium and fungi. Geomicrobiol J 28: 471-482.

36



894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

116.

117.

118.

119.

120.

121.

122.

123.

Brehm U, Gorbushina A, Mottershead D. 2005. The role of microorganisms and
biofilms in the breakdown and dissolution of quartz and glass. Palaeogeo Palaeoclim
Palaeoecol 219: 117-129.

Barker WW, Banfield JF. 1996. Biologically versus inorganically mediated
weathering reactions: relationships between minerals and extracellular microbial
polymers in lithobiotic communities. Chem Geol 132: 55-69.

Barker WW, Banfield JF. 1998. Zones of chemical and physical interaction at
interfaces between microbial communities and minerals: a model. Geomicrobiol J 15:
223-244,

Arocena JM, Glowa KR, Massicotte HB, Lavkulich L. 1999. Chemical and
mineral composition of ectomycorrhizosphere soils of subalpine fir Abies lasiocarpa
Hook.. Nutt.. in the AE horizon of a Luvisol. Can J Soil Sci 79: 25-35.

Arocena JM, Zhu LP, Hall K. 2003. Mineral accumulations induced by biological
activity on granitic rocks in Qinghai Plateau, China. Earth Surf Proc Landforms 28:
1429-1437.

Tazaki K. 2006. Clays, microorganisms, and biomineralization, p 477-497. In
Bergaya F, Theng BKG, Lagaly G ed., Handbook of Clay Science, Developments in
Clay Science, Vol. 1. Elsevier, Amsterdam.

Theng BKG, Yuan G. 2008. Nanoparticles in the soil environment. Elements 4: 395-
399.

Cromack K, Solkins P, Grausten WC, Speidel K, Todd AW, Spycher G, Li CY,
Todd RL. 1979. Calcium oxalate accumulation and soil weathering in mats of the

hypogeous fungus Hysterangium crassum. Soil Biol Biochem 11: 463-468.

37



917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Delatorre MA, Gomez-Alarcon G, Vizcaino C, Garcia MT. 1993. Biochemical
mechanisms of stone alteration carried out by filamentous fungi living on monuments.
Biogeochem 19: 129-147.

Bennett PC, Rogers JA, Hiebert FK, Choi WJ. 2001. Silicates, silicate
weathering, and microbial ecology. Geomicrobiol J 18: 3-19.

Wei Z, Kierans M, Gadd GM. 2012. A model sheet mineral system to study fungal
bioweathering of mica. Geomicrobiol J 29: 323-331.

Wei Z, Liang X, Pendlowski H, Hillier S, Suntornvongsagul K, Sihanonth P, Gadd
GM. 2013. Fungal biotransformation of zinc silicate and sulfide mineral ores. Environ
Microbiol 15: 2173-2186.

Gorbushina AA, Boettcher M, Brumsack HJ, Krumbein WE, Vendrell-Saz M.
2001. Biogenic forsterite and opal as a product of biodeterioration and lichen
stromatolite formation in table mountain systems tepuis. of Venezuela. Geomicrobiol
J18:117-132.

Ritz K, Young IM. 2004. Interaction between soil structure and fungi. Mycologist 18:
52-59.

Fomina M, Gadd GM. 2002. Metal sorption by biomass of melanin-producing fungi
grown in clay-containing medium. J Chem Technol Biotechnol 78: 23-34.

Morley GF, Gadd GM. 1995. Sorption of toxic metals by fungi and clay minerals.
Mycol Res 99: 1429-1438.

Fomina M, Gadd GM. 2002. Influence of clay minerals on the morphology of fungal
pellets. Mycol Res 106: 107-117.

Kierans M, Staines AM, Bennett H, Gadd GM. 1991. Silver tolerance and

accumulation in yeasts. Biol Metals 4: 100-106.

38



941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Gharieb MM, Wilkinson SC, Gadd GM. 1995. Reduction of selenium oxyanions by
unicellular, polymorphic and filamentous fungi: cellular location of reduced selenium
and implications for tolerance. J Industrial Microbiol 14: 300-311.

Gharieb MM, Kierans M, Gadd GM. 1999. Transformation and tolerance of tellurite
by filamentous fungi: accumulation, reduction and volatilization. Mycol Res 103: 299-
305.

Canovas D, Duran C, Rodriguez N, Amils R, de Lorenzo V. 2003. Testing the
limits of biological tolerance to arsenic in a fungus isolated from the River Tinto.
Environ Microbiol 5: 133-138.

Canovas D, Mukhopadhyay R, Rosen BP, de Lorenzo V. 2003. Arsenate transport
and reduction in the hyper-tolerant fungus Aspergillus sp P37. Environ Microbiol 5:
1087-1093.

Hirsch P, Eckhardt FEW, Palmer R J, Jr. 1995. Methods for the study of rock
inhabiting microorganisms — a mini review. J Microbiol Meth 23: 143-167.

Watling R, Harper DB, 1998. Chloromethane production by wood-rotting fungi and
an estimate of the global flux to the atmosphere. Mycol Res 102: 769-787.

Redeker KR, Treseder KK, Allen MF. 2004. Ectomycorrhizal fungi: a new source
of atmospheric methyl halides? Global Change Biol 10: 1009-1016.

Ban-nai T, Muramatsu Y, Amachi S. 2006. Rate of iodine volatilization and
accumulation by filamentous fungi through laboratory cultures. Chemosphere 65:
2216-2222.

Haas JR, Purvis OW. 2006. Lichen biogeochemistry, p 344-276. In Gadd GM ed.,
Fungi in Biogeochemical Cycles. Cambridge University Press, Cambridge.

Chen J, Blume H-P, Beyer L. 2000. Weathering of rocks induced by lichen

colonization — a review. Catena 39: 121-146.

39



966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

Purvis OW, Pawlik-Skowronska B. 2008. Lichens and metals, p 175-200. In Avery
SV, Stratford M, van West P ed., Stress in Yeasts and Filamentous Fungi. Elsevier,
Amsterdam.

Purvis OW. 1996. Interactions of lichens with metals. Science Prog 79: 283-309.
Purvis OW, Halls C. 1996. A review of lichens in metal-enriched environments.
Lichenologist 28: 571-601.

Smith SE, Read DJ. 1997. Mycorrhizal Symbiosis, 2" edn. Academic Press, San
Diego.

Wang B, Qiu, Y-L. 2006. Phylogenetic distribution and evolution of mycorrhizas in
land plants. Mycorrhiza 16: 299-363.

Lapeyrie F., Picatto C., Gerard J, Dexheimer J. 1990. TEM Study of intracellular
and extracellular calcium oxalate accumulation by ectomycorrhizal fungi in pure
culture or in association with Eucalyptus seedlings. Symbiosis 9: 163-166.

Lapeyrie F, Ranger J, Vairelles D. 1991. Phosphate-solubilizing activity of
ectomycorrhizal fungi in vitro. Can J Bot 69: 342-346.

Blaudez D, Botton B, Chalot M. 2000. Cadmium uptake and subcellular
compartmentation in the ectomycorrhizal fungus Paxillus involutus. Microbiol 146:
1109-1117.

Fomina M, Charnock JM, Hillier S, Alexander 1J, Gadd GM. 2006. Zinc
phosphate transformations by the Paxillus involutus/pine ectomycorrhizal association.
Microbial Ecol 52: 322-333.

Christie P, Li XL, Chen BD. 2004. Arbuscular mycorrhiza can depress translocation
of zinc to shoots of host plants in soils moderately polluted with zinc. Plant and Soil

261: 209-217.

40



990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

154.

155.

156.

157.

158.

159.

160.

161.

Bellion M, Courbot M, Jacob C, Blaudez D, Chalot M. 2006. Extracellular and
cellular mechanisms sustaining metal tolerance in ectomycorrhizal fungi. FEMS
Microbiol Lett 254: 173-181.

Finlay R, Wallander H, Smits M, Holmstrom S, VVan Hees P, Lian B, Rosling A.
2009. The role of fungi in biogenic weathering in boreal forest soils. Fungal Biol Rev
23:101-106.

Smits MM, Bonneville S, Benning LG, Banwart SA, Leake JR. 2012. Plant-driven
weathering of apatite — the role of an ectomycorrhizal fungus. Geobiol 10: 445-456.
McMaster TJ. 2012. Atomic force microscopy of the fungi-mineral interface:
applications in mineral dissolution, weathering and biogeochemistry. Curr Opinion
Biotechnol 23: 562-5609.

Bonneville S, Morgan DJ, Schmalenberger A, Bray A, Brown A, Banwart SA,
Benning LG. 2011. Tree-mycorrhiza symbiosis accelerate mineral weathering:
evidences from nanometer-scale elemental fluxes at the hypha-mineral interface.
Geochim Cosmochim Acta 75: 6988-7005.

Rosling A, Lindahl BD, Taylor AFS, Finlay RD. 2004. Mycelial growth and
substrate acidification of ectomycorrhizal fungi in response to different minerals.
FEMS Microbiol Ecol 47: 31-37.

Rosling A, Lindahl BD, Finlay RD. 2004. Carbon allocation to ectomycorrhizal
roots and mycelium colonising different mineral substrates. New Phytol 162: 795-802.
Martino E, Perotto S, Parsons R, Gadd GM. 2003. Solubilization of insoluble
inorganic zinc compounds by ericoid mycorrhizal fungi derived from heavy metal

polluted sites. Soil Biol Biochem 35: 133-141.

41



1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

162.

163.

164.

165.

166.

167.

168.

169.

Jongmans AG, van Breemen N, Lundstrom US, van Hees PAW, Finlay RD,
Srinivasan M, Unestam T, Giesler R, Melkerud P-A, Olsson M. 1997. Rock-eating
fungi. Nature 389: 682—683.

Van Breemen N, Lundstrom US, Jongmans AG. 2000. Do plants drive
podzolization via rock-eating mycorrhizal fungi? Geoderma 94: 163-171.

Wallander H, Mahmood S, Hagerberg D, Johansson L, Pallon J. 2003. Elemental
composition of ectomycorrhizal mycelia identified by PCR-RFLP analysis and grown
in contact with apatite or wood ash in forest soil. FEMS Microbiol Ecol 44: 57-65.
Leyval C, Joner EJ. 2001. Bioavailability of heavy metals in the mycorrhizosphere,
p 165-185. In Gobran GR, Wenzel WW, Lombi E ed., Trace Elements in the
Rhizosphere. CRC Press, Boca Raton, FL.

Kangwankraiphaisan T, Suntornvongsagul K, Sihanonth P, Klysubun W, Gadd
GM. 2013. Influence of arbuscular mycorrhizal fungi AMF. on zinc biogeochemistry
in the rhizosphere of Lindenbergia philippensis growing in zinc-contaminated
sediment. Biometals 26: 489-505.

Christie P, Li XL, Chen BD. 2004. Arbuscular mycorrhiza can depress translocation
of zinc to shoots of host plants in soils moderately polluted with zinc. Plant and Soil
261: 209-217.

Turnau K, Gawronski S, Ryszka P, Zook D. 2012. Mycorrhizal-based
phytostabilization of Zn—Pb tailings: lessons from the Trzebionka mining works
Southern Poland., p 327-348. In Kothe E, Varma A ed., Bio-geo Interactions in
Metal-Contaminated Soils. Springer-Verlag, Berlin.

Sand W. 1997. Microbial mechanisms of deterioration of inorganic substrates: a

general mechanistic overview. Int Biodeter Biodeg 40: 183-190.

42



1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Wright JS. 2002. Geomorphology and stone conservation: sandstone decay in Stoke-
on-Trent. Struct Surv 20: 50-61.

Gaylarde C, Morton G. 2002. Biodeterioration of mineral materials, p 516-528. In
Bitton G ed., Environmental Microbiology, Vol. 1. Wiley, New York.

Seaward MRD. 2003. Lichens, agents of monumental destruction. Microbiol Today
30, 110-112.

Lisci L, Monte M, and Pacini E. 2003. Lichens and higher plants on stone: a review.
Int Biodet Biodegrad 51: 1-17.

Tiano P. 2002. Biodegradation of cultural heritage: decay, mechanisms and control
methods. Seminar article, New University of Lisbon, Department of Conservation and

Restoration, 7-12 January 2002. http://www.arcchip.cz/w09/w09 _tiano.pdf.

Pinzari F, Tate J, Bicchieri M, Rhee YJ, Gadd GM. 2013. Biodegradation of ivory
natural apatite.: possible involvement of fungal activity in biodeterioration of the
Lewis Chessmen. Environ Microbiol 15: 1050-1062.

Gu JD, Ford TE, Berke NS, Mitchell R. 1998. Biodeterioration of concrete by the
fungus Fusarium. Int Biodet Biodegrad 41: 101-109.

Nica D, Davis JL, Kirby L, Zuo G, Roberts DJ. 2000. Isolation and
characterization of microorganisms involved in the biodeterioration of concrete in
sewers. Int Biodet Biodegrad 46: 61-68.

Gu JD. 2009. Corrosion, microbial, p 259-269. In Schaechter M ed., Encyclopedia of
Microbiology. Elsevier, Amsterdam.

Brandl H. 2001. Heterotrophic leaching, p 383-423. In Gadd GM ed., Fungi in
Bioremediation. Cambridge University Press, Cambridge.

Santhiya D, Ting YP. 2005. Bioleaching of spent refinery processing catalyst using

Aspergillus niger with high-yield oxalic acid. J Biotechnol 116: 171-184.

43


http://www.arcchip.cz/w09/w09_tiano.pdf

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Brandl H, Faramarzi MA. 2006. Microbe-metal-interactions for the
biotechnological treatment of metal-containing solid waste. China Partic 4: 93-97.
De Rome L, Gadd GM. 1987. Copper adsorption by Rhizopus arrhizus,
Cladosporium resinae and Penicillium italicum. Appl Microbiol Biotechnol 26: 84-90.
Gadd GM, Mowll JL. 1985. Copper uptake by yeast-like cells, hyphae and
chlamydospores of Aureobasidium pullulans. Exp Mycol 9: 230-240.

Gadd GM, De Rome L. 1988. Biosorption of copper by fungal melanin. Appl
Microbiol Biotechnol 29: 610-617.

Volesky B. 1990. Biosorption of Heavy Metals. CRC Press, Boca Raton, FL.
Volesky B. 2007. Biosorption and me. Wat Res 41: 4017-4029.

Gadd GM, White C. 1989. The removal of thorium from simulated acid process
streams by fungal biomass. Biotechnol Bioeng 33: 592-597.

Gadd GM, White C. 1990. Biosorption of radionuclides by yeast and fungal biomass.
J Chem Technol Biotechnol 49: 331-343.

Gadd GM, White C. 1992. Removal of thorium from simulated acid process streams
by fungal biomass: potential for thorium desorption and reuse of biomass and desorbent.
J Chem Technol Biotechnol 55: 39-44.

Gadd GM, White C. 1993. Microbial treatment of metal pollution - a working
biotechnology? Trends Biotechnol 11: 353-359

White C, Wilkinson SC, Gadd G.M. 1995. The role of microorganisms in biosorption
of toxic metals and radionuclides. Int Biodeter Biodegrad 35: 17-40.

Wang HL, Chen C. 2006. Biosorption of heavy metals by Saccharomyces cerevisiae:
a review. Biotechnol Adv 24: 427-451.

Wang J, Chen C. 2009. Biosorbents for heavy metals removal and their future.

Biotechnol Adv 27 page numbers???****

44



1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

194.

195.

196.

197.

198.

199.

200.

201.

202.

Dameron CT, Reese RN, Mehra RK, Kortan AR, Carroll PJ, Steigerwald ML,
Brus LE, Winge DR. 1989. Biosynthesis of cadmium sulphide quantum
semiconductor crystallites. Nature 338: 596-597.

Li Q, Liu D, Jia Z, Csetenyi L, Gadd GM. 2016. Fungal biomineralization of
manganese as a novel source of electrochemical materials. Curr Biol 26: 950-955.
Thomson-Eagle ET, Frankenberger WT. 1992. Bioremediation of soils
contaminated with selenium, p 261-309. In Lal R, Stewart BA ed., Advances in Soil
Science. Springer, New York.

Rosen K, Zhong WL, Martensson A. 2005. Arbuscular mycorrhizal fungi mediated
uptake of Cs-137 in leek and ryegrass. Sci Total Environ 338: 283-290.

Gohre V, Paszkowski U. 2006. Contribution of the arbuscular mycorrhizal symbiosis
to heavy metal phytoremediation. Planta 223: 1115-1122.

Salt DE, Smith RD, Raskin 1. 1998. Phytoremediation. Ann Rev Plant Physiol Plant
Mol Biol 49: 643-668.

Leyval C, Turnau K, Haselwandter K. 1997. Effect of heavy metal pollution on
mycorrhizal colonization and function: physiological, ecological and applied aspects.
Mycorrhiza 7: 139-153.

Krupa P, Kozdroj J. 2004. Accumulation of heavy metals by ectomycorrhizal fungi
colonizing birch trees growing in an industrial desert soil. World J Microbiol
Biotechnol 20: 427-430.

Adriaensen K, Vralstad T, Noben JP, Vangronsveld J, Colpaert JV. 2005.
Copper-adapted Suillus luteus, a symbiotic solution for pines colonizing Cu mine

spoils. Appl Environ Microbiol 71: 7279-7284.

45


http://www.sciencedirect.com/science/article/pii/S096098221630015X
http://www.sciencedirect.com/science/article/pii/S096098221630015X

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Gonzalez-Chavez MC, Carrillo-Gonzalez R, Wright SF, Nichols KA. 2004. The
role of glomalin, a protein produced by arbuscular mycorrhizal fungi, in sequestering
potentially toxic elements. Environ Poll 130: 317-323.

Rufyikiri G, Huysmans L, Wannijn J, Van Hees M, Leyval C, Jakobsen 1. 2004.
Arbuscular mycorrhizal fungi can decrease the uptake of uranium by subterranean
clover grown at high levels of uranium in soil. Environ Poll 130: 427-436.

Chen BD, Jakobsen I, Roos P, Zhu YG. 2005. Effects of the mycorrhizal fungus
Glomus intraradices on uranium uptake and accumulation by Medicago truncatula L.
from uranium-contaminated soil. Plant Soil 275: 349-359.

Chen BD, Zhu YG, Zhang XH, Jakobsen 1. 2005. The influence of mycorrhiza on
uranium and phosphorus uptake by barley plants from a field-contaminated soil.
Environ Sci Poll Res 12: 325-331.

Bradley R, Burt AJ, Read DJ. 1981. Mycorrhizal infection and resistance to heavy
metals. Nature 292: 335-337.

Bradley B, Burt AJ, Read DJ. 1982. The biology of mycorrhiza in the Ericaceae.
VII1I. The role of mycorrhizal infection in heavy metal resistance. New Phytol 91:
197-209.

Schutzendubel A, Polle A. 2002. Plant responses to abiotic stresses: heavy metal-
induced oxidative stress and protection by mycorrhization. J Exp Bot 53: 1351-1365.
Cairney JWG, Meharg AA. 2003. Ericoid mycorrhiza: a partnership that exploits
harsh edaphic conditions. Eur J Soil Sci 54: 735-740.

Ruby MV, Davis A, Nicholson A. 1994. In situ formation of lead phosphates in soils
as a method to immobilize lead. Environ Sci Technol 28: 646-654.

Cotter-Howells J. 1996. Lead phosphate formation in soils. Environ Pollut 93: 9-16.

46



1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

213.

214.

215.

216.

217.

218.

219.

220.

221.

Cotter-Howells J, Caporn S. 1996. Remediation of contaminated land by formation
of heavy metal phosphates. Appl Geochem 11: 335-342.

loannidis TA, Zouboulis Al. 2003. Detoxification of a highly toxic lead-loaded
industrial solid waste by stabilization using apatites. J Hazard Mater 97: 173-191.
Manning DAC. 2008. Phosphate minerals, environmental pollution and sustainable
agriculture. Elements 4: 105-108.

Oelkers EH, Montel J-M. 2008. Phosphates and nuclear waste storage. Elements 4:
113-116.

Ceci A, Rhee YJ, Kierans M, Hillier S, Pendlowski H, Gray N, Persiani AM,
Gadd GM. 2015. Transformation of vanadinite PbsVVO4.3Cl. by fungi. Environ
Microbiol 17: 2018-2034.

Ceci A, Kierans M, Hillier S, Persiani AM, Gadd GM. 2015. Fungal bioweathering
of mimetite and a general geomycological model for lead apatite mineral
biotransformations. Appl Environ Microbiol 81: 4955-4964.

Guggiari M, Bloque R, Aragno M, Verrecchia E, Job D, Junier P. 2011.
Experimental calcium-oxalate crystal production and dissolution by selected wood-rot
fungi. Int Biodet Biodegrad 65:803-8009.

Fomina M, Hillier S, Charnock JM, Melville K, Alexander 1.J, Gadd GM. 2005.
Role of oxalic acid over-excretion in toxic metal mineral transformations by
Beauveria caledonica. Appl Environ Microbiol 71: 371-381.

Daghino S, Turci F, Tomatis M, Favier A, Perotto S, Douki T, Fubini, B. 2006.
Soil fungi reduce the iron content and the DNA damaging effects of asbestos fibers.

Environ Sci Technol 40: 5793-5798.

47



