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ABSTRACT

In the Earth’s lithosphere, fungi are of fundamental importance as decomposer organisms, animal and
plant pathogens and symbionts (e.g. lichens and mycorrhizas), being ubiquitous in sub-aerial and sub-
soil environments. The ability of fungi to interact with minerals, metals, metalloids and organic
compounds through biomechanical and biochemical processes, makes them ideally suited as biological
weathering agents of rock and building stone. They also play a fundamental role in biogeochemical
cycling of nutrients, (e.g. C, N, P and S) and metals (e.g. Na, Mg, Ca, Mn, Fe, Cu, Zn, Co and Ni)
essential for the growth of living organisms in the biosphere. In addition they play an integral role in
the mobilization and immobilization of non-essential metals (e.g. Cs, Al, Cd, Hg and Pb). Most studies
on mineral-microbe interactions and microbial involvement in geological processes have concentrated
on bacteria and archaea (Prokaryota): fungi (Eukaryota) have, to a certain extent, been neglected. This
article addresses the role of fungi in geomicrobiological processes, emphasizing their deteriorative
potential on rock, building stone and mineral surfaces and involvement in the formation of secondary
mycogenic minerals. Such roles of fungi are also of importance for the global carbon reservoir and
have potential biotechnological applications, e.g. in the bioremediation of xenobiotic-, metal- and/or
radionuclide-contaminated soils and wastes, and metal/radionuclide recovery.
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Introduction

WEATHERING processes play an integral role in

shaping the composition of the Earth’s litho-

sphere, biosphere, hydrosphere and atmosphere

(Schwartzman and Volk, 1989; Berner, 1990;

Ferris et al., 1994; Banfield et al., 1999; Grace,

2001; Vaughan et al., 2002). Rock substrates

(aggregates of minerals), and their mineral

constituents can be weathered through physical

(mechanical), chemical and biological processes,

although near-surface weathering of rocks and

minerals, which occurs in sub-aerial (i.e. situated,

formed, or occurring on or immediately adjacent

to the surface of the earth) and sub-soil (i.e. not

exposed to the open air) environments, often

involves an interaction between the three types

(White et al., 1992). The weathering of rocks in

the sub-aerial environment results in chemical and

mineralogical changes in the host-rock leading to

the evolution of sediments in aquatic environ-

ments and soils in terrestrial environments (White

et al., 1992). Lithospheric weathering of rocks

and minerals can result in the mobilization of

essential nutrients (e.g. P, S) and metals (e.g. Na,

K, Mg, Ca, Mn, Fe, Cu, Zn, Co and Ni) required

for plant and microbial growth. In addition, non-

essential metals (e.g. Cs, Al, Cd, Hg, and Pb) may

also be mobilized (Gadd, 1993, 2001a,b; Morley

et al., 1996).

The controlling mechanisms and rate at which

rocks and minerals are weathered often depends

on environmental factors (e.g. mineral-water

interactions) and mineral properties of the host-
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rock (e.g. chemical structure and reactivity of

mineral surfaces) (Hochella, 2002; Vaughan et

al., 2002). Weathering can also be influenced by

the activities of microbial populations, by

processes sometimes termed ‘bioweathering’ and

‘microbial mediation’. Bioweathering can be

defined as the erosion, decay and decomposition

of rocks and minerals induced by living organ-

isms, which received early recognition by Sollas

(1880). Microorganisms, animals and higher

plants can weather rock aggregates through

biomechanical and biochemical attack on

mineral constituents (Goudie, 1996).

Filamentous microorganisms, higher plants and

burrowing animals can enhance the weathering of

rock substrates through physical attack and

fractionation of mineral constituents (e.g. rocks

can be split and fractionated by the disruptive

(hydraulic) pressure of growing roots and hyphae)

(Sterflinger, 2000; Money, 2001). However, the

biochemical action of organisms on rocks is

believed to be a more important process than

mechanical degradation (Sterflinger, 2000;

Etienne, 2002). Microbes, e.g. bacteria, algae

and fungi, and plants can induce chemical

weathering of rocks and minerals through the

excretion of, e.g. H+, organic acids and other

metabolites, and even CO2 produced during

respiration can lead to carbonic acid attack on

mineral surfaces (Johnstone and Vestal, 1993;

Ehrlich, 1998; Sterflinger, 2000; Gadd and Sayer,

2000). Biochemical weathering of rocks can result

in changes in the micro-topography of minerals

through pitting and etching of mineral surfaces,

mineral displacement reactions and even

complete dissolution of mineral grains (Ehrlich,

1998; Kumar and Kumar, 1999).

Minerals and microbes have been interacting

on Earth since the early Precambrian (Ehrlich,

1998; Hochella, 2002) and the important role that

early life forms played in the formation of the

Earth’s lithosphere, hydrosphere and atmosphere

is now generally acknowledged (Bengston, 1994).

Recent discoveries of well-preserved microfossils

from as early as 3500 million years before present

(MYBP) indicate that microbial life probably

existed on Earth by the time that the oldest

preserved sediments and meta-sediments were

being deposited (Buick, 1990; Schopf, 1993). It is

probable, therefore, that all sedimentary rocks

have been influenced by microbial activity

(Summer, 2000).

Mineral-microbe interactions can either

directly or indirectly influence virtually every

biological, geological and biogeochemical

process occurring at or near the Earth’s surface.

Microorganisms, including the prokaryotes

(bacteria and archaea) and eukaryotes (fungi,

algae and protozoa), inhabit almost every

environment on Earth, existing under the most

extreme conditions (e.g. in hot and cold deserts,

geothermal soils, hot springs and geysers,

hypersaline and evaporite habitats, Arctic lakes,

the deep sub-surface) (Howoritz et al., 1972;

Friedmann and Ocampo, 1976; Staley et al., 1982;

Javor, 1989; Fredrickson and Onstott, 1996;

Redman et al., 1999; Renaut and Jones, 2000;

Gerdes et al., 2000; Machel and Foght, 2000;

Hochella, 2002). In these environments, microbes

can interact with approximately 4000 mineral

species, each exhibiting a wide variability in

surface chemistry, and can influence a number of

mineralogical processes (Hochella, 2002).

Lithobiotic microbial communities often colo-

nize mineral surfaces forming a ‘biofilm’ at the

mineral-microbe interface, i.e. immobilized

microbial cells growing on the substrate

frequently within a matrix of extracellular

polymers or ‘exopolymers’ (Decho, 2002;

Vaughan et al., 2002). It is now accepted that

the majority of microorganisms living under a

wide range of conditions occur within biofilms

(Decho, 2000). Microbial biofilms occur in

aquatic, sub-soil and sub-aerial environments

(Decho, 2000; Gorbushina and Krumbein, 2000).

In aquatic sediments, microbial biofilms are a

ubiquitous and biogeochemically important

feature. They commonly occur on the surfaces

of sediment and detrital particles and rapidly form

on any new surface placed in sediments (Decho,

2000). The exopolymer matrix of the biofilm

plays a major role in attachment of cells to

sediment particles as well as acting as a cohesive

‘glue’ to bind sediment particles together (Decho,

2000). While biofilms under permanent water

cover contain between 95 and 98% biologically

stabilized water at ambient temperature, those in

atmospheric conditions, i.e. sub-aerial environ-

ments, can be regarded as containing the most

biomass, maintaining metabolic potential in the

presence of limited water availability (Gorbushina

and Krumbein, 2000).

The weathering of rock substrata can lead to the

proliferation of microbial communities in sub-

aerial and sub-soil environments. No single factor

works in isolation. Physical weathering of a

mineral substrate acts to enhance or accelerate

rates of chemical, biomechanical and biochemical
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weathering and vice versa. The development of

cracks, fissures and weathering rinds in rocks

accelerates biological weathering by providing a

niche that can easily be exploited by opportunistic

microorganisms. In addition, growth, death,

degradation and re-colonization of mineral

substrates by microbial communities occurs.

Microbial communities increase in abundance

and diversity as rock is weathered and trans-

formed into soil (Banfield et al., 1999).

Microorganisms can influence mineralogical

processes as a result of mineral dissolution,

mineral formation (sometimes termed ‘biominer-

alization’), and mineral surface chemistry and

reactivity alteration, where one mineral or mineral

assemblage is often replaced by a more stable

assemblage (Hochella, 2002; Putnis, 2002).

Mineral dissolution can be inhibited by metabolic

activities of microorganisms, e.g. the formation of

extracellular polysaccharides that passivate reac-

tive centres on minerals (Welch and Vandevivere,

1994; Welch et al., 1999). In contrast, mineral

dissolution may be accelerated by microbially-

mediated pH variations and many other changes

in solution chemistry (e.g. indirect effects on

sulphide dissolution by iron-oxidizing bacteria,

excretion of organic ligands and siderophores by

bacteria and fungi) (Grote and Krumbein, 1992;

Maurice et al., 1995; Hersman et al., 1995;

Nordstrom and Southam, 1997; Stone, 1997;

Gadd, 1999; Kraemer et al., 1999; Liermann et

al., 2000).

Microbial processes can also be influenced by

minerals (e.g. energy and nutrient acquisition, cell

adhesion, biofilm formation and natural organic

matter formation) (Hochella, 2002). Many

bacteria use minerals for respiration, a process

that involves using the mineral as a terminal

electron acceptor, resulting in mineral compo-

nents being chemically reduced (Lovley, 1991;

Nealson and Saffarini, 1994; Lower et al., 2001a).

Furthermore microorganisms can acquire essen-

tial nutrients for microbial growth from mineral

surfaces, which effectively concentrates these

nutrients far above surrounding environmental

levels (e.g. C, N, P, Fe and various organic

compounds) (Atlas and Bartha, 1998). Many

environmental contaminants, which are often

concentrated on mineral surfaces due to various

sorption reactions, can also be displaced by

similar microbial interactions (Kraemar et al.,

1999). Mineral surface properties (e.g. micro-

topography, surface composition, surface charge

and hydrophobicity) play an integral role in

microbial attachment and detachment processes,

and biofilm formation (Wolfaardt et al., 1994;

Fredrickson et al., 1995; Bennett et al., 1996;

Rogers et al., 1998). In addition, the formation of

organic matter, e.g. humic acids, can result from a

combination of processes that rely on both

mineral surfaces and microbial metabolism

(Stevenson, 1994; Ehrlich, 1996; Brady and

Weil, 1999).

The Mycota: fungal involvement in geological
processes

Fungi are a major component of the biota in soils

and mineral substrates and under certain environ-

mental conditions (e.g. low pH) often become the

dominant group when compared to other micro-

organisms such as bacteria. Bacteria are prolific

under both aerobic and anaerobic conditions and

also play a significant role in weathering

processes. For example, sulphur and sulphide-

oxidizing bacteria can produce sulphuric acid

which can attack rocks and mineral substrates

resulting in leaching of constituent metals

(Rawlings, 2003). Under anaerobic conditions,

where most fungi do not grow, feldspars can be

rapidly weathered by bacteria (Bennett et al.,

2000). Over the last decade ‘Geomicrobiology’,

the study of microbial-mineral interactions, has

largely concentrated on the prokaryotes. The role

of fungi (Mycota) in geological and weathering

processes has, to a large extent, been neglected,

with the exception of lichens (a symbiotic

relationship between a fungus, cyanobacterium

or alga) (Jones et al., 1981; Kerr and Zavada,

1989; Johnstone and Vestal, 1993; Prieto Lamas

et al., 1995, Easton, 1997; Banfield et al., 1999;

Matthes et al., 2000). Fungi are chemohetero-

trophic organisms and are ubiquitous in terrestrial

environments, occurring as unicellular yeasts,

polymorphic and filamentous fungi, both free-

living and symbiotic (Gadd, 1993, 1999). They

are important as decomposer organisms, animal

and plant symbionts and pathogens, spoilage

organisms of natural and synthetic materials and

play an important role in biogeochemical cycles

(e.g. C, N, P, S, metals) (Gadd, 1993, 1999,

2001a; Morley et al., 1996). The purpose of this

article is to review and emphasize the important

roles of fungi in Earth-surface weathering

processes. Due to their filamentous growth habit

and ability to produce and exude organic acids,

protons and other metabolites, fungi are perfectly

suited as biological weathering agents of natural
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rock, minerals and building materials (Kutuzova,

1969; Gu et al., 1998; Gadd, 1993, 1999).

Fungal communities in sub-aerial and sub-soil
environments

The fossil record of fungi in terrestrial environments

Fossilized fungal structures have been reported

from a variety of mineral substrates including

Devonian Rhynie Chert, as fossil lichen myco-

bionts in stromatolites, in Djebel-Onk phospor-

ites, Triassic silicified rock, Bitterfield amber and

Tertiary Dominican Amber (Klappa 1979a,b;

Dahanayake et al., 1985; Dahanayake and

Krumbein, 1985; Taylor and White, 1989;

McMenamin and McMenamin 1994; Taylor et

al., 1999; Rikkinen and Poinar, 2000, 2001).

Although there is geochemical evidence for

prokaryotic life in terrestrial ecosystems as early

as 2600 million years before present (MYBP) and

microfossil evidence 1200 to 800 MYBP, the

earliest undisputed fossil record of eukaryotes

including fungi and primitive plants in terrestrial

ecosystems occurs during the Ordivician period

(480 to 460 MYGP) (Heckman et al., 2001)

(Fig. 1). However, it has been speculated that they

may have occurred earlier, during the

Precambrian, as lichens, which may have led to

other symbioses between fungi and phototrophs

(Heckman et al., 2001). Many fungi and lichens

and free-living cyanobacteria, often with bryo-

phytic plants, form a biological crust in harsh

terrestrial environments today and potentially

could have done so in the Neoproterozoic period

(900 to 544 MYBP) or even earlier, perhaps along

with extremophilic animals such as tardigrades

(Heckman et al., 2001).

If fungi did occur earlier, their potential effect

on the environment and other biota should be

considered. Currently two phenomena explained

by other mechanisms could equally well be the

result of an early colonization of land by fungi

and plants. One is a period of global glaciations

known as ‘Snowball Earth’ events (750 to 580

MYBP). The second is a Neoproterozoic rise in

O2 levels, possibly leading to the Cambrian

explosion of animal life (Kirschvink et al.,

2000; Heckman et al., 2001). Fungi can enhance

weathering, which in turn can lead to lower CO2

levels and global temperatures. In addition the

burial of terrestrial carbon, rich in decay-resistant

compounds of land plants and less dependent on

abundant phosphorus, would further affect global

climate (Heckman et al., 2001). Either or both

these mechanisms could contribute to lower

global temperatures and a rise in oxygen in the

Neoproterozoic. However, examination of sedi-

ments from this time period has so far failed to

reveal fossil evidence for early colonization of

land by fungi and plants. It is equally true,

however, that most fungi and primitive plants do

not preserve well in the fossil record, leaving

open the possibility of an earlier, unrecorded

history (Heckman et al., 2001).

Fungi in present-day terrestrial environments
In present-day terrestrial ecosystems, fungi are

ubiquitous components of microbial communities.

Sub-aerial rock surfaces can be considered one of

the most inhospitable habitats for fungal growth

due to their high degree of insolation, moisture

deficit and limited availability of essential

nutrients, being characterized as oligotrophic

and oligocarbotrophic environments (Gorbushina

and Krumbein, 2000). Rocks or other sub-aerial

surfaces are inhabited by poikilotrophic (i.e. able

to deal with varying extremes in micro-climatic

conditions, e.g. light, salinity, pH, water potential)

microorganisms that thrive under these extreme

conditions over considerable periods of time.

Microbial biofilms on and in rocks are believed to

be major factors in rock decay, and the formation

of patinas, films, varnishes, crusts and stromato-

lites in rock substrates (Gorbushina and

Krumbein, 2000).

In many coastal regions and hypersaline

environments, high salinity (osmotic stress)

further inhibits microbial life on exposed rock

surfaces (Javor, 1989; Sterflinger, 2000). Inorganic

rock substrates do not necessarily favour fungal

growth, although the presence of organic and

inorganic residues on mineral surfaces or within

cracks and fissures within the mineral substrate is

thought to encourage proliferation of fungi and

other microbes. In addition the waste products of

algae and bacteria (or dead cells of these

organisms), decaying plant material, dust particles,

aerosols and animal faeces can all act as nutrient

sources for fungi (Sterflinger, 2000)

Extremophilic fungi have evolved to survive in

and exploit microhabitats on the surface and

within mineral substrata, commonly occurring as

lichens or as free-living forms, e.g. microcolonial

fungi (Gorbushina et al., 1993; Bogomolova et

al., 1998; Sterflinger, 2000) (Fig. 2a�d). Fungi

have been reported from a wide range of rock

types including limestone, soapstone, marble,

granite, sandstone, andesite, basalt, gneiss,
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dolerite, amphibolite and quartz, even from the

most harsh environments, e.g. hot and cold deserts

(Staley et al., 1982; Gorbushina et al., 1993;

Sterflinger, 2000; Verrecchia, 2000). However, it

is likely that they are ubiquitous components of

the microflora of all rocks and building stone,

occurring over a wide range of geographical and

climatic zones (Table 1).
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FIG. 1. Fossil record of fungi in terrestrial environments.
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FIG. 2. SEM images of (a) in situ visualization of filamentous microbes in a weathered limestone thin-section using

Calcoflour White M2R stain (scale bar = 50 mm); (b) clump-like colony of black fungi growing on the surface of
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Microcolonial fungi include those black-

coloured fungi that occur on the surface of the

mineral substrate as spherical clusters of tightly

packed thick-pigmented-walled cells or as monili-

form thick-walled hyphae (Gorbushina et al.,

1993; Bogomolova, 1998) (Fig. 2b). In contrast,

other filamentous fungi, including zygomycetes,

ascomycetes and basidiomycetes often occur on

rock surfaces (epiliths) and in the cracks, fissures

and pores of the rock sub-surface (endoliths).

Many fungi also actively burrow into rock

substrates (cryptoendoliths). In addition, mitos-

poric fungi (Deutermycotina or Fungi Imperfecti),

which only exhibit asexual reproduction, are also

commonly found in mineral subtrates (Kumar and

Kumar, 1999; Sterflinger, 2000; Verrecchia,

2000).

In the soil, fungi comprise the largest pool of

biomass (including other microbes and inverte-

brates). This combined with their filamentous

explorative growth habit and high-surface-area-

to-mass-ratio, ensures that fungus-mineral inter-

actions are an integral component of environ-

mental cycling processes (Gadd, 1993, 1999,

2000a). In the soil environment, fungi occur as

free-living filamentous forms, plant symbionts,

unicellular yeasts and animal and plant pathogens,

and play an important role in carbon cycling and

other biogeochemical cycles (Gadd and Sayer,

2000). Mycorrhizal fungi in particular are one of

the most important ecological groups of soil fungi

in terms of mineral weathering and dissolution of

insoluble metal compounds (Paris et al., 1995;

Jongmans et al., 1997; Lundstrom et al., 2000;

Hoffland et al., 2002; Martino et al., 2003).

The micro-environment (e.g. the presence of

inorganic and organic surfaces, solid adsorbents

and exopolysaccharides) plays a fundamental role

in weathering and mineral dissolution by fungi

(Burgstaller and Schinner, 1993). Biologically-

mediated weathering involves a complex dissolu-

t ion/select ive transport/recrystall ization

mechanism occurring within the acidic extra-

cellular gels and coating on mineral surfaces

(Banfield and Nealson, 1998). Once established in

a specific micro-environment, fungi can degrade

mineral substrates by biomechanical and

biochemical action (Haigler, 1969; Silverman

and Munoz, 1970; Bassi et al., 1984; Eckhardt,

1985; Griffen et al., 1991).

Mechanisms of rock weathering by fungi
Biomechanical deterioration of rock by fungi

Fungi are an important component of litho-

biotic communities (an association of micro-

organisms forming a biofilm at the mineral-

microbe interface), where they interact with the

lithic substrate, mainly laminar minerals, both

geophysically and geochemically (de los Rios et

al., 2002; Burford et al., 2004). Biomechanical

deterioration of rocks is believed to occur through

extensive penetration by fungal hyphae (e.g. into

decayed limestone), and by burrowing into

otherwise intact mineral material. Hyphal pene-

tration for example, can occur along crystal

planes in calcitic and dolomitic rocks (Kumar

and Kumar, 1999; Sterflinger, 2000).

Fungal hyphae can exploit grain boundaries,

cleavages and cracks to gain access to mineral

surfaces, resulting in accumulations of cleavage-

bound mineral fragments as small as 5 mm within

the lower lichen thallus (Banfield et al., 1999).

Biotite directly in contact with the lichen thallus

is intimately interpenetrated by fungal hyphae

growing along cleavages (Banfield et al., 1999).

An important feature of growth of fungal hypha is

that it enables spatial exploration of the environ-

ment in order to locate and exploit new substrates

(Jacobs et al., 2002a). This is facilitated by a

range of sensory responses, known as tropisms,

that determine direction of hyphal growth.

Thigmotropism or contact guidance is a well-

known property of fungi that grow on mineral

surfaces and within solid substrates (Watts et al.,

1998). The direction of fungal growth is often

influenced by grooves, ridges and pores in the

solid substrate and is more prevalent in weakened

mineral surfaces.

The process of invasive hyphal growth due to

hydrostatic pressure inside hyphae (turgor) allows

fungi to acquire nutrients from diverse solid

materials (Money, 2001). Highly pressurized

hyphae can penetrate tougher substrates than

limestone (scale bar = 1 mm); (c) fungal hyphae in situ in limestone (scale bar = 10 mm); (d) dimorphic growth of

fungi in situ in limestone (scale bar = 10 mm); (e) crystalline precipitates bound to fungal hyphae in situ in limestone

(scale bar = 100 mm); (f) calcite and whewellite precipitated on the hyphae of Serpula himantiodes in microcosms

amended with limestone (scale bar = 20 mm); (g) biogenic calcite and whewellite precipitated under colonies of

Serpula himantiodes in microcosms amended with limestone (scale bar = 20 mm).
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TABLE 1. Fungi commonly associated with different rock substrata in different geographical and climatic zones
(adapted from Staley et al., 1982; de la Torre and Gomez-Alarcon, 1994; Hirsch et al., 1995; Kumar and
Kumar, 1999; Sterflinger, 2000; Verrecchia, 2000; Burford and Gadd, 2003 (*) (unpublished data on the
microflora of limestone)).

Common fungal species Sandstone Marble Granite Lime- Soapstone Quartzite Andesite Basalt
inhabiting rock and building stone
stone in humid/tropical
climates (!)

Alternaria alternata ! ! !

Aspergillus elegans !

Aspergillus flavus ! ! ! !

Aspergillus fumigatus ! ! !

Aspergillus nidulans ! !

Aspergillus niger ! ! !

Aspergillus versicolor ! !

Aureobasidium pullulans ! ! !

Botrytis cinerea ! ! !

Candida albicans !

Cephalosporium sp. !

Cladosporium cladosporioides ! ! ! !

Cladosporium oxysporum ! ! !

Cladosporium sphaerospermum ! ! ! ! ! !

Cladosporium tenuissimum ! ! !

Coniothyrium cerealis ! ! !

Cunninghamella echinulata !

Curvularia lunata ! ! !

Curvularia verrugulosa ! !

Engydodontium album ! ! !

Epicoccum purpurascens ! ! !

Exophiala jeanselmei ! ! !

Fusarium roseum ! ! !

Fusarium solani ! ! !

Gliocladium virens !

Hormonema sp. ! ! !

Humicola grisea ! !

Lecythophora sp. ! ! !

Lipomyces neoformans !

Macrophoma sp. ! ! !

Monilia sp. !

Paecilomyces farinosus ! ! !

Paecilomyces lilacinus ! ! !

Paecilomyces variotii ! ! !

Penicillium aurantiogriseum ! ! !

Penicillium brevicompactum ! ! !

Penicillium chrysogenum ! ! !

Penicillium citrinum ! ! !

Penicillium crustosum ! !

Penicillium expansum ! ! !

Penicillium frequentans ! !

Penicillium glabrum ! ! ! ! !

Penicillium lilacinum !

Penicillium multicolor !

Penicillium nigricans ! ! !

Penicillium notatum ! !

Penicillium purpurogenum ! ! !

Penicillium spinulosum ! ! !
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Phaeococcomyces catenatus ! ! !

Phoma lavellei ! ! !

Phoma putaminum ! ! !

Phoma terricola ! ! !

Rhizopus arrhizus ! ! !

Rhodotorula minuta ! ! !

Trichoderma harzianum ! ! !

Trichoderma koningii ! ! !

Verticillium lecanii ! ! !

Verticillium psalliotae ! ! !

Common fungal species Sandstone Marble Granite Lime- Soapstone Quartzite Andesite Basalt
inhabiting rock in arid stone
and semi-arid climates (*)

Alternaria alternata * * *

Bahusakala sp. * *

Caloplaca callopisma *

Cladosporium sphaerospermum * * *

Coniosporium apollinis * * *

Coniosporium perforans * * *

Coniosporium uncinatum * * *

Fungi Imperfecti *

Hormonema demantioides * * *

Hortaea werneckii * * *

Humicola sp. * *

Lichenothelia sp. * * *

Phaeotheca sp. * * *

Phoma glomerata * * *

Sarcinomyces crustaceus * * *

Sarcinomyces petricola * * *

Taeniolella subsessilis * *

Trimmatostroma sp. * * *

Ulocladium chartarum * * *

Verrucaria sp. *

Common fungal species Sandstone Marble Granite Lime- Soapstone Quartzite Andesite Basalt
inhabiting karstic caves, stone
cave deposits and waters (!)

Mucor sp. !
Parmelia sp. !
Penicillium sp. !
Rhizocarpon sp. !
Rhizopus sp. !

Common fungal species Sandstone Marble Granite Lime- Soapstone Quartzite Andesite Basalt
inhabiting building stone stone
in mediterranean climates ($)

Alternaria alternata $ $ $
Cladosporium $ $ $
cladosporoides
Penicillium frequentans $ $ $
Penicillium steckii $ $ $
Phoma glomerata $ $ $
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those with lower pressures, and fungi that

naturally invade hard materials generate extra-

ordinarily high pressure. For example, various

human and plant pathogenic fungi (e.g. Wangiella

dermati t is , Gaeumannomyces graminis ,

Magnaporthe grisea) were able to exert pressure

of 8�20 mN (Money, 1999; Money and Howard,

1996). Melanin has also been implicated as

playing a major role in the ability of plant

pathogenic fungi to penetrate solid materials as

this black pigment facilitates the development of

infection structures (Wheeler and Bell, 1987;

Money and Howard, 1996). Rock-dwelling fungi

are ubiquitous and very often melanized and can

be potentially pathogenic for humans (e.g.

Aureobasidium pullulans, Cryptococcus sp.,

Exophiala sp., Phialophora sp., Cladosporium

cladosporioides) (Horre and de Hoog, 1999;

Kantarcioglu et al., 2002). However, as in other

fungi, surface biophysical weathering is combined

with surface and subsurface biochemical weath-

ering. Although, biochemical weathering can be

limited by depth, progressive leaching of elements

increases the porosity of the weathering rind,

thereby facilitating water penetration and the

maintainance of chemical processes to greater

depth (Etienne, 2002).

Biochemical deterioration of rock by fungi

The biochemical action of fungi on rocks is

believed to be a more important process than

mechanical degradation (Kumar and Kumar,

1999). Fungi can solubilize minerals and metal

TABLE 1 (contd.)

Common fungal species Sandstone Marble Granite Lime- Soapstone Quartzite Andesite Basalt
inhabiting building stone in stone
temperate climates (&)

Alternaria sp. &
Aspergillus sp. &
Aureobasidium sp. &
Chaetomium sp.* & &
Cladosporium sp. &
Cryptococcus magnus* &
Filobasidium floriforme* &
Fusarium sp. &
Paecilomyces sp. &
Penicillium sp. & &
Penicillium corylophilum* &
Petriella setifera* &
Phoma sp. &
Phialophora sp.* &
Pseudallescheria boydii* &
Rhizopus sp. &
Trichoderma sp. &

Common fungal species Sandstone Marble Granite Dolerite Amphi- Quartzite Andesite Basalt
inhabiting rocks in cold bolite
deserts, e.g. Antarctica (&)

Aspergillus sp. &

Candida sp. &

Fusarium sp. &

Mucor sp. &

Paecilomyces sp. & &

Penicillium sp. & & &

Rhizopus sp. &

Rhodotorula sp. &

Sporobolomyces sp. &
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compounds through four main mechanisms:

(1) acidolysis (2) complexolysis (3) redoxolysis

and (4) mycelial metal accumulation (Burgstaller

and Schinner, 1993). Heterotrophic leaching by

fungi primarily involves the first two mechanisms

and occurs as a result of several processes

including proton efflux via the plasma membrane

H+-ATPase, maintenance of charge balance,

production of siderophores (e.g. in the case of

Fe and Mn) or as a result of respiratory carbon

dioxide accumulation. In many fungal strains

however, heterotrophic leaching occurs mainly

through the production of organic acids (e.g.

oxalic and citric acid) (Adams et al., 1992; Gadd,

1999, 2001a; Jarosz-Wilkołazka and Gadd, 2003).

Fungi generally acidify their micro-environ-

ment and this acidification results from (1) the

excretion of protons via the proton translocating

ATPase (2) the absorption of nutrients in

exchange for protons (3) excretion of organic

acids (4) carbonic acid formed as result of

respiratory CO2 production (Burgstaller and

Schinner, 1993). In addition, fungi, like most

heterotrophs, excrete primary and secondary

metabolites with chelating properties (e.g.

carboxylic acids, amino acids and phenolic

compounds) (Manley and Evans, 1986; Muller

et al., 1995). Fungal-derived carboxylic acids can

play an integral role in chemical attack on mineral

surfaces (Muller et al., 1995; Gadd, 1999, 2001a).

The production of organic acids provides a source

of protons for solubilization and metal-chelating

anion to complex the metal cation. Metal

complexation is often dependent on the concen-

tration of anions and metals in solution, pH and

the stability constants of the various complexes

(Devevre et al., 1996).

Fungal deterioration of rock and building stone by
biomechanical and biochemical processes
Microbial attack on minerals is usually specific

and may depend on the groups of microorganisms

involved (e.g the hyphae of lichens have been

shown to overgrow augite and mica but actively

avoid quartz) (Aristovskaya, 1980). In podzols,

quartz and kaolin are usually overgrown by fungi

and algae, with abundant fungal hyphae also

being found to envelope apatite particles.

Bacteria, on the other hand, develop mainly on

biotite (Aristovskaya, 1980). Laboratory experi-

ments have demonstrated that alkaline (basic)

rocks are generally more susceptible to fungal

attack than acidic rocks (Eckhardt, 1985; Kumar

and Kumar, 1999).

Fungi are believed to contribute to the weath-

ering of silicate-bearing rocks, e.g. mica and

orthoclase, and Fe- and Mn-bearing minerals, e.g.

biotite, olivine and pyroxene, but the amount of

degradation of these substrates that can be directly

attributed solely to fungal activity is still

undetermined (Kumar and Kumar, 1999). Callot

et al. (1987) demonstrated the ability of side-

rophore-producing fungi (or siderofungi) to pit

and etch microfractures in samples of olivine and

glasses under laboratory conditions. The ability of

fungi to deteriorate natural and man-made antique

and medieval glass was also shown by Krumbein

et al. (1991). Fungal degradation of aluminosili-

cates and silicates is believed to occur as a result

of the production of organic acids, inorganic acids

and complexing agents (Rossi and Ehrlich, 1990).

However, it is also plausible that CO2 released

during fungal respiration can enhance silicate

degradation by carbonic acid attack of mineral

surfaces (Sterflinger, 2000). Among the most

important fungi to attack silicates include oxalic-

acid-producing species, e.g. Aspergillus niger, has

been shown to degrade olivine, dunite, serpentine,

muscovite, feldspar, spodumene, kaolin and

nepheline. Penicillium expansum causes extensive

degradation of basalt while Penicillium simpli-

cissimum and Scopulariopsis brevicaulis have

been shown to release Al from aluminosilicates

(Mehta et al., 1979; Rossi, 1979; Sterflinger,

2000).

In podzol E horizons under European coni-

ferous forests, the weathering of hornblendes,

feldspars and granitic bedrock has been attributed

to exudation of oxalic, citric, succinic, formic and

malic acids by saprotrophic and mycorrhizal

hyphae. Fungal hyphal tips were found to

produce micro- to millimolar concentrations of

these acids that could effectively dissolve Ca-rich

plagioclase feldspars at rates of 0.3 to 30 mm y�1

(Jongmans et al., 1997). The chemical weathering

of primary Si- and Al-bearing minerals by non-

fungal derived organic acids was demonstrated

under laboratory conditions by Huang and Keller

(1972) and Wilson (1975).

Fungal weathering of limestone, sandstone and

marble, is also known to occur (Kumar and

Kumar, 1999; Ehrlich, 1996). Carbonates, espe-

cially calcium carbonate (CaCO3) and calcium

magnesium carbonate (CaMg(CO3)2), occur

extensively on the Earth’s surface as limestone

and dolomite (Ehrlich, 1996). Near-surface

calcretes and dolocretes cover as much as 13%

of the total land surface and are an important
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reservoir of carbon accounting for 78.5% of the

total HCO3
�, CO2�

3 and CO2 in the Earth’s

lithosphere (Ehrlich, 1996; Goudie, 1996).

Numerous microorganisms including bacteria

and fungi have been isolated from natural

limestone formations.

Cryptoendolithic (i.e. actively penetrating the

rock matrix to several mm in depth) and

chasmolithic or endolithic (i.e. living in hollows,

cracks and fissures within rocks) fungi are known

to bore into limestone. Cavities in limestone

provide a major habitat for these organisms

particularly in extreme environments like cold

deserts (Ehrlich, 1996). The production of organic

acids (e.g. oxalic and gluconic acids) is believed

to play a major role in biochemical degradation of

limestone material (Ehrlich, 1996).

The chemical basis for carbonate weathering is

the instability of carbonates in acid solution:

CaCO3 + H+
> Ca2+ + HCO3

� (1)
HCO3

� + H+
> H2CO3 (2)

H2CO3 > H2O + CO2 (3)

Since Ca(HCO3)2 is very soluble compared

with CaCO3, the CaCO3 dissolves even in weakly

acidic solutions. In strong acid solutions the

CaCO3 dissolves more rapidly as carbonate is

lost from solution as CO2. Biochemically, any

organism capable of forming acids through its

metabolism is capable of dissolving insoluble

carbonates. Even the metabolic generation of CO2

during respiration can have the same effect:

CO2 + H2O > H2CO3 (4)
H2CO3 + CaCO3 > Ca2+ + 2HCO3

� (5)

Degradation of sandstone by fungi is also well

documented (Gomez-Alarcon et al., 1994; Hirsch

et al., 1995; Sterflinger, 2000). The weathering of

sandstone monuments by fungi has been attrib-

uted to the production of, e.g. acetic, oxalic, citric,

formic, fumaric, glyoxylic, gluconic, succinic and

tartaric acids (Gomez-Alarcon et al., 1994; Hirsch

et al., 1994). In hot and cold deserts and semi-arid

regions, clump-like colonies of epi- and endolithic

darkly-pigmented microcolonial fungi are

common inhabitants of limestone, sandstone,

marble and granite as well as other rock types

(Staley et al., 1982; Sterflinger, 2000; Gorbushina

et al., 1993). In contrast to the acid-producing

hyphomycetes, microcolonial fungi have never

been shown to produce organic acids under

laboratory conditions (Wollenzien et al., 1995).

However, analysis of desert rock samples has

shown colonies or single cells in connection with

pitting and etching patterns suggesting acid attack

of the mineral surface, possibly a result of the

production of organic acids or carbonic acid

(Sterflinger, 2000). Microcolonial fungi have also

been shown to be common inhabitants of biogenic

oxalate crusts on granitic rocks. It is thought that

the crusts in these cases are initially formed by

bacteria and later colonized, penetrated and

partially destroyed by fungi (Blazquez et al.,

1997).

Fungi can also attack rock surfaces through

redox attack of mineral constituents such as Mn

and Fe (Timonin et al., 1972; Grote and

Krumbein, 1992; de la Torre and Gomez-

Alarcon, 1994). Desert varnish, an oxidized

metal layer (patina) a few mm thick found on

rocks and in soils of arid and semi-arid regions, is

believed to be of fungal and bacterial origin. For

example, fungi of the Lichenothelia genus can

oxidize Mn and Fe in metal-bearing minerals such

as siderite (FeCO3) and rhodochrosite (MnCO3),

or from metals absorbed from rainfall or wind-

blown dust and precipitate them as oxides (Grote

and Krumbein, 1992). Similarly the oxidation of

Fe(II) and Mn(II) by fungi leads to the formation

of dark patinas on glass surfaces. Fungi produce

chelating agents that mask the ions dissolved from

glass surface by chemical processes (e.g. Ca2+).

The chemical equilibrium is changed and the

process of ion dissolution is increased (Erkhardt,

1985).

The mycelial sink: metal/mineral binding,
accumulation and precipitation
Fungal biomass provides a metal sink, either by

(1) metal biosorption to biomass (cell walls,

pigments and extracellular polysaccharides);

(2) intracellular accumulation and sequestration,

or (3) precipitation of metal compounds onto

hyphae. In addition to immobilizing metals, this

also reduces the external free metal activity, and

may shift the equilibrium to release more metal

into the soil solution (Gadd, 1993, 2000b;

Sterflinger, 2000).

Fungi are known to be highly effective

biosorbents for a variety of metals including Ni,

Zn, Ag, Cu, Cd and Pb (Gadd, 1990, 1993). Metal

binding by fungi can occur through metabolism-

dependent or metabolism-independent binding of

ions onto cell walls and other external surfaces

and can be an important passive process of both

living and dead fungal biomass (Gadd, 1990,

1993; Sterflinger, 2000). Metal-binding capacity

can be influenced by environmental pH, with the
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binding capacity of biomass decreasing at low pH

for metals such as Cu, Zn and Cd (de Rome and

Gadd, 1987). Cell density also effects binding

capacity, with lower cell densities allowing a

higher yield per unit of biomass (Gadd, 1993).

The presence of melanin and chitin in fungal cell

walls may also strongly influence the ability of

fungi to act as biosorbents (Gadd and Mowll,

1995; Manoli et al., 1997). Gadd and Mowll

(1995) reported that melanin-containing chlamy-

dospores of Aureobasidium pullulans could

absorb three times more Cu than hyaline cells.

Manoli et al. (1997) demonstrated that chitin, a

nitrogen-containing polysaccharide and major

component of fungal cell walls, is a substrate on

which calcite will readily nucleate and subse-

quently grow, favouring deposition from super-

saturated solutions at pH 8.5 at 25ºC.

Formation of biogenic minerals (mycogenic
precipitates) by fungi
Fungi have been shown to precipitate a number

of inorganic and organic compounds, e.g. oxalates

and oxides (Arnott, 1995; Verrecchia, 2000;

Gadd, 2000a; Grote and Krumbein, 1992)

(Fig. 2e). Precipitation, including crystallization,

will immobilize metals in the soil environment

and therefore limit bioavailability, as well as

perhaps leading to release of nutrients like

sulphate and phosphate (Gadd, 2000a,b).

Oxalate precipitation
Calcium oxalate is the most common form of

oxalate associated with soils and leaf litter,

occurring as the dihydrate (weddellite) or the

more stable monohydrate (whewellite). Calcium

oxalate crystals are commonly found associated

with free-living, pathogenic and plant symbiotic

fungi and are formed by the reprecipitation of

solubilized calcium as calcium oxalate (Arnott,

1995;). Fungal-derived calcium oxalate can

exhibit a variety of crystalline forms (tetragonal,

bipyramidal, plate-like, rhombohedral or needles)

and are frequently associated with the outer

surfaces of fungal hyphae. The formation of

calcium oxalate by fungi has a profound effect on

biological and geochemical processes in soils,

acting as a reservoir for calcium in the ecosystem,

but also influencing phosphate availability (Gadd,

1993, 1999; Jacobs et al., 2002a,b).

Fungi can also produce other metal oxalates

with a variety of different metals and metal-

bearing minerals, e.g. Cd, Co, Cu, Mn, Sr and Zn

(Gadd, 2000a,b; Jarosz-Wilkołazka and Gadd,

2003; Burford et al., 2003, 2004). The formation

of metal oxalates may provide a mechanism

whereby fungi can tolerate environments

containing potentially high concentrations of

toxic metals. A similar mechanism is thought to

occur in lichens observed growing on copper-

sulphide bearing rocks, where precipitation of

copper oxalate occurs within the thallus (Arnott,

1995; Easton, 1997). Under laboratory conditions,

media amended with powdered minerals have

revealed fungal production of metal oxalates

which adhere to fungal hyphae or are deposited

nearby (Sayer et al., 1997; Burford et al., 2004).

However, oxalates are not the only crystalline

precipitates to be associated with fungal hyphae

and lichen thalli. The precipitation of carbonates

on fungal hyphae, particularly calcite (CaCO3),

has also been reported in situ in calcareous soils

and near surface limestones (calcretes) (Kahle,

1977; Klappa, 1979a,b; Calvet, 1982; Callot et

al., 1985a,b; Verrecchia et al., 1990; Monger and

Adams, 1996; Bruand and Duval, 1999; Burford

et al., 2003, 2004).

Calcif|ed fungal f|laments in limestone and calcareous
soils
The precipitation of carbonate minerals by

microorganisms is well documented suggesting

that microbial carbonate precipitation coupled

with silicate weathering could provide a potential

sink for CO2 in terrestrial environments

(Krumbein and Giele, 1979; Callot et al.,

1985a,b ; Thompson and Ferr is , 1990;

Verrecchia et al., 1990; Bruand and Duval,

1999; Rivadeneyra et al., 1993; Folk and

Chavetz, 2000; Fujita et al., 2000; Knorre and

Krumbein, 2000; Merz-Preiß, 2000; Riding, 2000;

Warren et al., 2001; Hammes and Verstraete,

2002). In limestone, dolomite and marble, fungi

are considered to be important agents of carbonate

mineral deterioration, weathering carbonate-

bearing minerals through a combination of

physical and chemical processes. However,

fungi can also play a fundamental role in

secondary carbonate precipitation. Fungal fila-

ments mineralized with calcite (CaCO3), together

with whewellite (calcium oxalate monohydrate,

CaC2O4.H2O), have been reported in limestone

and calcareous soils from a range of localities

(Kahle, 1977; Klappa, 1979a,b; Calvet, 1982;

Callot et al., 1985a,b; Verrecchia et al., 1990;

Monger and Adams, 1996; Bruand and Duval,

1999). In addition, near-surface limestones

(calcretes), calcic and petrocalcic horizons in
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soils are often secondarily cemented and indu-

rated with calcite (CaCO3) and whewellite

(calcium oxalate monohydrate, CaC2O4.H2O)

implying that fungi play a prominent role in the

transformation and subsequent stabilization of

limestone rock substrates (Verrecchia, 2000).

Calcite formation by fungi may occur through

indirect processes via the fungal excretion of

oxalic acid and the precipitation of calcium

oxalate (Verrecchia et al., 1990; Gadd, 1999;

Verrecchia, 2000). For example, oxalic acid

excretion and the formation of calcium oxalate,

results in the dissolution of the internal pore walls

of the limestone matrix so that the solution

becomes enriched in free carbonate. During

passage of the solution through the pore walls,

calcium carbonate re-crystallizes as a result of a

decrease in CO2, and this contributes to hardening

of the material. Biodegradation of oxalate as a

result of microbial activity can also lead to

transformation into carbonate, resulting in preci-

pitation of calcite in the pore interior, leading to

closure of the pore system and hardening of the

chalky parent material. During decomposition of

fungal hyphae, calcite crystals can be released to

act as sites of further secondary calcite precipita-

tion (Verrecchia, 2000) (Fig. 2f,g).

Reduction of metals and metalloids
Many fungi precipitate reduced forms of metals

and metalloids in and around fungal hyphae. For

example, Ag(I) reduction to elemental silver

Ag(0); selenate [Se(VI)] and selenite [Se(IV)] to

elemental selenium; tellurite [Te(IV)] to

elemental tellurium [Te(0)]. Reduction of Hg(II)

to volatile Hg(0) can also be mediated by fungi

(Gadd, 1993, 2000a,b).

Clays and fungi
Clay mineral formation and impact on soil properties

Silicon dioxide, when combined with oxides of

Mg, Al, Ca and Fe, forms the silicate minerals in

rocks and soil (Bergna, 1994). These high-

temperature minerals are unstable at the tempera-

tures of the biosphere, and they break down

readily to form clays. Microorganisms modify the

rates and mechanisms of chemical and physical

weathering and clay growth, thus playing

fundamental roles in the dissolution of silicate

structure in the rock weathering process, in the

genesis of clay minerals, and soil and sediment

formation (Styriakova and Styriak, 2000; Banfield

et al., 1999). The presence of clay minerals can be

a typical symptom of biogeochemically-weath-

ered rocks (Barker and Banfield, 1996, 1998;

Rodriguez Navarro et al., 1997). For example, in

the weathering of silicate minerals by lichens, Ca,

K, Fe clay minerals and nanocrystalline alumi-

nous Fe oxyhydroxides are mixed with fungal

organic polymers (Barker and Banfield, 1998). It

was also reported that biotite in contact with the

lichen thallus was interpenetrated by fungal

hyphae growing along cleavages and was partially

converted to vermiculite (Barker and Banfield,

1996). Some evidence of fungal weathering of

minerals in soil and their transformation into clay

have been reported in study on ectomycorrhizal

influence on chemical and mineralogical proper-

ties of soils (Arocena et al., 1999). The results

suggested that the transformation rate of mica and

chlorite to 2:1 expandable clays was predominant

in the ectomycorrhizosphere compared to non-

ectomycorrhizosphere soils, likely to be a result of

the high production of organic acids and direct

extraction of K+ and Mg2+ by fungal hyphae. In

ectomycorrhizoplane samples, it was suggested

that K+ and possibly amorphous Al2O3 and Fe2O3

could reconstitute the degraded mica and chlorite

through the formation of hydroxy-interlayered 2:1

clays.

Soil, being a biologically-active loose mass of

weathered rock fragments mixed with organic

matter, is the ultimate product of rock weathering,

i.e. the interaction between the biota, climate and

rocks. Clay is generally present in soil in larger

amounts than organic matter and its total

contribution to the chemical and physical proper-

ties generally equals or exceeds that of humus.

Because of their ion-exchange capacity, their

electronegative charge, and their adsorption

powers, the silicates of clay perform a buffering

function in mineral soils (Ehrlich, 1996; Dube et

al., 2001). Their ion-exchange capacity and

adsorption powers, moreover, make them impor-

tant reservoirs of cations and organic molecules

(Wild, 1993; Li and Li, 2000; Dinelli and Tateo,

2001; Dong et al., 2001; Krumhansl et al., 2001).

Montmorillonites exhibit the greatest ion-

exchange capacity, illites exhibit less, and

kaolinites least (Kukovsky, 1966; Ehrlich, 1996).

Biological effects of clay minerals
The role of clay minerals in co-evolution of the

biological and mineral worlds has attracted

increasing attention (Bergna, 1994; Trevors,

1996; Hartman, 1998; Ferris, 2002; Pearson,

2002). Clays may have played a significant role
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FIG. 3. SEM images of fungal pellets in the presence of 0.5% (w/v) bentonite: (a) whole pellet of Cladosporium

cladosporioides grown for 17 h (scale bar = 100 mm); (b) structure of the central zone of a fractured pellet of

Humicola grisea grown for 140 h (scale bar = 10 mm); (c) structure of the central zone of fractured pellet of

C. cladosporioides grown for 38 h (scale bar = 10 mm); (d) structure of the central zone of a fractured pellet of

C. cladosporioides grown for 140 h formed by a polysaccharide/clay matrix surrounding individual hyphae, (scale

bar = 10 mm) (adapted from: Fomina and Gadd, 2002b).
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in the evolution of life and synthesis of

biologically viable molecules on prebiotic earth

due to their ability to adsorb, concentrate, and

subsequently catalyse the polymerization of

important biological monomers (Winter and

Zubay, 1995; Bosetto et al., 1997; Hartman,

1998; Porter et al., 2000).

Fungi are in close contact with clay minerals in

soils and sediments. It is well known that

microbial growth, metabolic activity and genetic

processes can be strongly influenced by clays and

numerous studies have shown that the interaction

of microorganisms with solid adsorbents can lead

to an increase of biomass yield and growth rate

and production of enzymes and metabolites

(Stotzky, 1966, 2000; Haider et al., 1970; Martin

et al., 1976; Fletcher, 1987; Zvyagintcev, 1987;

Marshall, 1988; Clause and Filip, 1990; Kurdish

and Kigel, 1992; Lee and Stotzky, 1999; Lotareva

and Prozorov, 2000; Lunsdorf et al., 2000;

Demaneche et al., 2001; Fomina and Gadd,

2002a). Depending on conditions, some clays

may stimulate or inhibit fungal metabolism

(Fomina and Gadd, 2002). Stimulatory effects

were explained by the various abilities of different

clays to serve as (1) pH buffers, (2) a source of

inorganic nutrients through their cation-exchange

capacity, (3) specific adsorbents of one or more

metabolic inhibitors (as well as nutrients and

growth stimulators), and (4) modificators of the

microbial microenvironment because of their

surface area and adsorptive capacity that creates

microzones with altered microbial growth condi-

tions (Stotzky, 1966; Marshall, 1988; Martin et al.,

1976; Fletcher, 1987; Zvyagintcev, 1987).

Interactions between microorganisms and solid

mineral particles also help the microorganisms to

maintain themselves in higher layers of soil and

offer protection from environmental stresses

(Babich and Stotzky, 1977; McEldowney and

Fletcher, 1986; Kurdish and Titova, 2000; Pereira

et al., 2000; Vettori et al., 2000). A growth

promotional role of montmorillonite was shown

for C. cladosporioides grown in liquid medium at

both deficiency of carbon or mineral nutrients and

at high carbon source concentrations (Fomina et

al., 2000). The protective role of clay against

inhibitory concentrations of substrate can be

explained by adsorption and thereby neutralization

of toxic products of metabolism allowing a more

effective use of the carbon substrate (Stotzky,

1966). It was also found that the inclusion of clay

minerals (bentonite, palygorskite and kaolinite) in

liquid medium influenced the size, shape and

structure of the mycelial pellets (Fomina and

Gadd, 2002b). At all stages of fungal growth, the

clay particles were involved in the formation of

fungal pellet structure serving as the mineral

matrix or building material for the microcolony

(Fomina and Gadd, 2002b) (Figs 3, 4). The

presence of clay minerals, in general, increased

the porosity of the pellets (the ratio of surface

hyphae length to pellet radius) of Cladosporium

species (Fomina and Gadd, 2002b). Such changes

in fungal morphology as affected by the different

clay minerals may reflect some differences in

physiological activity. The presence of clay within

fungal pellets may positively influence the

diffusion of nutrients and oxygen or remove

toxic metabolites. For example, a reduction of

polysaccharide-like exopolymer production in C.

cladosporioides, H. grisea and C. herbarum with

increasing clay concentration may be a result of

protection of the pellets from a decline in the

stationary phase of growth by clay minerals

(Fomina and Gadd, 2002b). Clays also have an

affinity for enzymes secreted by cells or liberated

by them on autolysis after death (Skujins, 1967).

FIG. 4. (facing page) Simple model of mechanisms for reduced or enhanced metal sorption abilities of fungal/clay

sorbents. Available metal-binding sites on clay particles or on biomass are represented by closed circles (*);

masked or blocked metal-binding sites are represented by open circles (*). Note that the metal-binding sites

depicted may be heterogeneous both between the biomass and the clay, but also within the biomass. A decrease in

sorption capacity of the clay-biomass complex due to masking of metal-binding sites on the biomass and clay

particles may result in binding of clay minerals with biomass fragments by, e.g. Van der Waals forces; Al3+, Fe2+,

Ca2+ and Mg2+ bridges; hydrogen bonding; direct interactions between active sites of clay minerals with

corresponding groups on the biomass; complexing of exchange cations of clay minerals by carboxyl, phenolic and

carbonyl groups of the organic phase. An increase in sorption capacity of the clay-biomass complex may result after

biomass fragmentation and/or dissociation of biopolymers after interactions with clay mineral particles, leading to

exposure of additional metal-binding sites. The nature of such interactions will clearly depend on physico-chemical

conditions and also properties of individual clay minerals and biomass types (adapted from Fomina and Gadd,

2002a).
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1

CLAY PARTICLE FRAGMENT BIOMASS FRAGMENT

DECREASE IN SORPTION CAPACITY

INCREASE IN SORPTION CAPACITY

Masking of metal-
binding sites on clay
particles and biomass

Association of clay
particles and biomass

Biomass fragmentation and
dissociation of biopolymers on
binding to clay particles:
appearance of additional metal-
binding sites

Available metal-binding sites

Unavailable metal-binding sites
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Role of clay/fungal interactions in soil aggregation and
sorption properties
Intimate contact of fungi with clay minerals

and other solid adsorbents in their natural

environment results in an aggregated condition

being the norm. Interaction between cells and

solid particles is subject to a complex of forces of

both a physicochemical (electrostatic, ionic,

hydrophobic etc.) and biological (chemotaxis,

production of specific enzymes, polysaccharides,

lectins and other adhesins, etc.) nature (Fletcher,

1987; Zvyagintcev, 1987; Lunsdorf et al., 2000).

Under physiological (or neutral) pH values,

microorganisms have a net negative charge and

mostly amino- and carboxyl groups on their

surface (Zvyagintcev, 1987; Marshall, 1988). It

was shown that positively charged edges of slices

of montmorillonite were electrostatically attracted

by negative carboxyl groups of bacterial surfaces,

whereas positive sites on cell surfaces can attach

to the negatively-charged lateral flatness of

montmorillonite particles (Marshall, 1988).

Fungal and clay mineral interactions have been

shown to play an important role in the processes

of soil evolution. The examination of the soil clay

aggregation by saprophytic (Rhizoctonia solani

and Hyalodendron sp.) and mycorrhizal

(Hymenoscyphus ericae and Hebeloma sp.) fungi

supported the hypothesis that fungal hyphae bring

mineral particles and organic materials together to

form stable micro-aggregates at least <2 mm, and

enmesh micro-aggregates into stable aggregates

>50 mm diameter (Tisdall et al., 1997). Fungi not

only entangle soil particles in their hyphae but

take part in polysaccharide aggregation as well

(Dorioz et al., 1993; Martens and Frankenberger,

1992; Schlecht-Pietsch et al., 1994; Puget et al.,

1999; Chantigny et al., 1997). Our observations of

polysaccharide-like exopolymer synthesis and the

formation of a solid matrix from polysaccharide/

clay mixtures in the central zone of fungal

microcolonies, also contributes to considerations

of the roles of soil fungi in soil aggregation and

stabilization (Fomina and Gadd, 2002b)

(Figs 3d, 4).

Interactions between clay minerals and fungi

alter the filtration and sorption properties of soil

and may have further implications for the fate of

toxic metals. In an environmental context,

pollution of the natural environment by toxic

metals, metalloids and radionuclides has led to

increased interest in fungi because of the

ubiquitous presence of fungi in metal-polluted

habitats, and their capacity for uptake and

translocation of toxic metals and radionuclides

(Gadd 1993; Gadd and Sayer, 2000). It was shown

that metal inputs increased ergosterol and

decreased bacterial-fungal PLFA ratios in most

soils indicating the comparative increase of fungal

biomass compared to bacteria in metal-contami-

nated soils (Khan and Scullion, 2000).

Fungi themselves are very potent biosorbing

materials and another area of applied speculation

is the use of fungal biomass for biosorptive

detoxification of metal/radionuclide-containing

industrial effluents (Gadd, 1986, 1990, 1992).

Fungal biosorption depends on physicochemical

conditions, strain properties, cell wall composi-

tion and, especially, the presence of pigments

(Gadd and Griffiths, 1980; Gadd, 1984, 1990,

2001a,b; Gadd and de Rome, 1988; Zhdanova et

al., 1990; Fogarty and Tobin, 1996). Interactions

of clay particles and fungal cells may alter

adsorption properties of both constituents. Clay

minerals, adsorbed on fungal mycelium, increase

the low mechanical strength of fungal biomass

improving its metal sorption characteristics. The

presence of living microbial cells adsorbed on the

soil particles should be regarded as a complex

system of biotic-mineral complex being a natural

biogeochemical barrier in the processes of toxic

metal and radionuclides migration in soil. Both

clays and fungal biomass have been investigated

due to their ability to sorb toxic metals. However,

most studies have concentrated on the uptake of

metals by either clay minerals or microbial

biomass as individual and separate entities

(Inskeep and Baham, 1983; Farrah and

Pickering, 1976a,b; Fujiyoshi et al., 1992; van

Bladel et al., 1993; Volesky and Holan, 1995; Li

and Li, 2000; Dinelli and Tateo, 2001; Dong et

al., 2001). Only a few studies have been carried

out on the sorption properties of mixtures of clay

minerals (montmorillonite, kaolinite) and micro-

bial biomass (algae, fungi) (Garnham et al., 1991;

Kadoshnikov et al., 1995; Morley and Gadd,

1995; Fomina and Gadd, 2002a).

The sorptive properties of clay-organic matter

complexes has attracted considerable attention

(Flemming et al., 1990; Dumat et al., 2000;

Neubauer et al., 2000; Leboda et al., 2001;

Voudrias, 2002). In general, a decrease in metal

sorption has been found with increasing carbon

deposited in the complex adsorbent (Leboda et

al., 2001) or increasing polymer adsorbed on the

clay surface (Dumat et al., 2000) due to partial or

complete blocking of adsorption/catalytic centres.

However, it has been shown that in montmor-
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illonite suspensions, metal sorption was enhanced

by the siderophore desferrioxamine B due to

electrostatic interactions (Neubauer et al., 2000).

The presence of kaolinite and palygorskite in the

medium generally reduced both Cu and Cd

sorption capacity and the metal-binding ability

of the fungal-clay mixtures (Fomina and Gadd,

2002a). In contrast, bentonite addition into the

medium did not considerably alter the Cd sorption

ability but increased the sorption of Cu by A.

pullulans and C. cladosporioides grown in this

medium. A common feature for all fungal cultures

growing in the presence of the bentonite was an

increase in Cu sorption capacity (Qmax) of the

biomineral sorbents and a reduction of their

affinity (Langmuir parameter b) compared to

control biomass (Fomina and Gadd, 2002a). In a

study of R. arrhizus and T. viride, mixtures of

montmorillonite and fungal biomass showed a

reduced uptake of metals, depressed below

calculated values by up to 37% at pH 4, possibly

because of masking of exchange sites (Morley

and Gadd, 1995). The decrease in metal retention

was explained as being the result of cation-

enhanced aggregation between the cells and clays,

the clays probably physically blocking regions of

the microbial surface, thus reducing the cation

binding capacity of the aggregate. However C.

cladosporioides biomass grown in the form of

small pellets in a medium containing 5% (w/v)

kaolinite demonstrated an enhanced ability to sorb
90Sr (2670 Bq/g) compared to pure clay

(1951 Bq/g) and pure biomass (1551 Bq/g)

(Fomina et al . , 1999) . As shown for

C. cladosporioides and radionuclides (Fomina et

al., 1999) and for Cu (Fomina and Gadd, 2002a),

sorption ability generally increased with a

decrease of fungal pellet size. Physical interac-

tions therefore may not prove to be the sole

explanation of changes in the metal-binding

capacity of fungal/clay aggregates.

As clay minerals and biomass have some

differences in mechanisms of sorption and are

more efficient in different ranges of metal

concentrations, fungal/clay complex biomineral

sorbents could combine the sorptive advantages

of the individual counterparts, i.e. the high density

of metal binding sites per unit area and high

sorption capacity of fungal biomass, high sorption

affinity, and the high surface area per unit weight,

mechanical strength and efficient sorption at high

metal concentrations of the clay minerals. Fungal

biomass grown in a bentonite-containing medium

generally showed increased metal sorption

capacity compared to individual biomass, with

the ability to sorb metals being especially efficient

at higher concentrations of toxic metals (Fomina

and Gadd, 2002a). The mechanisms underlying

the changed sorption abilities of such complex

biomineral sorbents can be blocking and masking

of binding sites in the case of decreased sorption

ability, and modification of binding sites and

emergence of new ones in the case of increased

sorption ability (Fomina and Gadd, 2002a)

(Fig. 4).

Clay and silicate weathering by fungi
Clay minerals can be modified by microorgan-

isms. Silicon in nature may follow a series of

cyclical biogeochemical transformations (Ehrlich,

1996; Bergna, 1994). Silica liberated in these

processes may be leached away by surface or

groundwater, and then it may either be removed

by chemical or biological precipitation at new

sites, or may be transported into bodies of fresh

water or the sea. The environmental distribution

of silicon is significantly influenced by microbial

activity, especially by those microorganisms

which assimilate Si and incorporate it into cell-

supporting structures, e.g. diatoms. Fungi and

bacteria play an important role in the mobilization

of silica and silicates in nature (Ehrlich, 1996).

Their action is mainly indirect, either through the

production of chelates or the production of acids

(mineral or organic), or as for certain bacteria, the

production of ammonia or amines. A fungus

(Penicillium notatum) was shown to be faster than

a bacterium (Pseudomonas sp.) in silicate

solubilization (Kutuzova, 1969). Fungi isolated

from weathered rock surfaces (Botrytis, Mucor,

Penicillium and Trichoderma spp.) were shown to

be able to solubilize Ca, Mg and Zn silicates

(Webley et al., 1963). Mobilization of silicate

from clay minerals by Aspergillus niger was

found to be a result of oxalic acid excretion

(Henderson and Duff, 1963). Aspergillus sp.,

Byssochlamys sp. and Penicillium sp., that are

known as bare rock invaders and prolific

producers of various organic acids, were isolated

from floodplain sandy-clay-loam sediments

suggesting the role of such fungi in weathering

of chemically and biologically immature sedi-

ments. The majority of fungal strains belonging to

the genera Aspergi l lus , Paeci lomyces ,

Penicillium, Scopulariopsis and Trichoderma

could leach Fe in submerged culture from a

China clay sample from West Bengal, India,

(Mandal et al., 2002). A. niger NCIM 548
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released 23% of total Fe from China clay in 15

days, whereas under identical conditions leaching

with 0.1 M oxalic acid solution was only 14.8%

and much less with culture filtrates of other

strains. Large amounts of oxalic, citric and

gluconic acids were produced by Penicillium

frequentans in liquid cultures and caused

extensive deterioration of clay silicates, as well

as micas and feldspars from both sandstone and

granite as a result of high cation release and

organic salts formation such as Ca, Mg and ferric

oxalates and calcium citrates (de la Torre et al.,

1993 ) . The oxa l a t e - exc r e t i ng fungus

Hysterangium crassum was found to weather

clay minerals in situ (Cromack et al., 1979).

Applied consequences of mineral
mycotransformations and bioremediation

Concrete biodeterioration and radioactive waste disposal
Fungi, bacteria and algae are able to colonize all

known structural materials, e.g. concrete, stone,

brick, plaster, plastic, metal and wood, causing

their biodeterioration and corrosion (Diercks et

al., 1991; Gaylarde and Morton, 1999; Kikuchi

and Sreekumari, 2002; Roberts et al., 2002).

Studies have indicated that fungi play an

important role in the deterioration of concrete

(Perfettini et al., 1991; Gu et al., 1998; Nica et al.,

2000). Fungal (Fusarium sp.) degradation of

concrete proceeded more rapidly than

bacterium-mediated (Thiobacillus sp.) degrada-

tion with complexolysis suggested as the main

mechanism of calcium mobilization (Gu et al.,

1998). This ability of fungi and other micro-

organisms to degrade concrete and other struc-

tural materials has significant implications for

storage of nuclear waste. In high-level nuclear

waste disposal, the bentonite buffer around the

copper canisters is considered to be a hostile

environment for most microbes due to the

combination of radiation, heat and low water

availability, but discrete microbial species can

cope with each of these constraints (Pedersen,

1999). Endolithic, indigenous microorganisms are

capable of surviving gamma irradiation doses

simulating the near-field environment surrounding

waste canisters (Pitonzo et al., 1999). In

1997�1998, extensive fungal growth was

observed on the walls and other building

constructions in the inner part of the ‘Shelter’

built on the fourth Unit of the Chernobyl nuclear

power plant damaged in 1986 (Zhdanova et al.,

2000). It was found that low-level gamma

radiation did not affect spore germination of

fungi isolated from the Chernobyl area but led to

directed growth of fungal tips towards the

radiation source (so called positive radiotropism)

(Zhdanova et al., 2001).

Bioremediation

Toxic metals in natural, industrial and agricultural

soils are a risk to human health. Some of the

processes outlined above have the potential for

treatment of contaminated land (Gadd, 2000a,b;

Hochella, 2002). Solubilization processes provide

a route for removal of metals from soil matrices,

whereas immobilization processes enable metals

to be transformed into insoluble, chemically more

inert forms. These processes could be used in situ,

but are possibly best suited for use in bioreactors

where, for example, immobilized metal can be

separated from soil components (Gadd, 2000b).

Living or dead fungal biomass and fungal

metabolites have been used to remove metal or

metalloid species, compounds and particulates

and organometal(loid) compounds from solution

by biosorption. There has also been the use of

extracellular ligands excreted by fungi, especially

from Aspergillus and Penicillium spp., to leach

metals such as Zn, Cu, Ni and Co from a variety

of solid materials, including low-grade mineral

ores (Brandl, 2001).

The mycorrhizal association could also be used

with plants for metal clean-up (phytoremedia-

tion). Phytoextraction involves the use of plants to

remove toxic metals from soil by accumulation in

above-ground parts. Mycorrhizas may enhance

phytoextraction directly or indirectly by

increasing plant biomass, and some studies have

shown increased plant accumulation of metals,

especially when inoculated with mycorrhizal

fungi isolated from metalliferous environments.

Conclusions

It is clear that fungi have important biogeochem-

ical roles in the biosphere but are frequently

neglected within broader microbiological and

geochemical research spheres, in contrast to

bacteria. For example, symbiotic mycorrhizal

fungi are associated with ~80% of plant species

and are responsible for major transformations and

redistribution of inorganic nutrients, e.g. essential

metals, phosphate, as well as carbon flow, while

free-living fungi have major roles in decomposi-

tion of plant and other organic materials,
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including xenobiotics, as well as, e.g. phosphate

solubilization. Fungi are dominant members of

the soil microflora, especially in acidic environ-

ments, and may operate over a wider pH range

than most heterotrophic bacteria. Fungi are also

major agents of biodeterioration of stone, wood,

plaster, cement and other building materials, and

are important components of rock-inhabiting

microbial communities with significant roles in

mineral dissolution and secondary mineral forma-

tion. It is timely to draw attention to ‘geomy-

cology’ and the interdisciplinary approach that is

necessary to further understanding of the impor-

tant roles that fungi play in the biogeochemical

cycling of elements, the chemical and biological

mechanisms that are involved, and their environ-

mental and biotechnological significance. To

achieve a better understanding of fungal-mineral

interactions, the development of experimental

methods and techniques that reflect and inter-

rogate environmental conditions more precisely is

an urgent need.
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