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INVITED PAPER

The roles of endolithic fungi in bioerosion and disease in marine ecosystems.
I. General concepts
Frank H. Gleason a, Geoffrey M Gaddb, John I Pittc and Anthony W. D Larkuma

aSchool of Life and Environmental Sciences, University of Sydney, Sydney, NSW, Australia; bGeomicrobiology Group, School of Life Sciences,
University of Dundee, Dundee, Scotland; cFood, Safety and Quality, CSIRO, Ryde, NSW, Australia

ABSTRACT
Endolithic true fungi and fungus-like microorganisms penetrate calcareous substrates formed by
living organisms, cause significant bioerosion and are involved in diseases of many host animals
in marine ecosystems. A theoretical interactive model for the ecology of reef-building corals is
proposed in this review. This model includes five principle partners that exist in a dynamic
equilibrium: polyps of a colonial coelenterate, endosymbiotic zooxanthellae, endolithic algae
(that penetrate coral skeletons), endolithic fungi (that attack the endolithic algae, the zooxanthel-
lae and the polyps) and prokaryotic and eukaryotic microorganisms (which live in the coral
mucus). Endolithic fungi and fungus-like boring microorganisms are important components of
the marine calcium carbonate cycle because they actively contribute to the biodegradation of
shells of animals composed of calcium carbonate and calcareous geological substrates.
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Introduction

Importance of this research topic

During the past three decades, the prevalence and
the rate of transmission of emerging infectious dis-
eases, and the frequency of epizootics increased sig-
nificantly in both terrestrial and aquatic ecosystems,
primarily due to social, demographic and environ-
mental transformations (Wilcox and Gubler 2005;
Fisher et al. 2012; Burge et al. 2013). It is extremely
important to thoroughly understand host–parasite
interactions in these times of environmental and
climate change so that better management practices
for preserving both wild and cultivated species and
species diversity can be designed and implemented.
Species of endolithic fungi are known to cause sig-
nificant bioerosion and diseases of many host ani-
mals in marine ecosystems. Unfortunately, our
knowledge of the ecological functions of these
microorganisms is only superficial.

This and the subsequent reviews focus on current
knowledge of true fungal, algal, stramenopilian
(eukaryotic) and cyanobacterial (prokaryotic) endo-
lithic parasites in marine environments and their
ecological functions. The basic concepts of ecology
related to rock penetrating microorganisms

including lichens and mycorrhizal fungi must be dis-
cussed first. Rock penetrating or rock boring micro-
organisms can be divided into two groups: those
which penetrate calcareous substrates formed by
living organisms and those which penetrate sub-
strates formed by geological processes. Endoliths
offer excellent model systems for the study of the
interaction between physical and biological factors in
microbial ecology, geobiology and astrobiology.

A theoretical interactive model for the ecology
reef-building corals

According to Bentis et al. (2000), reef-building corals
appear to exist in dynamic equilibrium with four prin-
cipal partners: (1) interconnected polyps of a colonial
coelenterate, (2) endosymbiotic dinoflagellate zoox-
anthellae residing in the host’s endoderm, (3) endo-
lithic algae that penetrate coral skeletons and (4)
endolithic fungi that attack one or more of the endo-
lithic algae, the zooxanthellae and the polyps. In our
opinion, the collection of prokaryotic and eukaryotic
microorganisms in the coral mucus needs to be
included as a partner as well (number 5) (Table 1).
These can be either beneficial or harmful (Harel et al.
2008). In this revised model, the five principal partners
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are actually populations including many different gen-
otypes. The composition and interactions of these five
partners are controlled by environmental factors.

Finally, the dynamics of populations of hetero-
trophic dinoflagellate parasites of the zooxanthel-
lae, other protists and small animals which are
parasites, predators or grazers on any of the
other partners, as well as their predators (numbers
6, 7 and 8), and endolithic fungi and algae in the
environment outside corals (numbers 9 and 10)
needs to be considered as parts of this model.
This extends the model to include the entire coral
reef food web (Table 1).

Kendrick et al. (1982) isolated into pure culture a
number of bioeroding fungi from the interior of
the aragonite skeleton of living corals in the
Caribbean and South Pacific, most of which were
dikaryomycotan anamorphs. These fungi are
thought to be a major cause of bioerosion in
coral reef ecosystems. Although fungi undoubtedly
play many important ecological roles in coral eco-
systems, they have been largely ignored in the
past (Bentis et al. 2000). Our current and very
limited knowledge of the roles of fungi in corals
and coral reef ecosystems has been reviewed in
detail by Raghukumar and Ravindran (2012).
Corals, lichens and mycorrhizae are all symbiotic
relationships involving fungi.

Primary objectives of this review

Many species of true fungi, fungus-like microorgan-
isms and algae are known to bore into solid rock,
sand grains and shells. In this review, we discuss
what is known about the different types of rock
penetrating endoliths with emphasis on marine spe-
cies of true fungi which bore into corals and briefly
describe their morphology, life history, mechanisms
of infection, general roles in ecology, host substrate
interactions, participation in the marine calcium car-
bonate cycle and the possible effects of global cli-
mate change on growth.

Characteristics of rock transforming fungi

Fungi are significant agents of geochemical change
in the environment and capable of numerous trans-
formations of metals and minerals (Gadd 2007, 2010).
They can therefore contribute to the structural and
chemical alteration of rocks, and mineral-based sub-
strates including those produced biogenically. The
study of the roles of fungi in geologically relevant
processes, such as metal and mineral transforma-
tions, can be termed geomycology, an important
part of the more general area of geomicrobiology
(Gadd 2007, 2010). In the terrestrial environment,
such processes are important in rock bioweathering,

Table 1. Interactions between components of the bottom part of a generalised coral reef food web.
Partners Site Trophic type Trophic level Direction of energy flow

1) Interconnected polyps Inside Skeleton Heterotrophic Primary consumer From external food, Zooxanthellae
and Endolithic Algae to coral
tissues

2) Zooxanthellae Endoderm Polyp
Tissue

Autotrophic Producer Provides carbon nutrients
for polyp tissues

3) Endolithic algae Within skeleton Autotrophic Producer Provides carbon nutrients for polyp
tissues and Endolithic fungi

4) Endolithic fungi Within skeleton Heterotrophic Primary consumer From endolithic algae and proteins
inside the skeleton

5) Fungi and bacteria
in coral mucus

Outside skeleton Heterotrophic Primary consumers From secreted nutrients or from
coral tissue when parasitic

6) Zooxanthellae Free-living in water Autotrophic Producers Provides nutrients for parasites and
predators when released

7) Parasitic dinoflagellates Free-living in water Heterotrophic Primary consumers From living and atrophied
zooxanthellae when released from
coral tissues

8) Zooplankton protists and
small animal predators

Free-living in water Heterotrophic Primary or secondary
consumers

From all dinoflagellates, other
phytoplankton and fungi

9) Endolithic algae
In environment
outside corals

Calcareous sediments
/substrates

Autotrophic Producers Provides nutrients for Parasites and
Predators

10) Endolithic fungi
in coral reef
environment

Calcareous
sediments/
substrates

Heterotrophic Primary consumer From endolithic algae and proteins
inside calcareous structures
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contributing to the formation and development of
mineral soil, and global biogeochemical cycles for
component elements, including their availability to
living organisms (Sterflinger 2000; Burford et al. 2003;
Gadd 2007). In aerobic terrestrial environments,
free-living and symbiotic fungi are of great impor-
tance, especially when considering rock surfaces, soil
and the plant root–soil interface. While fungi are also
ubiquitous in freshwater and marine ecosystems, as
important decomposers and pathogens, their geomi-
crobial significance is rather unappreciated in such
locations in comparison with prokaryotes (Gadd
2008). However, it is now known that they have a
significant presence in locations not usually regarded
as prime fungal habitats, e.g. acid mine drainage,
deep aquatic sediments, hydrothermal vents and
the igneous oceanic crust (Reitner et al. 2006;
Gorbushina 2007; Vázquez-Campos et al. 2014;
Iversson et al. 2016). In such locations, fungi may
exist in symbiosis with chemolithotrophic prokar-
yotes (Ivarsson et al. 2016). The ecological success
and geoactive properties of fungi are underpinned
by their growth habit and metabolism, and their
ability to form symbiotic relationships with other
organisms, such as lichens and mycorrhizas. Lichens
are a fungal growth form, consisting of a symbiotic
partnership between a fungus and a photosynthetic
organism, either a eukaryotic alga (in the green algal
family Trebouxiaceae) or a cyanobacterium and
sometimes both (Purvis and Pawlik-Skowronska
2008). It is now known that they can also contain a
yeast as another fungal partner (Spribille et al. 2016).
Lichens are pioneer colonisers of rocks, and initiators
of bioweathering biofilms that are involved in the
early stages of mineral soil formation. They are ubi-
quitous in the terrestrial environment and can be
extremely tolerant of extreme environmental condi-
tions. Symbiotic root-associated mycorrhizal fungi
are associated with approximately 80% of plant spe-
cies and are responsible for major mineral transfor-
mations and redistributions of inorganic nutrients,
such as essential metals and phosphate, as well as
carbon flow through the ecosystem. The activities of
mycorrhizal fungi can lead to changes in the physi-
cochemical characteristics of the root environment
and enhanced weathering of soil minerals, resulting
in metal and phosphate release (Gadd 2007).
Ectomycorrhizal mycelia may respond to the pre-
sence of different soil silicate and phosphate

minerals (apatite, quartz and potassium feldspar) by
regulating their growth and activity, for example,
colonisation, carbon allocation and substrate acidifi-
cation (Rosling et al. 2004a, 2004b). As well as the
many kinds of free-living fungi found on rock sub-
strates, many of which may be of soil origin, a parti-
cular group of fungi inhabiting rock substrates are
the microcolonial fungi (MCF). These do not exhibit
the filamentous hyphal mode of growth but produce
unicellular yeast-like and microcolonial growth,
occurring as small black melanised colonies resulting
in dark brown to black discolouration on colonised
surfaces (Marvasi et al. 2012). This growth habit con-
fers a high degree of resistance to environmental
stress (Gorbushina 2007). Fungi, including lichens,
can be epilithic (surface dwellers) and/or endolithic
(interior dwellers) with cryptoendoliths occupying
structural cavities, chasmoendoliths inhabiting fis-
sures and cracks and euendolithic forms capable of
active rock penetration (Cockell and Herrera 2008;
Wierzchos et al. 2012). These terms are also used
for other rock-inhabiting microorganisms although
there may be many overlaps, even for a given
species.

Definition of endoliths (euendoliths)

Endoliths are considered a special category of rock
transforming microorganisms. They are defined as
those microorganisms which are capable of boring
into solid substrates, which contain calcium carbo-
nate and which were manufactured by living organ-
isms (Kohlmeyer 1969; Golubic et al. 2005). The
endolithic environment includes the pore spaces in
shells and animal skeletons, such as those in corals,
and in rocks and the pores between mineral grains
and is ubiquitous in all fresh, brackish and salt water
bodies, sediments and soil ecosystems. Endolithic
boring microorganisms are capable of penetrating
many solid substrates especially the calcareous shells
of live and dead invertebrate animals as well as
calcareous geological formations in extremely stress-
ful habitats. Therefore, these species could be char-
acterised as extremophiles.

Types of endoliths

Che et al. (1996) identified three ecological groups of
the shell (and rock) boring species which attack
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shells of invertebrates and other calcareous struc-
tures: (1) photosynthetic microbial endoliths, (2) het-
erotrophic microbial endoliths and (3) filter feeding
boring invertebrate animals. The early research on
endolithic marine planktonic algae was reviewed by
Golubic (1969) and the early research on endolithic
marine fungi by Kohlmeyer (1969). More recently,
Golubic et al. (2005) have updated our knowledge
of both groups. Shell boring invertebrate animals are
not included his review.

Microbial endoliths include two different lifeforms:
ones which colonise existing spaces (endolithic cav-
ities) within solid geological substrates (including
porous carbonate and non-carbonated rocks and
shells composed of calcium cabonate) and those
which actively penetrate (and bore into) these sub-
strates (Golubic 1969).

The photosynthetic (autotrophic) endoliths include
a few documented species of Cyanobacteria,
Chlorophyta, Phaeophyta and Rhodophyta (Golubic
1969), which live in euphotic zones, and their growth
often results in the formation of dark bands with zones
of different colour (often green or red) at various
depths of the calcareous substrates they occupy.
Photosynthetic endolithic communities frequently
inhabit the outer few centimetres of rocks exposed at
the surface (where light can penetrate). Most of the
upper intertidal and supratidal boring phototrophs
belong to the Cyanobacteria (Golubic 1969).
Photosynthetic microbial endoliths can provide food
resources to heterotrophic microbial species nearby.
The endolithic phototrophs are protected from para-
sites, predators and extreme environmental conditions
when living inside the calcareous structures.

The heterotrophic microbial endoliths include a
few documented parasitic species in the Ascomycota
(true fungi) and Labyrinthulomycota (Stramenopilia)
(Kohlmeyer 1969; Raghukumar and Lande 1988;
Porter and Lingle 1992; Golubec et al. 2005;
Raghukumar and Ravindran 2012) and these aggres-
sive species may attack and feed on the photosyn-
thetic endoliths. The heterotrophic endoliths are
thought to release proteolytic enzymes which facili-
tate the breakdown of proteins left over from the
process of formation of the shells by the animals.
These proteins can provide an additional food
resource for the fungi and labyrinthulid endoliths.
The fungal hyphae tend to follow the algal filaments
and the fibrous proteins as they cross the calcareous

structures. The algae presumably do not release pro-
teases and therefore must remain in the parts of the
structure, which are composed of only calcium
carbonate.

Boring patterns reflect in part the shape and beha-
viour of the boring microorganisms and in part the
structural properties of the shell itself (Che et al. 1996).
In the black pearl oyster, the phototrophic endoliths
dominated the external prismatic region of the shell
whereas the interior nacreous region was attacked
mainly by heterotrophs (Che et al. 1996). Infection
always begins in the oldest part of the shell.

Ecological roles of endoliths

We expect that endoliths play important roles in the
global calcium carbonate cycle and other ecological
processes especially in aquatic ecosystems and may
be significantly impacted by global climate change.
Endoliths actively contribute to the biodegradation
of geological substrates and skeletons and shells of
dead animals composed of calcium carbonate. They
have been implicated as a causative agent of shell
diseases in live molluscs, corals and other phyla of
invertebrate animals (Golubic 1969; Kohlmeyer 1969;
Che et al. 1996; Golubic et al. 2005; Zuykov et al.
2014). Rates of microbial bioerosion of experimental
blocks cut from live skeletons of the coral Porites
have been estimated at sites along the Great Barrier
Reef by Kiene and Hutchings (1994) and Tribollet
(2008). The results suggested that endoliths have a
significant impact on the overall calcium budget of
coral reef ecosystems, but rates were not measured
in skeletons or shells of other species or in other
ecosystems (Tribollet 2008). A thorough understand-
ing of the ecology of endoliths awaits further inves-
tigation into blue carbon research.

Techniques for observation of endoliths

Historically, endolithic microorganisms have been
very poorly studied primarily because they are diffi-
cult to detect and correctly identify with standard
laboratory procedures and their ecological properties
are difficult to study in vivo with present technology.
Endoliths can be observed often growing in vivo on
the surface of calcareous structures with the light
microscope, but they must be grown in the labora-
tory in culture to see all stages of their life cycles.
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They can only be observed growing inside calcareous
structures with the light microscope in cast resins or
double embedded preparations or with scanning
and transmission electron microscopes as chemically
fixed specimens using specialised techniques. The
specialised techniques for observing endoliths have
been reviewed in detail by Golubic et al. (1970,
2005), Porter and Lingle (1992) and Peharda et al.
(2015). A method using immunofluorescence has
been designed to detect thraustochytrids inside
host cells (Raghukumar and Lande 1988). It might
be possible to use similar immunofluorescence tech-
niques for studies with other endolithic species.

Natural history

The natural history of parasitic and saprotrophic
endolithic boring microorganisms and the skeletons
and shells of the host animals which they inhabit has
been well recorded in the fossil record. The signifi-
cance of endolithic microbial ecosystems in both
aquatic and terrestrial ecosystems in general has
been reviewed in detail by Walker and Pace (2007).

Fossilised fungal structures have been reported
from a variety of mineral substrates including
Devonian Rhynie Chert, as fossil lichen mycobionts
in stromatolites, in Djebel-Onk phosphorites, Triassic
silicified rock, Bitterfield amber and Tertiary
Dominican amber (see Burford et al. 2003). Various
types of endoliths, including fungi, have been found
in marine shells in the Late Ordovician and Middle
Devonian volcanic rocks, while microborings have
also been found in early Cambrian phosphatic and
phosphatised fossils (Taylor et al. 2015). Fossilised
microorganisms have also been observed in drilled
cores and dredged samples from the ocean floor,
with a majority of these findings representing fungi
(Schumann et al. 2004; Bengtson et al. 2014). These
fungi existed in a symbiotic-like relationship with two
types of chemolithotrophic prokaryotes, which
appeared to use the structural framework of the
mycelium for their growth (Bengtson et al. 2014).
Early fossil records of eukaryotes, including fungi
and primitive plants in terrestrial ecosystems, appear
to have come from the Ordivician period (Heckman
et al. 2001). However, it has been postulated that
they may have occurred earlier, during the
Precambrian, as lichens (Heckman et al. 2001).
Fungi do not preserve well in the fossil record,

suggesting the possibility of an earlier, unrecorded
history (Heckman et al. 2001). Some estimates have
placed the origins of the Glomeromycota between
1400 and 1200 MYA, and the separation of
Ascomycota and Basidiomycota around 1200 MYA.
Some fossils interpreted as early fungi extend back
to the Proterozoic (2500–541 MYA) (Taylor et al.
2015). It has been suggested that mycorrhiza-driven
weathering may have originated more than 350
MYA, and that it subsequently intensified with the
evolution of trees and mycorrhizas (Quirk et al. 2012).
Some of the free-living MCF (also referred to as rock-
inhabiting fungi) are slowly growing melanised
Ascomycetes especially suited to colonising rocks in
arid environments. Because these organisms often
form early diverging groups in the Chaetothyriales
and Dothideomyceta, the ancestors of these two
lineages were suggested to be rock-inhabitants. It
was deduced that the rock-inhabiting fungi in the
Dothideomyceta evolved in the late Devonian, much
earlier than those in the Chaetothyriales, which ori-
ginated in the middle Triassic, both periods correlat-
ing with an expansion of arid landmasses. It was
proposed that the paleoclimate record provided a
good explanation for the diversification of fungi sub-
ject to abiotic stresses and adapted to life on rocks
(Gueidan et al. 2011).

Types of substrates and mechanisms for
penetration

Chemistry of rocks

Rocks and minerals represent a vast reservoir of ele-
ments and compounds, many of which are essential
to life and which must be released in specific soluble
forms which can be assimilated by the biota (Burford
et al. 2003). These include essential metals as well as
nutrients like phosphate. The most common minerals
are the silicates, with non-silicates comprising less
than 10% of the Earth’s crust, the most abundant of
these being carbonates, oxides, sulphides and phos-
phates. Fungi have been found associated with a
wide range of rock types including limestone, soap-
stone, marble, granite, sandstone, andesite, basalt,
gneiss, dolerite, amphibolite and quartz, even from
most harsh environments, e.g. hot and cold deserts
(Staley et al. 1982; Gorbushina et al. 1993; Sterflinger
2000; Verrecchia 2000). It is likely that fungi are
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ubiquitous members of the microbiota of all rocks,
occurring over a wide range of geographical and
climatic zones (Burford et al. 2003). Free-living and
symbiotic fungi are therefore associated with ele-
ments besides O that account for over 99.9% of
crustal rocks (e.g. Na, Mg, Al, Si, P, K, Ca, Ti, Mn and
Fe) (Purvis and Pawlik-Skowronska 2008). Fungal
activities in rock and mineral transformations can
therefore lead to increased mobility of such ele-
ments, and other minor crustal components, as well
as the formation of secondary mineral products.
Fungi can play a role in the dissolution of common
minerals including carbonates, phosphates and sili-
cates and less common compounds including oxides
and oxalates (Gadd 2010; Gadd et al. 2014;
Bindschedler et al. 2016). Lichens are a symbiosis of
a fungus with either a cyanobacterium or a treboux-
ian green algae (see earlier) and actively digest rock
surfaces.

Chemistry and structure of shells and other
utilisable calcareous substrates

The fine structure and chemistry of the shells of
several species of molluscs have been studied in
detail, particularly in the pearl oyster Pinctada fucata
(Takeuchi and Endo 2006) and the abalone Haliotis
asinina (Marie et al. 2010). The primary structure,
origin and evolution of shell matrix proteins of mol-
luscs have been reviewed by Marin et al. (2008).
Oysters have two complex layers in their shells: the
nacreous and the prismatic layers (Sudo et al. 1997).
Both layers are composed from microlaminate com-
posites of calcium carbonate crystals (aragonite in
the nacreous and calcite in the prismatic layer). The
major macromolecules are a complex mixture of
structural (or matrix) proteins and glycoproteins
which determine the framework of each shell layer.
The matrix proteins are secreted by shell-forming
tissue in the mantle of molluscs. Calcium carbonate
crystals grow within the matrix.

The specific ecological roles of scleractinian
corals on coral reefs

Modern corals are a broadly defined group of
anthozoan Cnidaria, which grow in shallow tropical
and semi-tropical waters in the upper photic zone
(Veron 2000). All such corals are a symbiosis between

the coral animal (scleractinian or stony corals in the
Class Anthozoa) and a dinoflagellate alga (known as
zooxanthellae) in the genus Symbiodinium, which live
in the endoderm (inner layer) of the animal (Veron
2000). Modern research has shown that the
Symbiodinium species are remarkably diverse, com-
prising at least eight distinct genetic clades (A–H)
(Wham and Lajeunesse 2016), and more are being
discovered regularly. Scleractinian corals probably
evolved about 250 MYa from rugose corals; and
they lay down a skeleton of calcium carbonate ara-
gonite spicules in a process, which is driven by light
and dependent on photosynthesis of the zooxanthel-
lae. Corals can broadly be divided into branching and
massive forms. The skeletons of corals are finely
sculptured and each species has a unique structure
by which it can be identified.

Massive corals, such as species of Porites, can grow
into very large structures, often roughly globose and
several meters in diameter. Such massive corals have
a thin outer veneer of living coral tissue that encloses
an inner mass of largely dead aragonite material.
Commonly photosynthetic endoliths occur in this
aragonite material. A characteristic green outer
layer about 1 cm below the surface of massive corals
is formed by species of the green alga, Ostreobium,
mainly O. quekettiae (Gutner-Hoch and Fine 2011).
These species of algae are major colonisers (Ralph
et al. 2007). In addition, other eukaryotic algae or
cyanobacteria can be present in lesser abundance
forming distinctive outer layers. Deeper within the
coral, inner layers of anoxygenic photosynthetic bac-
teria are evident by their characteristic absorption
spectra. The light absorbing pigments are bacterio-
chlorophylls rather than chlorophylls, and these bac-
teria presumably live in the kind of spectral radiation
reaching these depths, which is enriched in infra-red
radiation that the prokaryotic bacteria but not eukar-
yotic algae can absorb.

The endolithic microorganisms found inside the
skeletons of massive corals fall into the class of
organisms that broadly is described as lithoclastic,
i.e. they dissolve aragonitic calcium carbonate
structures. However, there are other calcifying
organisms on coral reefs, most notably the green
alga Halimeda spp and its relatives. These green
algae lay down aragonite, that ultimately forms
into grains of calcium carbonate, which constitute
over half of the coral sand of lagoon floors
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(Perry et al. 2016). In addition, the calcite skeletons
of calcifying red algae generate a large amount of
the calcium carbonate of coral reefs (Anthony et al.
2008). Much less is known about the lithoclastic
processes that are responsible for breaking down
the green and red algal products. Presumably,
endoliths are partly involved as well as surface or
interfacial bioeroders.

In addition to those already mentioned, it is
becoming increasingly apparent that many other
microorganisms on coral reefs interact with calcium
carbonate skeletons. Nearly a decade ago, Moore et al.
(2008) first reported the isolation of an apicomplexan
alga, Chromera veliae, from corals. This free-living
photosynthetic alga lies on the evolutionary path to
non-photosythetic apicomplexans such as the malaria
pathogen and is therefore a bridge between photo-
synthetic phytoplankton, such as the dinoflagellate
Symbiodinium, and non-photosynthetic, parasitic api-
coplexans. Since that time, many more “intermediate”
species have been discovered (Keeling 2013); how-
ever, their ecological roles on coral reefs are presently
poorly understood.

The interaction of environmental factors asso-
ciated with global climate change (such as tempera-
ture increase, ocean acidification, eutrophication,
changes in salinity etc.) on coral calcification and
the roles of endolithic bioeroders and other organ-
isms in coral ecosystems is very complex (e.g. Diaz-
Pulido et al. 2012) and is presently causing very
serious ecological damage worldwide (Burge et al.
2013).

It is well established that global warming of the
oceans has led to bleaching and the death of corals.
This was first established by Hoegh-Guldberg (1999)
and recently confirmed beyond doubt by recent
events on the Great Barrier Reef, Australia (Hughes
et al. 2017). When summer sea-surface temperatures
rise to 30°C or above, zoothanxellae are lost from
corals. Under severe and prolonged stress, the coral
animals starve, and the entire coral bleaches com-
pletely and finally dies. Bleaching or loss of colour is
caused by loss of photosynthetic pigments. The trig-
ger is connected with inhibition of photosynthesis in
the zooxanthellae of the affected coral (Jones et al.
1998). In addition, the increase of greenhouse gases
in the atmosphere has led to ocean acidification
whereby the upper layers of the oceans have
decreased in pH. This has led to a decline in the

rate of calcification in corals and other calcifiers on
coral reefs. Thus, the effects of global warming and
ocean acidification on coral reefs are very serious.

The mechanisms of rock and mineral
transformations

Fungal colonisation of rock and mineral substrates
can result in physical and biochemical effects which
are influenced by substrate chemistry and mineral-
ogy. The presence of weatherable minerals such as
feldspars and clays may increase susceptibility to
attack (Warscheid and Braams 2000). Typical trans-
formation mechanisms involve physical and bio-
chemical processes that are generally interlinked
(Gadd 2017). Physical mechanisms include penetra-
tion by the hyphae along points of weakness, or
direct tunnelling or boring, especially in weakened
or porous substrata (Jongmans et al. 1997; Hoppert
et al. 2004). Fungal tunnels within soil minerals
have been explained as a result of dissolution and
“burrowing” within the mineral (Jongmans et al.
1997). Tunnels may also result after fungal explora-
tion of pre-existing cracks, fissures and pores in
weatherable minerals and formation of a secondary
mineral matrix of the same or different chemical
composition as the substrate, e.g. secondary
CaCO3 or an oxalate (Fomina et al. 2010). This can
result in the fissures and cracks becoming cemen-
ted with mycogenic minerals, and after death and
degradation of fungal hyphae, tunnels are left
within the minerals. There is some debate as to
the relative significance of fungal boring or tunnel-
ling as compared to penetration through pores and
points of weakness. However, it would seem unu-
sual if fungi were not capable of direct boring, a
feature found in many groups of microorganisms
(Cockell and Herrera 2008). Fungi possess the prop-
erties of filamentous apical growth, cell turgor pres-
sure and the ability to dissolve minerals that make
it possible for fungi develop such a pattern of
growth. Tunnelling by fungi has been observed
clearly for some natural biogenic minerals such as
ancient ivory (Pinzari et al. 2013). Weakening of a
mineral lattice can also occur through wetting and
drying cycles and expansion or contraction of the
biomass. Lichens can cause mechanical damage
due to penetration by their anchoring structures,
composed of fungal hyphae (Chen et al. 2000).
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Biochemical weathering of rock and mineral sub-
strates occurs through excretion of hydrogen ions,
CO2, organic acids, siderophores and other metabo-
lites, for example, resulting in pitting, etching or
dissolution (Gadd 2010). Some organic metabolites
affect dissolution by complexing with constituent
metals, permitting removal of the mineral in a
mobile form. Biogenic organic acids are very effec-
tive in mineral dissolution and are one of the most
damaging agents affecting mineral substrates (Gadd
2007). Of the suite of organic acids produced by
fungi, oxalate is of major significance through metal
complexation and dissolution effects as well as
causing physical damage by formation of secondary
metal oxalates expanding in pores and fissures
(Gadd et al. 2014). Citric and gluconic acid are
other significant fungal metabolites. MCF can med-
iate “micropitting” in rocks leading to cavities that
contain the fungal colonies. This appears to result
from mechanical destruction caused by cell turgor
pressure and extracellular polysaccharide produc-
tion rather than the acid dissolution caused by
many other fungi (Marvasi et al. 2012). These fungi
may also form casual mutualistic associations with
algae in rock crevices (Gorbushina 2007).

The mechanisms of penetration into calcareous
structures

Endoliths which bore into solid substrates possess
specialised filaments which actively penetrate readily
soluble substrates, most commonly composed of
calcium carbonate, such as calcareous rocks, shells
of molluscs and corals, skeletal fragments and sand
grains. When microbial endoliths actively penetrate
calcarious substrates, they leave characteristic boring
traces on the surface. It is thought that endoliths
release substances, possibly organic acids (as dis-
cussed previously), which can dissolve calcium
carbonate.

Microbial parasites must bore through the matrix
proteins to penetrate mollusc shells presumably by
excreting extracellular proteases. Bédouet et al.
(2007) detected several protease inhibitors in the
water-soluble organic matrix in nacre from the oyster
Pinctada margaritifera. These proteases inhibitors
were active against some serine and cysteine pro-
teases. Bédouet et al. (2007) proposed that these

protease inhibitors might play a role in defence of
host mollusc species against microbial parasites.

General comments/conclusions

Endoliths are important components of the marine
calcium carbonate cycle because they actively con-
tribute to the biodegradation of shells of dead ani-
mals composed of calcium carbonate and calcareous
geological substrates. They have been implicated as
a causative agent of shell diseases in live corals,
molluscs and other invertebrate animals which have
shells composed of calcium carbonate (Golubic 1969;
Kohlmeyer 1969; Che et al. 1996; Golubic et al. 2005;
Zuykov et al. 2014).

Endolithic microorganisms have important roles as
saprotrophs in bio-erosion of many calcium carbo-
nate substrates, as parasites on the production of
commercially important animal species, regulate bio-
diversity in marine ecosystems, and they respond to
environmental factors which are involved significant
components of global climate change.

Heterotrophic endoliths can destroy the shells of
animal species living in marine ecosystems or bioer-
ode dead shells buried in the sediment (Kendrick
et al. 1982; Raghukumar and Lande 1988). The dis-
solution of calcium carbonate in bioerosion causes
the release of carbon dioxide into the marine envir-
onments, which increases acidification. Calcareous
substrates contain large amount of carbon.
Therefore, heterotrophic endoliths are key players
in the marine calcium carbonate cycle.

The total amount of global calcareous substrates
in sediments in the ocean has not been accurately
estimated. However, as carbon dioxide from bioero-
sion of calcium carbonate in the ocean eventually
enters the atmosphere, large losses in calcareous
substrates in carbon sinks would be expected to
result in increased heat retention by the atmosphere,
increasing global mean temperatures. If rising tem-
peratures and acidity in the ocean increase the rate
of growth of endolithic fungi, this could provide a
positive feed-back mechanism potentially accelerat-
ing the rate of climate change.

Many studies suggest that the prevalence of emer-
ging infectious diseases is currently increasing in all
ecosystems including coral reefs (e.g. Fisher et al.
2012; Burge et al. 2013). Heterotrophic fungal endoliths
comprise a group which contains parasites and which
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can cause diseases in corals. Since fungal endoliths are
present in both healthy and diseased corals, they are
considered to be opportunist parasites, which can cause
disease but only under certain environmental condi-
tions. Probably stress, depression of immune responses
and global climate change factors are all important in
triggering disease. Nonetheless, if emerging infectious
disease causes large losses in population sizes and in
biodiversity, the lost carbon will undoubtedly enter the
atmosphere as carbon dioxide produced by respiration
and further contribute to global climate change.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

Frank H. Gleason http://orcid.org/0000-0002-2095-2055

References

Anthony KRN, Kline DI, Diaz-Pulido G, Dove S, Hoegh-Gulberg
O. 2008. Ocean acidification causes bleaching and produc-
tivity loss in coral reef builders. Proc Natl Acad Sci (US).
105:17442–17446.

Bédouet LD, Duplat A, Marie L, Dubost S, Berlland M,
Rousseau C, Milet C, Lopez E. 2007. Heterogeneity of pro-
teinase inhibitors in the water-soluble organic matrix from
the oyster nacre. Mar Biotech. 9:437–449.

Bengtson S, Ivarsson M, Astolfo A, Belivanova V, Broman C,
Marone F, Stampanoni M. 2014. Deep-biosphere consor-
tium of fungi and prokaryotes in Eocene subseafloor
basalts. Geobiology. 12:489–496.

Bentis CJ, Kaufman L, Golubic S. 2000. Endolithic fungi in reef-
building corals (order: Scleractinia) are common, cosmopo-
litan, and potential pathogenic. Biol Bull. 198:254–260.

Bindschedler S, Cailleau G, Verrecchia E. 2016. Role of fungi in
the biomineralization of calcite. Minerals. 6:41.

Burford EP, Fomina M, Gadd GM. 2003. Fungal involvement in
bioweathering and biotransformation of rocks and miner-
als. Mineral Mag. 67:1127–1155.

Burge CA, Kim CJS, Lyles LM, Harvell CD. 2013. Special issue
oceans and human health: the ecology of marine opportu-
nists. Microbial Ecol. 65:869–879.

Che LM, Le Campion-Alsumard T, Boury-Esnault N, Payri C,
Golubic S, Bézac C. 1996. Biodegradation of shells of the
black pearl oyster, Pinctada margaritifera var. cumingii, by
microborers and sponges of French Polynesia. Mar Biol.
112:509–519.

Chen J, Blume HP, Beyer L. 2000. Weathering of rocks
induced by lichen colonization – a review. Catena.
39:121–146.

Cockell CS, Herrera A. 2008. Why are some microorganisms
boring? Trends Microbiol. 16:101–106.

Diaz-Pulido G, Anthony KRN, Kline DI, Dove S, Hoegh-
Guldberg O. 2012. Interactions between ocean acidification
and warming on the mortality and dissolution of coralline
algae. J Phycol. 48:32–39.

Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC,
McCraw SL, Gurr SJ. 2012. Emerging fungal threats to
animal, plant and ecosystem health. Nature. 484:186–
194.

Fomina M, Burford EP, Hillier S, Kierans M, Gadd GM. 2010.
Rock-building fungi. Geomicrobiol J. 27:624–629.

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

Gadd GM. 2008. Bacterial and fungal geomicrobiology: a pro-
blem with communities? Geobiology. 6:278–284.

Gadd GM. 2010. Metals, minerals and microbes: geomicrobiol-
ogy and bioremediation. Microbiology. 156:609–643.

Gadd GM. 2017. Geomicrobiology of the built environment.
Nat Microbiol. 2:16275.

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.

Golubic S. 1969. Distribution, taxonomy, and boring patterns
of marine endolithic algae. Am Zoologist. 9:747–751.

Golubic S, Brent G, Lecampion T. 1970. Scanning electron
microscopy of endolithic algae and fungi using a multi-
purpose casting-embedding technique. Lethaia. 3:203–
209.

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

Gorbushina AA. 2007. Life on the rocks. Environ Microbiol.
9:1613–1631.

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.

Gueidan C, Ruibal C, De Hoog GS, Schneider H. 2011. Rock-
inhabiting fungi originated during periods of dry climate in
the late Devonian and middle Triassic. Fungal Biol.
115:987–996.

Gutner-Hoch E, Fine M. 2011. Genotypic diversity and distri-
bution of Ostreobium quekettii within scleractinian corals.
Coral Reefs. 30:643–650.

Harel M, Ben-Dov E, Rasoulouniriana D, Siboni N, Kramarsky-
Winter E, Loya Y, Barak Z, Wiesman Z, Kushmaro A. 2008. A
new thaustochytrid, strain Fng1, isolated from the surface
mucus of the hermatypic coral Fungia granulosa. FEMS
Microbiol Ecol. 64:376–387.

MYCOLOGY 9

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
D

un
de

e]
 a

t 0
4:

23
 0

7 
A

ug
us

t 2
01

7 



Heckman DS, Geiser DM, Eidell BR, Stauffer RL, Kardos NL,
Hedges SB. 2001. Molecular evidence for the early colonisa-
tion of land by fungi and plants. Science. 293:1129–1133.

Hoegh-Guldberg O. 1999. Climate change, coral bleaching
and the future of the world’s coral reefs. Mar Freshwater
Res. 50:839–866.

Hoppert M, Flies C, Pohl W, Gunzl B, Schneider J. 2004.
Colonization strategies of lithobiontic microorganisms on
carbonate rocks. Environ Geol. 46:421–428.

Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero JG,
Anderson KD. 2017. Global warming and recurrent mass
bleaching of corals. Nature. 543:373–377.

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

Jones R, Hoegh-Guldberg O, Larkum AWD, Schreiber U. 1998.
Temperature-induced bleaching of corals begins with
impairment of the CO2 fixation metabolism in zooxanthel-
lae. Plant Cell Environ. 21:1219–1230.

Jongmans AG, Van Breemen N, Lundstrom U, Van Hees PAW,
Finlay RD, Srinivasan M, Unestam T, Giesler R, Melkerud PA,
Olsson M. 1997. Rock-eating fungi. Nature. 389:682–683.

Keeling PJ. 2013. The number, speed, and impact of plastid
endosymbioses in eukaryotic evolution. In: Merchant SS,
editor. Ann Rev Plant Bio. 64:583–607.

Kendrick B, Risk MJ, Michaelides J, Bergman K. 1982.
Amphibious microborers, bioeroding fungi isolated from
live corals. Bull Mar Sci. 32:862–867.

Kiene WE, Hutchings PA. 1994. Bioerosion experiments at
Lizard Island, Great Barrier Reef. Coral Reefs. 13:91–98.

Kohlmeyer J. 1969. The role of marine fungi in the penetration
of calcareous substances. Am Zoologist. 9:741–746.

Marie B, Marie A, Jackson DK, Dubost L, Degnan M, Milet C,
Marin F. 2010. Proteomic analysis of the organic matrix of
the abalone Haliotis asinina calcified shell. Prot Sci. 8:54.

Marin F, Luquet G, Marie B, Medakovic D. 2008. Molluscan
shell proteins: primary structure, origin and evolution. Curr
Top Devel Biol. 80:209–276.

Marvasi M, Donnarumma F, Frandi A, Mastromei G, Sterflinger
K, Tiano P, Perito B. 2012. Black microcolonial fungi as
deteriogens of two famous marble statues in Florence,
Italy. Intern Biodeterior Biodegrad. 68:36–44.

Moore RB, Janouskovec J, Chrudimsky T, Vancova M, Green
DH, Wright SW, Davies NW, Bolch CJS, Heimann K, Slapeta
J, et al. 2008. A photosynthetic alveolate closely related to
apicomplexan parasites. Nature. 451:959–963.

Peharda M, Calcinai B, Puljas S, Golubic S, Arapov J, Thèbault J.
2015. Endoliths in Lithophaga lithophaga shells – variation
in intensity of infection and species occurrence. Mar
Environ Res. 108:91–99.

Perry CT, Morgan KM, Salter MA. 2016. Sediment generation
by Halimeda on atoll interior coral reefs of the southern
Maldives: A census-based approach for estimating carbo-
nate production by calcareous green algae. Sedimentary
Geol. 346:17–24.

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.

Porter D, Lingle WL. 1992. Endolithic thraustochytrid marine
fungi from planted shell fragments. Mycologia. 84:289–299.

Purvis OW, Pawlik-Skowronska B. 2008. Lichens and metals. In:
Avery SV, Stratford M, Van West P, editor. Stress in yeasts
and filamentous fungi. Amsterdam, the Netherlands:
Elsevier; p. 175–200.

Quirk J, Beerling DJ, Banwart SA, Kakonyi G, Romero-Gonzalez ME,
Leake JR. 2012. Evolution of trees and mycorrhizal fungi inten-
sifies silicate mineral weathering. Biology Lett. 8:1006–1011.

Raghukumar C, Lande V. 1988. Shell disease of rock oyster
Crassostrea cucullata. Dis Aquat Organ. 4:77–81.

Raghukumar C, Ravindran J. 2012. Chapter 5 Fungi and their
role in corals and coral reef ecosystems. In: Rghukumar C,
editor. Biology of marine fungi. Progress in molecular and
subcellular biology 53. Berlin: Springer Verlag; p. 90–113.

Ralph PJ, Larkum AWD, Kuhl M. 2007. Photobiology of endo-
lithic microorganisms in living coral skeletons: 1.
Pigmentation, spectral reflectance and variable chlorophyll
fluorescence analysis of endoliths in the massive corals
Cyphastrea serailia, Porites lutea and Goniastrea australensis.
Mar Biol. 152:395–404.

Reitner J, Schumann G, Pedersen K. 2006. Fungi in subterra-
nean environments. In: Gadd GM, editor. Fungi in biogeo-
chemical cycles. Cambridge, United Kingdom: Cambridge
University Press; p. 377–403.

Rosling A, Lindahl BD, Finlay RD. 2004b. Carbon allocation to
ectomycorrhizal roots and mycelium colonising different
mineral substrates. New Phytol. 162:795–802.

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

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

Spribille T, Tuovinen V, Resl P, Vanderpool D, Wolinski H, Aime
MC, Schneider K, Stabentheiner E, Toome-Heller M, Thor G,
et al. 2016. Basidiomycete yeasts in the cortex of ascomy-
cete macrolichens. Science. 353:488–492.

Staley JT, Palmer F, Adams JB. 1982. Microcolonial fungi: com-
mon inhabitants on desert rocks. Science. 215:1093–1095.

Sterflinger K. 2000. Fungi as geologic agents. Geomicrobiol J.
17:97–124.

Sudo SA, Fujikawa T, Nagakura T, Ohkubo T, Sakaguchi K,
Tanaka M, M, Nagashima K. 1997. Structures of mollusc
shell framework proteins. Nature. 387:563–564.

Takeuchi C, Endo K. 2006. Biphasic and dually coordinated
expression of the genes encoding major shell matrix
proteins in the pearl oyster Pinctada fucata. Mar
Biotech. 8:52–61.

Taylor TN, Krings M, Taylor EL. 2015. Fossil Fungi. Burlington,
MA, USA: Academic Press.

Tribollet A. 2008. Dissolution of dead corals by euendolithic
microoranisms across the northern Great Barrier Reef
(Australia). Microb Ecol. 55:569–580.

10 F. H. GLEASON ET AL.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
D

un
de

e]
 a

t 0
4:

23
 0

7 
A

ug
us

t 2
01

7 



Vázquez-Campos X, Kinsela AS, Waite TD, Collins RN, Neilan
BA. 2014. Fodinomyces uranophilus gen. nov. sp. nov. and
Coniochaeta fodinicola sp. nov., two uranium mine-inhabit-
ing Ascomycota fungi from northern Australia. Mycologia.
106:1073–1089.

Veron JEN. 2000. Corals of the World. Townsville: Australian
Institute of Marine Science; p. 3 vols.

Verrecchia EP. 2000. Fungi and sediments. In: Riding RE,
Awramik SM, editors. Microbial Sediments. Berlin:
Springer-Verlag; p. 69–75.

Walker JJ, Pace NR. 2007. Endolithic microbial ecosystems.
Ann Rev Microbiol. 61:331–347.

Warscheid T, Braams J. 2000. Biodeterioration of stone: a
review. Intern Biodeterior Biodegrad. 46:343–368.

Wham DC, Lajeunesse TC. 2016. Symbiodinium population
genetics: testing for species boundaries and analysing sam-
ples with mixed genotypes. Molec Ecol. 25:2699–2712.

Wierzchos J, De Los Ríos A, Ascaso C. 2012. Microorganisms in
desert rocks: the edge of life on Earth. Intern Microbiol.
15:171–181.

Wilcox BA, Gubler DJ. 2005. Disease ecology and the global
emergence of zoonotic pathogens. Environ Health Prevent
Med. 10:263–272.

Zuykov M, Belzile C, Lemaire N, Gosselin M, Dufresne F,
Pelletier E. 2014. First record of the green microalgae
Coccomyxa sp. in the blue mussel Mytilus edulis (L.) from
the lower St. Lawrence estuary (Québec,Canada). J
Invertebr Pathol. 120:23–32.

MYCOLOGY 11

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
D

un
de

e]
 a

t 0
4:

23
 0

7 
A

ug
us

t 2
01

7 


	Abstract
	Introduction
	Importance of this research topic
	A theoretical interactive model for the ecology reef-building corals
	Primary objectives of this review

	Characteristics of rock transforming fungi
	Definition of endoliths (euendoliths)
	Types of endoliths

	Ecological roles of endoliths
	Techniques for observation of endoliths
	Natural history
	Types of substrates and mechanisms for penetration
	Chemistry of rocks
	Chemistry and structure of shells and other utilisable calcareous substrates

	The specific ecological roles of scleractinian corals on coral reefs
	The mechanisms of rock and mineral transformations
	The mechanisms of penetration into calcareous structures

	General comments/conclusions
	Disclosure statement
	References

