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ABSTRACT

Over the last half decade the study of fungal bioluminescence
has regained momentum since the involvement of enzymes has
been confirmed after over 40 years of controversy. Since then
our laboratory has worked mainly on further characterizing
the substances involved in fungal bioluminescence and its
mechanism, as well as the development of an ecotoxicological
bioluminescent assay with fungi. Previously, we proved the
involvement of a NAD(P)H-dependent reductase and a mem-
brane-bound luciferase in a two-step reaction triggered by
addition of NAD(P)H and molecular oxygen to generate green
light. The fungal luminescent system is also likely shared
across all lineages of bioluminescent fungi based on cross-reac-
tion studies. Moreover, fungal bioluminescence is inhibited by
the mycelium exposure to toxicants. The change in light emis-
sion under optimal and controlled conditions has been used as
endpoint in the development of toxicological bioassays. These
bioassays are useful to better understand the interactions and
effects of hazardous compounds to terrestrial species and to
assist the assessment of soil contaminations by biotic or abiotic
sources. In this work, we present an overview of the current
state of the study of fungal luminescence and the application of
bioluminescent fungi as versatile tool in ecotoxicology.

BIOLUMINESCENT FUNGI

The emission of light by living organisms has attracted the atten-
tion of mankind since the time of Aristotle (384-322 B.C.) and
Pliny (23-79 A.D.) (1). The term bioluminescence was possibly
first used by Harvey (2). It can be defined by the emission of vis-
ible and cold light by living organisms. There is a plethora of
species described as bioluminescent (e.g. bacteria, fungi, dinofla-
gellates, marine and terrestrial animals). This phenomenon is
distributed in nearly 700 genera of 16 major phyla, predomi-
nantly found in the oceans (3). The distribution of bioluminescent
organisms in the phylogenetic tree of life is very intriguing, since
there is no apparent relationship or rule for their distribution (2).
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As of 2013, only 71 fungal species are known to be terrestrial
and bioluminescent. They belong to four distinct evolutionary lin-
eages in the order Agaricales: 52 from Mycenoid (Asia, Europe,
the Americas, Africa, Caribbean, Australia and the Pacific Islands),
5 from Armillaria (one native of South/ Southeastern Asia and four
of Europe/North America), 12 from Omphalotus (Asia, Europe, the
Americas, Caribbean and Australia) and 2 from Lucentipes (Gerro-
nema viridilucens and Mycena lucentipes found in Brazil) (4).

All bioluminescent fungi described to date, with the exception
of some phytopathogens (e.g. Armillaria mellea and Mycena
citricolor) are saprotrophic (5). They can be found in tropical
and temperate areas, where the high humidity and warm climate
favors their reproduction, growth and survival (5-8). All species
are white-rot basidiomycete Agarics, which produce fruiting
bodies (mushrooms) and whose mycelium secretes extracellular
enzymes (i.e. laccases, lignin and manganese peroxidases) capa-
ble of degrading lignin (6,9,10).

The distribution of luminous tissues among fungal species is
not uniform, in some species both mycelium and the whole basidi-
ome are luminescent, while in others species only certain parts
emit light. Fruiting bodies can also glow from only the stipe
(stem), pileus (cap) or lamellae (gills) (3). Nevertheless, for all spe-
cies the light is emitted as a continuous dim glow. One particularly
interesting species is the fungus Neonothopanus gardneri, native
to the states of Tocantins, Maranhao and Piaui in Brazil (4,11).
The mycelium and large fruiting bodies of N. gardneri emit intense
light (Fig. 1), both of which have been cultivated in our lab and
are a staple of our research on the reaction mechanism.

MECHANISM OF LIGHT EMISSION

Raphaél Dubois demonstrated the first light emission from
an in vitro experiment using a luciferin/luciferase system. Dubois
used two extracts obtained from the light organs of the beetle
Pyrophorus noctilucus (4,5,8,12). An extract was prepared with
cold water, which resulted in a luminous suspension, and another
in hot water, which eventually suppressed the luminosity. The
glow of the cold extract decreased gradually until it disappeared.
After cooling the hot extract, it was mixed with the cold extract
and the light emission was restored. This was also observed by
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Figure 1. Bioluminescent mycelium cultures of the Brazilian fungus Neonothopanus gardneri in agar and liquid medium (A and B), and fruiting bodies

growing on the base of a babagu palm (Attalea speciosa) (C-D).

using hot and cold extracts from the clam Pholas dactylus (13).
Based on these experiments, Dubois concluded that the cold
extract comprised a heat labile enzyme factor, which was neces-
sary for light emission. This fraction was designated by the
French word luciférase. The hot extract contained a heat-stable
factor, since all proteins were denatured by heat. This fraction
was named luciférine. Therefore, it was determined that the light
emission from the mixture of the two extracts was the result of a
substrate/enzyme reaction.

Different organisms may possess different mechanistic path-
ways of light emission. As the light emission occurs only through a
reaction that produces an excited state, it is reasonable to assume
that all bioluminescent reactions are essentially chemiluminescence
reactions (14). A bioluminescent reaction always involves the oxi-
dation of a substrate (luciferin) by a luciferase or photoprotein (spe-
cial case of luciferase where the substrate binds covalently with the
protein). The formation of the emitter in the excited state is cata-
lyzed by the luciferase, whose molecular structure and catalytic
function are typically unique for different luminescent systems
(2,15). In the jellyfish Aequorea victoria and some other lumines-
cent marine organisms, the luciferin reacts first with oxygen inside
the photoprotein (apoaequorin) to form a peroxide, which in turns
binds covalently to the protein and yields the substrate/protein
complex known as aequorin, which emits light upon the stimulus
of a cationic flux (2). In all known systems, oxygen is required for
the reaction to occur and results in the formation of the oxidized
luciferin, oxyluciferin. Sometimes additional enzymes are required
to convert the luciferin into a more reactive form that can then react
with oxygen at the luciferase active site yielding light. This is the
case for bacterial and fungal systems, where NADH/NADPH-
dependent reductases are necessary (5,15) (Fig. 2).

The substrate of the bioluminescent reactions, the luciferin, is
also unique to a given luminescent system with notable excep-
tions including coelenterazine and firefly luciferin (3,4). Coelen-
terazine is the luciferin of a few marine bioluminescent
organisms from six phyla [e.g. Sarcomastigophora (protozoa),

Bacterial bioluminescence
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Figure 2. Postulated mechanisms involved in the bioluminescence of
bacteria and fungi.

Cnidaria, Ctenophora, Mollusca, Arthropoda, and Chordata
(pisces)] (4). The firefly luciferin occurs in all families of charac-
terized luminescent beetles (i.e. Lampiridae, Elateridaec and Phen-
godidae). Usually, both luciferin and luciferase are used as
generic terms to refer to any substrate and enzyme involved in a
bioluminescent system. Additionally, bioluminescence should not
be confused with ultraweak chemiluminescence, which is a
process connected to oxidative stress and the production of reac-
tive oxygen and carbonyl species originating from singlet oxy-
gen, triplet states, peroxynitrite, lipid peroxidation, and reactions
between heme proteins and peroxides (2,16). This review article
is centered on fungal bioluminescence defined as a chemical
reaction inside a basidiomycete that yields green light with maxi-
mum intensity in the range 520-530 nm (5).

In 1959, Airth and McElroy successfully observed light from
an in vitro reaction using hot and cold extracts from biolumines-
cent fungi (17). The addition of either NADH or NADPH [NAD
(P)H for short] to the cold and hot extracts was required to trig-
ger the emission of light. Airth and McElroy also described that,
after ultracentrifugation, the proteinaceous cold extract could be
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further separated in two fractions, a soluble (supernatant) and an
insoluble (pellet) fraction. Each fraction contained an essential
enzyme for the light emission reaction, suggesting a two-step
consecutive enzymatic pathway. The first step involves a dark
reaction between NAD(P)H, the luciferin, and a soluble enzyme
in the supernatant, followed by the reaction of the reduced sub-
strate luciferin with molecular oxygen catalyzed by the enzyme
present in the resuspended pellet that results in light emission
(Fig. 2).

There was some controversy in the past about the involvement
of enzymes in fungal system (2,5,18). In 2009, Oliveira and
Stevani successfully verified Airth and Foerster’s work using hot
and cold extracts from luminous fungi, demonstrating that fungal
bioluminescence indeed depends on a NAD(P)H-dependent
reductase and a luciferase (17-20). The fungal luciferin reacts
initially with a NAD(P)H-dependent reductase, and the reduced
luciferin intermediate is oxidized enzymatically by the luciferase,
resulting in light, with an overall reaction similar to bacterial bio-
luminescence. Oliveira and Stevani were also able to record the
emission spectrum of the reaction in vitro, which proved to
match the in vivo one, providing additional evidence that both
process are related (18). In 2012, it was demonstrated that cross-
reactions of hot and cold extracts from mycelium of different
luminescent species (cultivated on agar and liquid media contain-
ing sugarcane molasses and yeast extract) representing the four
lineages (Armillaria, Lucentipes, Mycenoid and Omphalotus) of
bioluminescent fungi were compatible with each other. Extracts
from non-luminescent species did not result in light emission
when cross-reacted (4). These results strongly suggest that all
four lineages of luminescent fungi share similar or compatible
types of luciferin/luciferase and that the biochemical mechanism
leading to light production could be of only one kind in the
Fungal Kingdom.

The investigation of fungal bioluminescence would not be com-
plete without examining its ecological function and its evolution,
which is particularly interesting given that so few species (only 71)
are luminescent and are widely distributed in the Agaricales (with
9,000 species), yet all share comparable mechanisms leading to
light production. Even more puzzling, unlike most other biolumi-
nescent organisms, fungi have no recognized means to detect their
own light or the light of others. Therefore, the significance of fun-
gal bioluminescence could likely involve interactions with other
organisms. Sivinski performed an investigation of the interaction
of arthropods and luminous fungi in the early 1980s (21). Glass
vials coated with adhesive were used to cover luminescent mush-
rooms and mycelium, and these traps were then placed in the loca-
tions where luminous mushrooms grow. Arthropods such as
Collembola and Diptera were observed more frequently on lumi-
nescent glue traps than controls. In his work, Sivinski presented
several hypotheses for the ecological significance of fungal biolu-
minescence: (1) to attract spore dispersers, carnivores of fungi-
vores, fungivores of other fungal competitors, or the attraction of
fertilizers, (2) to repeal negatively phototrophic fungivores, (3) and
as an aposematic signal. Investigations of the ecological signifi-
cance of fungal bioluminescence have not been performed since
Sivinski’s in the 1980s. Currently we are performing similar exper-
iments in the field to address the ecological function of fungal bio-
luminescence in two distinct geographic regions of Brazil based on
previous work reported by Sivinski.

Our group has been developing different thematic works,
which address the mechanism, ecological function and the

application of fungal bioluminescence in a toxicological assay.
We are working on the chemical characterization of an active
compound, the putative fungal luciferin, which is capable of
emitting green light upon addition of NAD(P)H, oxygen, reduc-
tase and luciferase (22,23). We are also interested to isolate and
characterize the reductase, the luciferase and their corresponding
genes through conventional chromatographic, electrophoretic,
and mass spectrometry methods. Along with this we are also
conducting a bioinformatical investigation of the recently pub-
lished draft genome of Omphalotus olearius (24) and the tran-
scriptome data of N. gardneri with the aim to identify the genes
coding for both enzymes. Attempts to purify the enzymes and
the luciferin in the early 1960s were unsuccessful (20,25). In the
case of bioluminescent bacteria, with an overall reaction mecha-
nism similar to fungi, the enzyme purification was successfully
performed in the 1970s (26). Although bacterial bioluminescence
resembles fungal regarding the involvement of a reductase and a
luciferase, these enzymes are not the same in both organisms,
but belong to the same functional class. The bacterial biolumi-
nescence proteins are soluble and can be found in the bacterial
cytosol, but fungal luciferase is most probably associated with a
membrane. Moreover, neither FMN nor any flavin derivative/
moiety is active as luciferin in fungi (8). There is also no need
of a fatty aldehyde in the fungal system. Nevertheless, the bacte-
rial system can be used as a useful model for the characterization
of the fungal enzymes. As mentioned, one significant difference
between the fungal and bacterial systems is that the fungal lucif-
erase is associated with membrane-rich fractions (18-20). The
use of various surfactants has been shown independently to
increase luminescence of homogenate extracts of Mycena chloro-
phos (7), suggesting that a component of the bioluminescent
pathway is indeed membrane-bound. Understanding the biochem-
istry of light production in fungus will help us understand how
to interpret changes in the bioluminescence upon exposure to
variable environmental conditions, and contaminants. Change of
light production upon exposure to contamination, and presum-
ably stress, makes luminous fungi attractive for application as
ecotoxicological tools.

ECOTOXICOLOGICAL APPLICATION

Relevance of fungi in soil ecosystem

There are at least 1.5 million species of fungi distributed world-
wide, among which only about 100 000 were scientifically iden-
tified and cataloged (4,27). Fungi are well known to be a large
and diverse group that play essential role in economic activities,
such as the manufacturing of foods and antibiotics, synthesis of
organic compounds, enzymes and vitamins (28).

Basidiomycete fungi are decomposer organisms involved in
the recycling of nutrients from decaying matter to upper trophic
levels in the soil food chain (29,30). They reproduce either sexu-
ally by production of basidiospores in rod-shaped structures
called basidia, originating fruiting bodies (mushrooms), or asexu-
ally by fragmentation and asexual sporulation. The spores germi-
nate yielding the mycelium: a group of tubular and cylindrical
structures called hyphae, used for substrate fixation, reproduction
and fungal nutrition (30,31). Besides the lignin-degrading activ-
ity, the main ecological significance of basidiomycete fungi is
their symbiotic relationship with other living organisms coexis-
ting in the soil environment, especially plants. They are able to
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solubilize and also immobilize metals and inorganic ions present
in soil. The nutrients can be used by other life forms from all
trophic levels, contributing to their survival and, thereby, main-
taining ecosystem health (29,30,32). On the other hand, metal
toxicants in the environment can be immobilized or transformed
to a lesser toxic form and thus preventing the contact of harmful
substances with soil organisms (33-35).

Toxicity of organic and inorganic substances

Living organisms are subject to a wide variety of toxic organic
and inorganic compounds in the environment, from both biotic
and abiotic sources (36). These toxicants can affect fungal sporu-
lation and their metabolism causing alterations in reproduction,
growth, light emission (in the case of bioluminescent species),
enzymes expression and activity. Environmental characteristics
also have influence on the toxicity, depending on physicochemi-
cal properties of soil, which can affect the availability of toxic
compounds (28,37-40).

Interactions of toxicants with fungi are widely assorted, espe-
cially because of the great amount of soil compounds in several
speciation forms, in addition to the large variety and complexity
of organisms and their metabolic processes. Generally, light
emission decreases as a response to the exposure to a toxicant,
but in some cases it can also increase (41). This could be par-
tially explained by hormesis, which is known to cause a positive
response from organisms exposed to certain doses of hazardous
substances (42,43).

Some toxic organic and inorganic compounds, such as
phenols and metal cations, cause depolarization of cell mem-
branes, interfering with the cellular electrochemical gradient and
thus affecting nutrients uptake, ions exchange with the outer
environment and uncoupling the mitochondrial oxidative phos-
phorylation (28,35,44,45). Moreover, toxic agents can also cause
several other deleterious effects by intra and extracellular
enzymatic inhibition and denaturation, replacement of essential
ions from biomolecules and blockage of important biological
functional groups.

Some toxicants interact with organisms to form reactive oxy-
gen species (ROS), which have a high reactivity with biomole-
cules. They can promote lipid peroxidation and damage to
cellular membranes (46). Phenols, for example, are initially oxi-
dized by enzymes in a one-electron redox process, producing
highly reactive phenoxy radicals and ROS (e.g. hydrogen perox-
ide) that depolarize membranes of cell walls, mitochondria and
nucleus (47). Additionally, some metals as Cd(Il) and Hg(Il)
inactivate enzymes (i.e. catalase, superoxide dismutase), whose
function is to protect the organism against the deleterious action
of ROS. The inhibition of such enzymes can increase indirectly
the concentration of ROS as byproduct of normal respiration
(28).

Although the toxicity mechanism and its specific influence on
the fungal bioluminescence reaction are still not known in detail,
the uncoupling of oxidative phosphorylation and the depolariza-
tion of mitochondrial membranes by toxic compounds can be
pointed out as possible pathways (28,35,44,45). The decrease in
light emission might be a result of those effects, which could
both restrain the electron transport system through the mitochon-
drial membrane and affect ATP synthesis by oxidative phosphor-
ylation. This could indirectly affect the NADH availability to the
reductase involved in the bioluminescent reaction, as this
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cofactor would be preferably used to produce ATP. Moreover,
the biosynthesis of NADP+ occurs with the phosphorylation of
NAD+ by NAD+ kinase in the presence of ATP (48). Therefore,
the production of NADPH (that can also be used in fungal biolu-
minescence) by reduction of NADP+ could be also affected, as
the available NAD+ would be used preferentially to produce
more NADH and prioritize ATP biosynthesis.

Fungal toxicological bioassays

Basidiomycetes have been considered in the development of
toxicological bioassays due to their role as lignin decomposers,
their relationship with plants, the ecological trophic position in
soil food chain and its ability to cycle essential nutrients
(28,32,49,50). Fungal toxicological bioassays are useful to evalu-
ate possible changes in growth, biomass, reproduction and cellu-
lar viability, and are important to assist the prevention and the
assessment of environmental contamination caused by potentially
toxic chemicals present in environmental matrices (51-55).
Moreover, fungal bioassays can help the development of more
efficient fungicides to control crop pathogens and, thereby,
increase the agricultural productivity (28).

Toxicological assays using eukaryotic bioluminescent fungi are
complementary to the commonly used assays with luminous bacte-
ria (Microtox®, for example) that, unlike fungi, are mainly aquatic
organisms. Both types of microorganisms occupy the first trophic
level of each food chain and have differences in natural habitats,
organism defense machinery and toxicant speciation/bioavailabil-
ity in each specific environment as well. Hence, it is reasonable to
assume that fungi are a more appropriate class of organisms to per-
form toxicological studies with soil samples as they represent more
accurately the response of terrestrial species to soil toxicants.
Bacteria, on the other hand, should be better representatives for
toxicological assessment of aqueous samples (32,50).

Non-luminescent fungal bioassays with basidiomycetes (here-
after called conventional fungal assays) are based on the mea-
surement of biomass and/or radial growth rates, in the presence
and absence of toxic agents added to the medium in a wide
range of concentrations (51,52,55). Mycelium cultures are main-
tained in climatic chambers on agar medium with previ-
ously determined optimal pH, temperature and nutrients at high
humidity (49).

Conventional fungal assays demonstrate some inconveniences
such as long-term observation (up to 30 d). They are sometimes
difficult to interpret as growth rates are often assessed by expan-
sion in the horizontal plane (two dimensions or surface area),
while the fungal mycelium also grows upward perpendicular to
the plane of measurement. Finally, the agar medium and its con-
stituents can change the bioavailability of toxicants to the fungus,
which could explain why conventional fungal assays normally
exhibit higher median effective concentration (ECsy) values than
those carried out in liquid media (32). Conventional assays using
the species Thelephora terrestris showed that the ECsy values
for Cu(Il) and Zn(Il) were ca. 10 rngLf1 in liquid medium (56),
but 100-500 and 1,000 mgL ™", respectively on agar (57).

Bioassays with bioluminescent fungi are less commonly used
than either bioluminescent or non-bioluminescent organisms (e.g.
bacteria, daphnids and algae) (6,9,58-60). The procedure consists
in the inoculation of either the agar medium or liquid media with
the glowing mycelium (32,50). In this case, however, the
endpoint chosen is light emission instead of the radial growth
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rates. Several bioassays with bioluminescent basidiomycetes have
been developed using the species Armillaria mellea, Panellus
stipticus, Mycena citricolor, Gerronema viridilucens and Omp-
halotus olearius. These species were exposed to phenols, quinon-
es and metal cations (32,49,50,53,54,61-63). In general,
bioassays were carried out in solid or liquid media at 15-25°C,
pH 3-6, 80%—90% humidity and under dark conditions inside a
climatic chamber during an incubation period between 7 and
10 days.

Carbon sources include sugar cane molasses, monosaccharides
or potato dextrose. Yeast extract, malt extract, ammonium or
L-asparagine is commonly used as nitrogen sources. The exposure
time of the mycelium to the toxicant varies from 5 min to 24 h
(Table 1). It has been shown in a study on the effect of culture con-
ditions on growth and bioluminescence of Panellus stipticus that
complex carbon sources do not promptly release monosaccharides
(mainly glucose) to the medium and thus are less favorable to be
used in cultures, leading to lower growth rates and lower light
emission (61). Carbon sources commonly available in wood-decay-
ing environments, such as pectin, lactose, maltose and glucose, on
the other hand, resulted in higher bioluminescence, as a conse-
quence of the rapid absorption of the nutrients by the mycelium.

Initial reports on the development of fungal-based luminescent
assays were conducted in stirred liquid medium with the globular
mycelium (50,53,54). The authors evaluated the toxicity of
phenols, metal cations, and also were able to perform some tests
with sewage sludge (53).

Later on, a fungal-based luminescent assay was proposed on
agar plates using the fungus Gerronema viridilucens (32). The
procedure involves the cultivation of the mycelium in 100 mm
Petri dishes (used to continue the cultures) for 20 days in opti-
mized conditions inside a climatic chamber, followed by (1) the
inoculation of 35 mm dishes (35 to 40 dishes and maintenance
for 10 days in the same optimal conditions), (2) the measurement
of the integral of initial bioluminescence from each 35 mm
dishes (BLiyjta), (3) the addition (under gentle swirling of the
dish) of 500 uL of either the aqueous control [0.050% (w:v) Tri-
ton X-100 at pH 5.5-6.0 non-buffered] or the toxicant solution
at increasing concentrations, followed by a 24 h exposure time
in the climatic chamber, and (4) the measurement of the final
bioluminescence (BLgn,). The inhibition of bioluminescence
(BLjnnip) can be calculated by the expression: BL;,,, = 1 — BL
final/BLinitar (Fig. 3).

One of the advantages of bioluminescent assays on agar over
the conventional ones is that each dish acts as its self-control.
This is important to decrease experimental errors associated with
different mycelium growing in different plates, which could lead
to less reliable results (32). The bioluminescence signal is more
accurate for data acquisition and verification of fungal organism
status as it reflects the condition of all mycelium layers, and is a
precocious endpoint for fungal injury. As previously reported,
results based on area measurement (radial growth rate) do not
consider the mycelium density and thus can underestimate the
mycelium growth (49,61).

It is noteworthy to mention that some experimental parameters
can strongly affect EC5y values obtained from bioassays. Among
them it is possible to include: the medium composition (i.e. liquid
or agar, pH, temperature and nutrients), exposure time to toxicants
and the intrinsic variability of species. The ECsy values
obtained from a toxicological bioluminescent assay using the
fungus A. mellea in liquid medium for Cu(Il) and Zn(II) were 1.3

(50)
(53)
(54
(61
(4D
(62)
(63)

References
(32,49)

Study purpose
system to evaluate biological control agents

Effects of culture conditions on
BL and bioassay for metals
Bioassay for metals and phenols
Biosensor to heavy metals in
sewage sludge on forest soils
Biosensor to heavy metals in
sewage sludge on forest soils
Effects of culture conditions on
myecelial growth and BL
Effect of toxic inorganic and
organic compounds on BL
Effects of culture conditions
on growth and BL
BL as an endogenous reporter

Nutrients
Ammonium or asparagine and glucose, maltose,
lactose, trehalose, cellobiose or pectin in
White bread crumb in agar non-buffered media

agar buffered media

ME agar and ME broth in buffered media
Agarized Saburo

YM broth and PD broth in buffered media
YM broth and YM agar in buffered media

Oxoid malt extract in buffered media

Yeast extract, cane molasses in
non-buffered agar media

BL
5.5-6.0
3.0-4.0
4.0-5.0
5.0-6.0
35
3.0

pH

Growth
4.2
3.8
3.5
4.0
3.5-4.0
3.5

BL
22
15

1(°C)

25
22
22
22
28
22
22
22

room temperature

Growth

Table 1. Optimal conditions for growth and bioluminescence (BL) emission available in the literature for luminous fungus.

A. mellea, A. gallica

G. viridilucens
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A. mellea
M. citricolor
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P. stipticus
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Figure 3. Step-by-step description of the fungal-based bioluminescent assay proposed by Mendes and Stevani (32).

and 490 umolL ", respectively. On the other hand, the ECsq val-
ues obtained with the fungus M. citricolor were ca. 30- and
3-fold higher for the same metal cations (50). The values obtained
with these metal cations, but using an agar-based bioassay and the
bioluminescent fungus G. viridilucens were 5.7 and 48 mM (32).
Although the species and experimental conditions are different,
changes in ECs, values are probably related to the high tolerance
of G. viridilucens to the metal cations due to molecular defense
mechanisms such as: (1) extracellular immobilization by precipita-
tion, complexation and/or crystallization, (2) biochemical transfor-
mation of toxic metals (by oxidation, reduction and methylation,
for example), (3) biosorption by macromolecules in the cell walls
(e.g. melanin and chitin), (4) flow and counter flow of ions through
cellular membranes and (5) vacuolar and intracellular immobiliza-
tion by compartmentalization (28,32,35).

Although the assays performed in liquid medium have higher
repeatability and the light emission remains constant longer than
in agar medium - as the interference of humidity variation during
mycelium cultivation is prevented — the liquid medium does not
reproduce the mycelial growth and differentiation in soil
(32,33,64). Thus, the bioavailability of toxic compounds could
be possibly less representative in liquid medium compared to
bioluminescent assays in agar. A comparison between biolumi-
nescent and non-bioluminescent fungal toxicological assays is
summarized in Table 2.

In general, toxicological studies using bioassays are time-
consuming and labor-intensive, demanding trained personal to
maintain the organisms and to perform the experiments. Hence,
it is very interesting to investigate and generate linear free energy

Table 2. Comparison between conventional and bioluminescent-based
(BL) toxicological assays using basidiomycete fungi.

Conventional BL
Parameter (agar) BL (agar) (liquid medium)
Measurement Diameter and Light emission ~ Light emission

biomass

Endpoint Growth inhibition ~ BL inhibition BL inhibition
Exposure time  7-30 days 24 h 60 min
Toxicant Inside agar Agar surface In solution
application
Controls No self-control Self-controlled  Self-controlled
ECs( values uM-mM mM pM-mM
References (33,56,57) (32) (50,53,54)

relationships that can reasonably predict the toxicity of different
classes of substances to a specific target organism. Some predic-
tion models rely on the Quantitative Structure-Activity Relation-
ships (QSARs, for organic compounds) or Quantitative Ion
Character-Activity Relationships (QICARs, for inorganic species)
to estimate the toxicity of non-tested compounds to the target
organism based on the values previously obtained (65). Experi-
mentally determined ECso values are plotted against physical-
chemical properties of organic and inorganic compounds and
the relationships with the highest correlation coefficients are
chosen. The compound pK,, octanol-water constant, ionic radius,
atomic number, electronegativity, covalent index, first hydrolysis
constant, softness index, ion charge, ionization potential,
electrochemical potential, and the cation polarizing power are
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some examples of parameters that can be used in QSAR or
QICAR approaches (65).

In the case of fungi, a QICAR approach has been used to
evaluate and predict the toxicity of eleven mono- and divalent
metal cations to the bioluminescent species G. viridilucens (66).
Nineteen different regressions based on univariate, two- and
three-variable models were generated. The covalent index (szr),
which indicates the binding tendency between the metal cation
and soft ligands (e.g. the preference to bind to sulfur donor
atoms) demonstrated to be the most adequate parameter for
the prediction of fungal metal toxicity [log ECso = 4.243
(£0.243) — 1.268 (& 0.125)X,,%r, R? = 0.9113], indicating that
covalent bonding - most probably forming stable nonlabile com-
plexes with biomolecules, especially sulfur-containing ones - is
an important factor of metal inherent toxicity to fungi (66).

Fungal-based bioluminescent assays using white-rot basidio-
mycete fungi could represent an effective additional option to the
already employed conventional bioassays for those who aim to
obtain further and reliable information about the toxicity of pure
substances, environmental samples and agriculture commercial
fungicides. Moreover, despite the importance of the identification
and quantification of toxicants in environmental matrices using
analytical equipment, the concentration itself does not reflect the
bioavailability of contaminants in nature or their potential dam-
age to living organisms, which could be caused by a synergistic
effect of two or more substances (67). Therefore, bioassays using
bioluminescent fungi are needed as a complementary test not
only to the already implemented and well established bioassays
using aquatic and terrestrial species, but also to traditional analyt-
ical techniques.
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