
Chapter 16
Interactions of Fungi and Radionuclides in Soil

John Dighton(*ü ), Tatyana Tugay, and Nelli Zhdanova

16.1 Introduction

Following the development of nuclear weapons and the subsequent evolution of 
nuclear energy-generating industries, there has been considerable concern  regarding 
the safe storage of radionuclide waste. Widescale release, in the aftermath of nuclear
detonations or as the result of malfunction of atomic energy plants and reprocessing 
facilities, has also been a preoccupation. The International Commission on 
Radiological Protection recommendations on the ecological aspects of radionuclide 
release were discussed by Coughtree (1983), in which Heal and Horrill (1983) sum-
marized element transfers within terrestrial ecosystems, highlighting the importance
of organic soil horizons and their microbial communities as potential accumulators 
of both nutrient elements and radionuclides. This was a significant step forward 
from initial discussions of the impact of radionuclide fallout on ecosystems, where 
the involvement of fungi in regulating radionuclide movement was limited to one 
sentence in a paragraph describing radionuclide accumulation in organic horizons 
of forest soils, which may be related to fungal biomass (Osburn 1967). Now, in a 
more recent model of radiocesium migration in forest ecosystems, Avila and 
Moberg (1999) place fungal activity in the pivotal point of the diagonal of their 
interaction matrix, as one of the important biotic regulators of radionuclide 
movement in soils.

Concerns over global climate change and the limitations of conventional fuels is 
making the world consider alternative energy sources other than fossil fuels. One of 
these alternatives, nuclear energy, is already in use in many countries, although its 
expansion has been shadowed by the explosion of the reactor at Chernobyl, Ukraine 
in 1986. It is likely, however, that there will be future expansion of nuclear activity, 
which may lead to an increased possibility of local or widespread nuclear 
 contamination of terrestrial systems. It is, therefore, essential that we have adequate 
knowledge of the behavior of radionuclides in a variety of environments and enough 
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understanding of the biotic regulators of radionuclide movement to assist us in 
 limiting potential damage and effecting remediation as efficiently as possible.

It is probable that future studies along those lines will point to fungi as an 
 important component of environmental systems involving radionuclides. Indeed, 
Steinera et al. (2002) open their introduction by saying ‘Fungi are one of the most 
important components of forest ecosystems, since they determine to a large extent the 
fate and transport processes of radionuclides (…)’, and fungi have been  suggested as 
being potentially important agents for bioremediation (Gray 1998; Skladany and 
Metting 1992). A brief review of the interactions between radionuclides and fungi 
(Zhdanova et al. (2005b) calls for greater understanding of the nature of these 
 interactions, particularly from a molecular standpoint and from the point of view of 
using fungal and plant–fungal interactions in remediation of polluted systems.

16.2 Fungi as Regulators of Radionuclide Movement

16.2.1 Role of Saprotrophic Fungi

Saprotrophic fungi are involved in the decomposition of dead organic residues 
(plant and animal remains) in soil. In order to assimilate the end products of 
 extracellular enzymatic activity, fungi present an enormous surface area of hyphae 
to their surrounding environment. As such, these organisms are well fitted to absorb 
other elements, including radionuclides, from the soil environment. Microbial 
immobilization of radionuclides was identified by Witkamp and Barzansky (1968), 
who showed that microbial communities on decomposing leaf litter and cellophane 
accumulated almost three times the amount of radiocesium immobilized by sterile 
equivalents. Witkamp (1968) measured radiocesium incorporation into the fungus 
Trichoderma viride from fresh or highly decomposed leaf litter and wood. He 
showed that the concentration factor in fungi decreased as the leaf litter source of 
cesium aged (2.36, 0.46, and 0.23 for litters of 4, 16, and 48 month-old leaf litter). 
The highest concentration factor (4.31) was found from freshly fallen wood. This 
pioneering work provided basic evidence to suggest that fungi could be significant 
ecosystem components in regulating movement of radionuclides in the 
environment.

Grassland soil saprotrophic fungi have been shown to have great potential for 
uptake and immobilization of radiocesium fallout (Olsen et al. 1990; Dighton et al. 
1991). Assuming an average influx rate of 134 nmol Cs g−1 dry weight of mycelium 
(determined from laboratory uptake studies) and an estimate of hyphal biomass of 
up to 6 g dry weight m−2 of soil (determined by hyphal length measurements of field 
collected samples; Dighton and Terry 1996), Dighton et al. (1991) estimated that the 
fungal community of upland grass ecosystems in northern England would be able to 
take up between 350 and 804 nmol Cs m−1 h−1. These fungi might have accumulated 
a large percentage of the total Chernobyl fallout in the United Kingdom as the 
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radiocesium concentrations in soil pore water were reportedly at the micromolar 
level (Oughton 1989). Once incorporated into microbial (fungal and bacterial) bio-
mass, some 40–80% of radionuclide (Cs) is retained by the fresh soil during leach-
ing, in comparison to either irradiated (Guillitte et al. 1994) or autoclaved soil 
(Sanchez et al. 2000), where the microbiota has been killed. Thus, retention is thought 
to be due mainly to microbial immobilization of radionuclides. This is in contrast to 
sandy mineral soils where biomass accumulation is low and surface adsorption is the 
main form or radionuclide binding, only an additional 0.005% of immobilized 137Cs 
being extracted from these soils following sterilization (Cawse 1983).

Zhdanova et al. (1990) compared 90Sr accumulation by conidia or mycelium. 
They showed greater accumulation by mycelia and differences between unpig-
mented and pigmented fungal species. For light pigmented species of the family 
Moniliaceae 90Sr accumulation varied between 18 and 335 Bq g−1, whereas for dark 
pigmented mycelia of the Dematiaceae accumulation ranged from 20 to 1,510 Bq g−1;
which is up to an order of magnitude higher than for light pigmented fungi.

16.2.2 Mechanisms of Fungal Immobilization of Radionuclides

Binding of radionuclides to cell wall ion exchange sites and by potassium  replacement 
in cytoplasm are two mechanisms proposed for radionuclide accumulation by fungi. 
Potassium replacement is, however, species-specific with suggestions that Rb and Cs 
replace K in the filamentous fungus Fusarium solani (Das 1991), whereas only Rb, 
but not Li, Na, or Cs, could replace K in the yeast Candida utilis (Aiking and Tempest 
1977). Connolly et al. (1998) demonstrated that the wood decay fungus Resinicium 
bicolor could absorb strontium from strontianite sand and redeposit it in calcium 
oxalate crystals after translocation through mycelial cords. Here, strontium behaves 
similarly to calcium in fungal metabolism and the research suggests a  pathway for 
translocation of the radionuclide 90Sr within decomposer fungi.

Remediation of contaminated areas is usually approached by phytoremediation 
(Raskin and Ensley 2000). However, the propensity of fungal hyphae to adsorb and 
absorb radionuclides provides an alternative means to effect radionuclide cleanup. 
The usefulness of fungal mycelia in environmental cleanup has been suggested by 
White and Gadd (1990) who developed air-lift bioreactor systems containing live 
cultures of fungi for biosorption of radiothorium. Rhizopus arrhizus and Aspergillus 
niger were found to be more efficient absorbers than Penicillium italicum and
Penicillium chrysogenum. Fungi have also been shown to be useful adsorbers of 
heavy metals and radionuclide contaminants of industrial effluents, where their 
dead mycelia have been used as filters (Tobin et al. 1984; Singleton and Tobin 
1996). In live mycelia, the ability to immobilize radionuclides is species dependent. 
Mahmoud (2004) showed that Alternaria alternata had a greater uptake capacity 
than Aspergillus pulverulens or Fusarium verticilloides for both 60Co and 137Cs.
Greatest uptake was attributed to high melanin content of the fungal cell walls and 
could account for between 45 and 60% of the radionuclide uptake into the fungal 
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hyphae. Clint et al. (1991) also showed significant differences in Cs uptake capacity
between species of both mycorrhizal and saprotrophic basidiomycetes. As a result, 
it is often difficult to generalize on the efficiency of radionuclide immobilization 
exhibited by fungi per se.

Soil saprotrophic microfungi have been shown to grow into and decompose 
 carbon-based radioactive debris from the Chernobyl reactor (Zhdanova, et al. 1991). 
Cladosporium cladosporioides and Penicillium roseopurpureum were shown to 
overgrow these ‘hot particles’ that contained less than 1,147 Bq of γ- activity and 
destroy them within 50 to 150 days. Fungal accumulation of  radionuclide released 
from intact hot particles was shown to be greater for 152Eu than for 137Cs (Zhdanova 
et al. 1991), but similar when the particles were ground. Thus, the capacity to 
acquire radionuclides in these fungi is determined by an  interaction between the 
physical nature of the radioactive source, fungal species, and, presumably,  enzymatic 
potential. Indeed, it is the immobilization of  radionuclides into fungal biomass that 
is reportedly causing the retention and  accumulation of radiocesium in upper soil 
horizons. Hence, immobilization by fungi reduces the downward movement of 
 radionuclides that accompanies leaching (Rommelt et al. 1990; Guillitte et al. 1990). 
Drissner et al. (1998) point out that most 137Cs in spruce forest soil is in the Ah layer, 
located just under the leaf litter, due to the high abundance of fungal mycelia in the 
surficial organic horizons of forest soils (Baeza et al. 2002). This surface accumula-
tion prevents leaching loss of radionuclides and enhances uptake by plants through 
mycorrhizal associations. Retention by fungi in soil is likely, as fungi compete more 
strongly than plants for Cs+, accumulating 10 to 150 times more of this element 
(Avery 1996).

In addition to immobilization, fungal mycelia are known to translocate materials 
within the fungal body. Translocation of 14C and 32P through hyphal systems of 
Rhizopus, Trichoderma, and Stemphylium species occurs by diffusion (Olsson and 
Jennings 1991). The rate of carbon translocation is influenced by source–sink 
 relations within the fungal thallus to provide directional flow to the building phases 
of the hyphae (Olsson 1995). Jennings (1990) showed that the absorption of 
 phosphorus by rhizomorphs of Phallus impudicus and Mutinus caninus was 
effected by two transport systems.

In contrast to the diffusion of C and P, translocation of 137Cs through hyphae of 
Armillaria spp. and Schizophyllum commune has been shown to be slower than dif-
fusion, suggesting a possible mechanism for accumulation, probably due to cell wall 
binding of the radionuclide (Gray et al. 1995, 1996). Gray et al. (1996) also demon-
strated preferential movement of radiocesium to developing fruitbodies, which were 
acting as nutrient sinks. This has been confirmed by work of Baeza
et al. (2002), who showed translocation of 85Sr and 134Cs from substrate to 
mycelium, and then to fruitbody in Pleurotus eringii . These observations support the 
finding of Dighton and Horrill (1988) and Yoshida and Muramatsu (1994), who 
observed that radiocesium accumulation in basidiomycete fungi could be high and 
long-lived. For example, Dighton and Horrill (1988) found that up to 92% of the 
radiocesium in mycorrhizal basidocarps in the United Kingdom was derived from 
pre-Chernobyl sources of fallout; this would be the result of accumulation during 
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the previous 30 years or so. Measures of influx and accumulation of radiocesium into 
hyphae of a range of fungal species suggested that saprotrophic species had higher 
accumulation than mycorrhizal species (on a per weight basis; Clint et al. 1991). 
Hence, this high rate of radiocesium immobilization in United Kingdom upland 
grassland by saprotrophic fungal mycelia could also have accounted for a high pro-
portion of the immobilization of Chernobyl fallout radiocesium (Dighton et al. 1991).

16.2.3 Role of Endomycorrhizae

Mycorrhizae are a symbiotic association between plant roots and a variety of fungi. 
The benefits of this association are seen in about 95% of all vascular plant species 
and consist in improved water and nutrient acquisition, and also defense against 
root herbivory and root pathogens. The endomycorrhizae  are associations where 
most of the symbiotic fungal tissue is located within the host plant tissue, along 
with extraradical hyphae extending from the root surface into the soil to increase 
the absorptive surface area . In this section, arbuscular mycorrhizae  (associations 
between a small number of fungal species belonging to the phylum Glomeromycota , 
and a huge number of grasses, forbs, and tropical tree species) and ericoid mycor-
rhizae  (associations between even fewer fungal species from the phylum Ascomycota  
and plants in the Ericaceae, Empetraceae, and Epacridaceae) are considered. 
Ectomycorrhizae  are considered below (see Section 16.2.4). These are associations 
between many fungal species from the Basidiomycota  and the Ascomycota and a 
smaller number of plant (tree) species. In this association, most of the symbiotic 
fungal biomass occurs outside the host root tissue as a fungal sheath and emanating 
extraradical hyphae. For further information on mycorrhizae the reader is referred 
to texts such as Smith and Read (1997).

Haselwandter and Berreck (1994) reviewed the role of arbuscular mycorrhizae  
in plant uptake of radionuclides and found that the current information is somewhat 
conflicting. They cite an example of arbuscular mycorrhizal inoculation of sweet 
clover and Sudan grass, which showed slight, and statistically insignificant 
increases in uptake of 137Cs and 60Co by mycorrhizal plants. In a later study Berreck 
and Haselwandter (2001) showed that mycorrhizal colonization of the grass Agrostis 
tenuis by Glomus mosseae  significantly decreased the Cs content of shoots. 
Increased competition between K and Cs in soil, by increasing K  concentration 
with fertilizer, led to further suppression of Cs uptake.

Jackson et al. (1973) found similar differences between host plant species, where 
arbuscular mycorrhizal colonization of roots of soybeans by Glomus  mosseae signifi-
cantly increased 90Sr uptake from soil, whereas mycorrhizal  symbioses in the grass 
Festuca ovina reduced the uptake of radiocesium into shoots. This protective effect 
is also shown by de Boulois et al. (2005) where uptake of radiocesium by transformed 
carrot root in association with the mycorrhizal fungus Glomus is strongly correlated 
to fungal hyphal length. Hyphae have a greater uptake capacity than roots, resulting 
in preferential hyphal accumulation. This effect, however, is likely to be plant 
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species-dependent, as suggested by Joner et al. (2004), who saw no enhanced 
mycorrhizal uptake of 134Cs into clover, eucalyptus, or maize, but enhanced uptake of 
65Zn  by mycorrhized maize. Roséna et al. (2005) also showed increased 137Cs uptake 
by leek, but not by ryegrass, when colonized by arbuscular mycorrhizae.

In keeping with the information summarized above, suggesting a reduced plant 
uptake in the mycorrhizal condition, Clint and Dighton (1992) showed that influx 
of radiocesium into mycorrhizal heather plants (Calluna vulgaris) with ericoid 
mycorrhizae was lower than that into nonmycorrhizal plants. However, the internal 
redistribution of Cs within mycorrhizal plants allowed a greater proportion of the 
Cs taken up in mycorrhizal plants to be translocated to shoots compared to 
 nonmycorrhizal plants. Strandberg and Johansson (1998) also showed that 
 mycorrhizal heather had 18% higher shoot accumulation of 137Cs than  nonmycorrhizal 
plants. Similar enhanced translocation  of radiocesium into shoots of arbuscular 
mycorrhizal Festuca ovina, but not into clover (Trifolium repens), were shown by 
Dighton and Terry (1996). However, in a more recent study, Berreck and 
Hasselwandter (2001) showed a decrease in the Cs translocated to the shoots of 
Agrostis tenuis in the presence of arbuscular mycorrhizae.

Elevated levels of radionuclide occur in roots as compared to shoots in 
 mycorrhizal plants, which suggests that the endomycorrhizal fungi accumulate 
radiocesium in the fungal tissue in a similar manner to that with which 
 ectomycorrhizae accumulate heavy metals (Denny and Wilkins 1987a,b; see also 
Section 16.2.4). This concept has been reviewed for arbuscular mycorrhizal 
 symbioses by Berreck and Haselwandter (2001), who investigated the impact of 
potassium fertilization as a method to reduce uptake of cesium by the mycorrhizal 
grass (Agrostis tenuis). They showed that mycorrhizal development in plant roots 
reduced Cs uptake by the plant at moderate nutrient levels in the soil. This further 
suggests that the mechanism of protection is due to sequestration of Cs in the 
 extraradical hyphae of the endomycorrhizal fungus and a reduced translocation into 
the host plant. They also demonstrated that, for this fungal–plant interaction, there 
was no benefit of adding potassium to reduce Cs uptake.

Thus, it would appear that endomycorrhizal fungi perform a plant protective 
effect by immobilizing radionuclides in fungal components associated with roots. 
However, there is some evidence to suggest that any radionuclide that enters the 
plant is translocated to aboveground parts with greater efficiency in the mycorrhizal 
condition than in nonmycorhizal plants.

16.2.4 Role of Ectomycorrhizae

Ectomycorrhizae are different from arbuscular mycorrhizae in that in many 
instances the symbiosis occurs with basidiomycete fungi. These produce relatively 
large fruitbodies (or mushrooms ) as well as associated belowground mycelia. Thus, 
in addition to accumulation of radionuclides in belowground mycelia, there is 
translocation  to mushrooms which are a source of accumulation up food chains  
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by consumption or which could be harvested for site remediation . Hence, the ear-
lier work of Haselwandter (1978), Eckl et al. (1986), Haselwandter et al. (1988), 
and Byrne (1988), which showed that lichens  and mushroom-forming fungi took up 
and accumulated radionuclides in their fruiting structures, became an important stim-
ulus to investigate fallout radionuclide accumulation in these structures following 
the Chernobyl  explosion. The literature is replete with records of radionuclide con-
centrations following the Chernobyl accident. A few examples of accumulation 
levels reported are given in Table 16.1 and others can be found in articles by Guillitte 
et al. (1987), Elstner et al. (1987), Oolbekkink and Kuyper (1989), Watling et al. 
(1993), Guillitte et al. (1994), Yoshida and Muramatsu (1994), Mietelski et al. 
(1994), and Muramatsu et al. (1991) to name a few.

Although a variety of radionuclides were released from Chernobyl, most of the 
surveys relate to the radiocesium content of mushrooms. Haselwandter and Berreck 
(1994) reviewed the accumulation of radionuclides in fungal fruitbodies after the 
Chernobyl disaster and found that in addition to Cs, fungi have been shown to take 
up 7Be, 60Co, 90Sr, 95Zr, 95Nb, 100Ag, 125Sb, 144Ce, 226Ra, and 238U (see Chapter 6 in 
Dighton 2003).

The Chernobyl explosion released 137Cs and 134Cs in a 2:1 ratio, which has been 
used as fingerprint to distinguish 137Cs from pre- and post-Chernobyl sources. 
Using this fingerprint, Dighton and Horrill (1988) showed that a large proportion 

Table 16.1 Selected data on radionuclide accumulation in fruitbodies  of a number of fungal 
species

Fungus Isotope
Concentration (kBq 
kg−1 dry wt) Source

Cortinarius praestans 137Cs 0.5 Byrne (1988)
Laccaria amethystine 137Cs 43 Byrne (1988)
Cortinarius armillatus 137Cs 44 Byrne (1988)
Agaricus spp. 110Ag 0.05 Byrne (1988)
Lycoperdon spp. 110Ag 0.56 Byrne (1988)
Various Various 0.09–947 Haselwandter and Berreck 

(1994)
Various 137Cs 0–33 (low level 

contamination)
Grodzinskaya et al. (1995)

Various 137Cs 1400–700 (high level 
contamination)

Grodzinskaya et al. (1995)

Various 137Cs 0.3–20 Mietelski et al. (1994)
Various 137Cs 300–1800 Mietelski et al. (1994)
Various 90Sr, 

239+240Pu
0–0.004 Mietelski et al. (1994)

Lactarius rufus 137Cs 1.8–7.2 Dighton and Horrill (1988)
Inocybe longicystis 137Cs 8.7–14.2 Dighton and Horrill (1988)
Xercomus badius 40K 0.3–6.7 Malinowska et al. (2006)
Xercomus badius 210Pb 0.007–0.03 Malinowska et al. (2006)
Various 137Cs 0–2.86 Kirschner and Dalliant (1998)
Various 210Pb 0.001–0.36 Kirschner and Dalliant (1998)
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(up to 92%) of pre-Chernobyl 137Cs was accumulated in the fruitbodies of two 
ectomycorrhizal fungal species. Similar figures (13 to 69%) for pre-Chernobyl 
accumulation of radiocesium in mushrooms were presented by Byrne (1988) and 
Giovani et al. (1990). This information suggests that fungi could be long-term 
accumulators and retainers of radionuclides in the environment. Laboratory studies 
showed that there was a wide range of rates of uptake and incorporation of 
 radiocesium into fungal mycelia grown in liquid culture, with the three  saprotrophic 
basidiomycetes, Mycena polygramma, Cystoderma amianthinum, and Mycena
 sanguinolenta having the highest rates of biomass accumulation as compared to 
many ectomycorrhizal species (Clint et al. 1991). Accumulation varied between 
about 100 to 250 nmol g−1 dry weight of fungus per hour. However, if the uptake is 
expressed on a hyphal surface area basis, the ranking of species differs and the 
uptake values range from 0.1 to 2.5 nmol m−2 hyphal area per hour. This suggests 
that acquisition of radionuclides by fungi may be influenced by the growth 
 conditions in soil and consequential foraging strategy of the mycelium (Rayner 
1991; Ritz 1995).

The ability of ectomycorrhizal basidiomycete fungal species to accumulate 
radionuclides could, in theory, be an important component in the restoration of 
radionuclide-contaminated terrestrial ecosystems (Gray 1998). The formation of 
large and harvestable fruiting structures (mushrooms) provides a potential means 
of removal of radionuclides that have been accumulated within. Mycorrhizal fungi 
have been shown to be a major component of the radionuclide accumulation (as 
evaluated by radiocesium concentration measurements) in a boreal coniferous 
 ecosystem in Sweden (Guillitte et al. 1994), although its relative contribution to the 
total standing biomass of the forest is probably not large (Vogt et al. 1982; Fogel 
and Hunt 1983).

16.3 Effects of Radionuclides on Fungi

16.3.1 Isolation of Fungi from Contaminated Areas

Although they did not cite radiation levels, Durrell and Shields (1960) isolated 41 
fungal species from soil in the Nevada Test Site  (USA) where atomic weapons 
 testing had occurred. Under equally extreme circumstances, the ability of fungi to 
survive high levels of radioactivity has been shown by the isolation of microfungi 
from the walls of the nuclear reactor room at the Chernobyl Atomic Electric Station 
(ChAES)  under conditions of 1.5 to 800 mR h−1 in the presence of alpha, beta, and 
gamma-emitting 239Pu, 240+241Pu, 241Am, 244Cm, and 137Cs (Zhdanova et al. 2000). 
Thirty-seven species of 19 genera were isolated with the frequency of isolation 
being greater at higher than at lower levels of radioactivity. Table 16.2 presents a 
list of fungal species isolated from within and around Chernobyl and the radiation 
dose at site of isolation.
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Table 16.2 List of fungal species isolated from within and around the Chernobyl nuclear reactor 
in relation to radiation exposure at site of isolation and directional growth (radiotropisma) towards 
a collimated beam of ionizing radiation

Species (and Designation) of Isolate Substrate

Radioactivity 
of Substrate 
(mR h−1) Tropism

Penicillium steckii Zaleski 2 (Pst2) Soil, “hot” particles 20 Positive
Penicillium hirsutum Dierckx (Phir1) Soil, “hot” particles 20 Positive
Cladosporium cladosporioides (Fres.) 

de Vries (Ccl4)
Soil 10 km zone ChAES 30 Positive

Penicillium lanosum Westl. (Plan10) The 4th block ChAES 20 Positive
Aspergillus versicolor (Vuill.) 

Tiraboschi (Aver43)
The 4th block ChAES 55 Positive

Aspergillus versicolor (Vuill.) 
Tiraboschi (Aver54)

The 4th block ChAES 98 Positive

Cladosporium sphaerospermum
(Penz.) (Cshp35)

The 4th block ChAES 35 Positive

Cladosporium sphaerospermum
(Penz.) (Csph70)

The 4th block ChAES 40 Positive

Hormoconis resinae (Lindau) v. Arx 
& de Vries f. resinae (Hres 30)

The 4th block ChAES 40 Positive

Aspergillus versicolor (Vuill.) 
Tiraboschi (Aver55)

The 4th block ChAES 250 Positive

Aspergillus versicolor (Vuill.) 
Tiraboschi (Aver57)

The 4th block ChAES 500 Positive

Cladosporium sphaerospermum
(Penz.) (Csph21)

The 4th block ChAES 105 Positive

Hormoconis resinae (Lindau) v. Arx 
& de Vries f. resinae (Hres52)

The 4th block ChAES 120 Positive

Hormoconis resinae (Lindau) v. Arx 
& de Vries f. resinae (Hres61)

The 4th block ChAES 200 Positive

Hormoconis resinae (Lindau) v. Arx 
& de Vries f. resinae (Hres21)

The 4th block ChAES 300 Positive

Penicillium aurantiogriseum Dierckx 
60 (P aur 60)

The 4th block ChAES 380 Positive

Aspergillus versicolor (Vuill.) 
Tiraboschi (Aver101)

The 4th block ChAES 100,000 No tropism

Aspergillus versicolor (Vuill.) Tiraboschi 
(Aver102)

The 4th block ChAES 100,000 No tropism

Penicillium spinulosum Thom 
(Pspin85)

The 4th block ChAES 30,000 No tropism

Penicillium spinulosum Thom 
(Pspin87)

The 4th block ChAES 100,000 No tropism

Hormoconis resinae (Lindau) v. Arx 
& de Vries f. resinae (Hres11)

The 4th block ChAES 1500 No tropism

Hormoconis resinae (Lindau) v. Arx 
& de Vries f. resinae (Hres76)

The 4th block ChAES 10,000 No tropism

Hormoconis resinae (Lindau) v. Arx 
& de Vries f. resinae (Hres77)

The 4th block ChAES 30,000 No tropism

Cladosporium herbarum (Pers. : Fr.) 
Lk (Cher80)

The 4th block ChAES 100 000 No tropism

(continued)
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Aspergillus versicolor (Vuill.) 
Tiraboschi (Aver222)

Control Control No tropism

Aspergillus versicolor (Vuill.) 
Tiraboschi (Aver429)

Control Control No tropism

Aspergillus versicolor (Vuill.) 
Tiraboschi (Aver432)

Control Control No tropism

Cladosporium sphaerospermum
(Penz.) (Csph3925)

Control Control No tropism

Cladosporium sphaerospermum
(Penz.) (Csph2538)

Control Control No tropism

Cladosporium cladosporioides (Fres.) 
de Vries (Ccl4061)

Control Control No tropism

a For a description of radiotropism, see Section 16.3.3.

Table 16.2 (continued)

Species (and Designation) of Isolate Substrate

Radioactivity 
of Substrate 
(mR h−1) Tropism

These microfungi have been isolated from walls, reinforced concrete framing, 
and wooden structures of the fourth reactor room of ChAES. Between 1997 and 
2004, 155 samples in 49 inner locations of the reactor room have been isolated. 
The radioactivity levels of the surveyed rooms varied widely and have been 
assigned to four groups of radioactivity: (I) weak: 0.1–100 mR h−1; (II) average: 
101–500 mR h−1; (III) high: 501–5,000 mR h−1; and (IV) superhigh: above 5,000 mR 
h−1. Identification of the fungal cultures revealed 58 species from 25 genera, some 
of which are listed in Table 16.2 in relation to the radiation dose at source of iso-
lation. The frequency of isolation of two fungal genera (Aspergillus and 
Cladosporium) in relation to radiation exposure and date is given in Fig. 16.1 
(Zhdanova et al. 2005a).

The highest numbers of fungal species (13–27) were obtained from a group of 
rooms with the lowest level of radiation (zone I) and these numbers declined in 
areas of higher radiation to 5–11 and 6–11 fungal species in zones II and III, respec-
tively, excluding species that were isolated only once. Species of genera Penicillium,
Fusarium, Chrysosporium, Scopulariopsis, Hyalodendron, Verticillium, and Mucor
made up to 70–80% of all isolated species. Less frequently isolated species (10–50% 
frequency) included Aspergillus versicolor, Aspergillus niger, Hormoconis  resinae 
(Cladosporium chlorocephalum), Cladosporium sphaerospermum, Cladosporium
herbarum, Cladosporium cladosporioides, Alternaria alternata, Aureobasidium 
pullulans, Penicillium aurantiogriseum, Penicillium spinulosum , and Acremonium 
strictum.

Durrell and Shields (1960) noted that a high proportion (25%) of fungal species 
isolated form the Nevada Test Site  contained melanin  or other pigments in their 
hyphae. Similarly, the proportion of melanin-containing species (> 40%) among all 
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Fig. 16.1 Frequency of occurrence of Aspergillus and Cladosporium in the fourth reactor room 
of ChAES over time. Frequency was calculated as the percentage of number of times the species 
was isolated from all isolations collected between 1997 and 2003. Results from isolations in the 
reactor room were divided according to the four categories of radiation exposure (I = 0.1–100 mR 
h−1; II = 101–500; III = 501–5000; and IV >5000 mR h−1) and are accompanied by results from an 
uncontaminated site (Uncont)

fungal groups isolated from the radioactively contaminated rooms of the Chernobyl 
reactor room noticeably exceeded the ratio found in other, clean environments. The 
most frequently occurring pigmented species belonged to genera of Cladosporium
(C. sphaerospermum, C. herbarum), Hormoconis resinae, Alternaria alternata, and 
Aureobasidium pullulans. The greatest quantity of species belonged to the genus 
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Penicillium (17 species), the majority of which were encountered  sporadically, with 
only one instance of isolation from rooms of high and extremely high levels of 
radioactivity (Penicillium aurantiogriseum and P. spinulosum).

16.3.2  Influence of Ionizing Radiation on Fungal 
Communities

Monitoring the fungal communities  in the region around Chernobyl during the last 
18 years has resulted in the isolation and culturing of about 2,000 strains of 180 
species of 92 genera (Zhdanova et al. 2000). The dynamics of change of soil 
 microfungal communities during this time inside a 10-km radius to the zone of 
alienation has allowed us to reveal in more detail the processes of natural 
 rehabilitation acting in the highly radionuclide-polluted soils of this region. Initial 
studies showed that soil fungal communities were altered by the intense radiation 
doses (Zhdanova et al. 1995) leading to simpler community structure and a 
 dominance of melanin-containing (pigmented) fungal species at higher levels of 
radioactivity.

Durrell and Shields (1960) suggested that fungal pigmentation could provide 
some resistance to radiation  in the same way as it does to UV light . Their data on 
enhanced spore survival  under UV light due to the presence of pigmentation 
 suggest a possible evolutionary adaptation to life in light-exposed situations. Tugay 
(2006) and Tugay et al. (2006b) suggest that this adaptation may also enhance 
 fungal spores survival in the presence of ionizing radiation . Fungal survival within 
the Chernobyl reactor room is not entirely due to spore resistance to radiation as 
active mycelia also exist under high levels of ionizing radiation. Observations on 
diversity of fungal species revealed a significant decline in diversity in  communities 
within the reactor room at extreme radiation levels (Group IV, above 5,000 mR h−1)
compared to uncontaminated areas.

Within this diverse assemblage of fungi, the frequency of isolation of radio-
resistant, melanin-containing species characteristically increased to 40–60%, as 
compared to a 5–7% occurrence in clean soils of the Ukraine. Melanization of soil 
microfungi in the contaminated zone around ChAES was abundant during 1986–
1988, but has subsequently declined during 1997–1998 to reach zero occurrence in 
1999–2000 (Zhdanova et al. 2000).

Ecological studies have characterized fungal bioindicator  traits (melaniza-
tion and species composition) of high, middle, and low levels of radioactive 
 contamination (Zhdanova et al. 1990, 1991, 1994, 1995, 2000). Zhdanova et al. 
(1995) showed that both Chaetomium aureum  and Paecilomyces lilacinus  were 
indicators of high levels of radionuclide contamination of soil in woodland ecosys-
tems. On the other hand, Acremonium strictum and Arthrinium phaeospermum 
were bioindicators of soils at middle level of pollution, and Myrothecium roridum 
and Metarhizium  anisopliae were bioindicators of low contaminated soils. 
Representatives of Chaetomium aureum and Paecilomyces lilacinus were con-
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stantly present in areas of high and average levels of pollution around the villages 
of Kopachi, Novo-Shepelichi, Chistogalovka, Prypyat’, and Chernobyl until 2000. 
But their  maximum occurrence was between 1990 and 1995. During subsequent 
years a decrease in frequency of occurrence of high pollution indicator species and 
an increase in frequency of bioindicators of middle and low level radioactive pollu-
tion was observed from 1987 up to 2004 as radiation levels decreased by two to four 
orders of magnitude. This suggests that melanin may be involved in the protection 
of  fungal tissue against damage by radionuclide emissions as pigmented fungal 
 species occur with greater frequency in polluted sites (Zhdanova et al. 1995). This 
may be a protective mechanism similar to that seen in melanin-containing lichen 
fungi that protect the fungal symbionts against ultraviolet light (Zhdanova et al. 
1978; Gauslaa and Solhaug 2001).

Genetic changes of the fungi isolated from the fourth reactor rooms during 1997–
1998 have been revealed by means of uniplex polymerase chain reaction (U-PCR) 
analysis of populations of two species of fungi, Alternaria alternata and Cladosporium 
sphaerospermum. Less intraspecific genetic variability (estimated on the basis of gel 
electrophoresis patterns of U-PCR products from two universal primers) was found 
within populations in the radioactively contaminated zones than in populations out-
side. This measure of reduced intraspecific genetic  variability is referred to as ‘radi-
oresistance’. For A. alternata, a correlation was observed between the radioresistance 
of the isolates (deduced from the structure of their PCR patterns) and the level of 
radioactivity measured in their respective site of origin. A similar situation was 
observed with populations of C. sphaerospermum. These results show that in the ele-
vated radioactive conditions of the fourth reactor rooms, surviving fungal strains have 
increased radioresistance and their populations show less genome diversity than those 
from noncontaminated sites (Burlakova et al. 2001). These findings offer opportunities 
for identification of specific genetic markers associated with increased radioresistance 
(Mironenko et al. 2000).

16.3.3 Influence of Ionizing Radiation on Fungal Growth

Ionizing radiation  has a detrimental effect on the growth of many cells and organ-
isms. It is, therefore, no surprise that the presence of ionizing radiation may be 
selectively inhibitory, causing changes in fungal community composition (see 
Section 16.3.2) and resulting in a restricted fungal flora (see Section 16.3.1). It is, 
however, surprising to think that ionizing radiation could have a stimulatory effect 
on growth of certain fungi.

Tugay et al. (2006a) investigated 13 fungal strains, isolated from sites with 
 different level of radioactive pollution. Of these fungi, 9 (69%) showed 
increased germination in the presence of ionizing radiation produced by 137Cs, 
and 6 (46%) were stimulated by 121Sn. Of these, 5 strains (48%) also showed 
activation of conidia germination under exposure to gamma (121Sn) and mixed 
(gamma + beta ) radiation (137Cs), and 5 strains (48%) showed activation upon 
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exposure to only one of the tested sources of radiation. Of the various fungi 
isolated from inner locations of the damaged reactor room with a level of radio-
activity of 30,000 mR h−1, only Hormoconis resinae 77 showed inhibition of 
conidia germination under exposure to both sources of radiation. None of the 
fungi isolated from radioactively clean locations showed radiostimulation of 
conidia germination under the influence of radiation. On the other hand, 92% 
of fungal strains isolated from radioactively contaminated sites showed 
enhanced conidia germination under exposure to at least one type of ionizing 
radiation. Further examples of spore  germination responses to irradiation are 
shown in Table 16.3.

Based on preliminary observations of fungi growing over and decomposing 
radioactive hot particles (Zhdanova 1991), there appeared to be preferential growth 
of some fungal species towards the particle. It was suggested that this oriented 
growth was the result of an attraction of the fungi towards the ionizing radiation (or 
radiotropism ) rather than towards the food base (Vember et al. 1999; Zhdanova 
et al. 1994; Tugay 2006; Tugay et al. 2003, 2004, 2005). This phenomenon of 
growth of fungal hyphae towards a source of ionizing radiation was further studied 
by Zhdanova et al. (2004). In these experiments, sources of radioactive emissions 
at approximately 2 × 108 Bq, namely 32P (beta emissions) and 109Cd (gamma 
 emissions) were contained in a cuboid lead irradiation box, to provide collimated 
beams of ionizing radiation through 1-mm diameter holes drilled through the 2-cm 
lead walls in each of the four sides and through the lid.

Fungal cultures were exposed to these collimated beams of radioactivity as 
conidiospores and the direction of growth of germinating hyphae, in relation to 
the radiation source, was measured. Of the 27 fungal/radiation interactions, 18 
(66.7%) showed positive stimulation of growth towards the radiation source (low 
mean return angle) and 8 showed no response. Figure 16.2 provides examples of 
oriented growth. With respect to particular radiation sources, 69% of fungi 
exposed to 109Cd and 64% of fungi exposed to 32P showed preferred growth 
towards the source of ionizing radiation. With respect to the isolation site of the 
tested fungi, 86% of the interactions involving fungal species isolated from radio-
actively contaminated sites showed positive directional growth to the radiation 
beam, whereas of the limited number of fungi isolated from less contaminated 
areas (e.g., Cladosporium  sphaerospermum 3176, Penicillium roseopurpureum
100, and Paecilomyces  lilacinus 101) only one instance of directed growth was 
observed.

In this study, directional growth occurred in the absence of any chemical 
 influence of the source of radioactivity, because the source is physically separated 
from the fungal culture, and corresponds solely to response to clean beta and 
gamma emissions. Table 16.2 indicates the source of fungal isolates in relation to 
radiation levels at the source of isolation and their directional growth response. This 
response shows a hormetic character (Grodzinsky, 1989; Calabrese and Baldwin, 
2000; Pelevina et al. 2003; Petin et al. 2003; Grodzinsky et al. 2005), inasmuch as 
directional growth is maximal at moderate irradiation levels and is lowest at no or 
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Table 16.3 Percent spore germination in a range of fungal species in the absence (control) and 
presence of ionizing radiation from two sources in relation to the radiation level at source of 
isolation of the fungal strain

Species (and Designation) of Isolate

Radioactivity 
of Substrate 
(mR h−1)

Percent Spore Germination with 
Ionizing Radiation Treatment

Control 121Sn − γ 137Cs − β+γ

Group I (0.1–100 mR h−1)

Penicillium steckii (Pst2) 20 88.24 88.24 78.72
Penicillium hirsutum (Phir1) 20 10.32 41.89  1.48
Cladosporium cladosporioides (Ccl4) 30 26.67 50.53 30.5
Penicillium lanosum (Plan10) 20  5.75  9.38  6.25
Aspergillus versicolor (Aver43) 55 39.52 48.21 54.25
Aspergillus versicolor (Aver54) 98  2.17  1.83  5.61
Cladosporium sphaerospermum (Csph35) 35 22.75 33.04 26.86
Cladosporium sphaerospermum (Csph70) 40 47.56 62.74 75.0
Hormoconis resinae (Hres 30) 40 33.37 67.49 15.16

Group II (101–500 mR h−1)

Aspergillus versicolor (Aver55) 250  8.06  2.73  9.44
Aspergillus versicolor (Aver57) 500 15.27 14.15 17.22
Hormoconis resinae (Hres52) 120  6.38  9.59  7.25
Hormoconis resinae (Hres61) 200 24.07 51.55 33.33
Hormoconis resinae (Hres21) 300 50.67 51.52 82.14
Penicillium aurantiogriseum (Paur 60) 380 32.0 57.38 25.74

Group III (501–5000 mR h−1) and Group IV (above 5,000 mR h−1)

Aspergillus versicolor (Aver101) 100,000 42.78 35.44 45.34
Aspergillus versicolor (Aver102) 100,000  9.54  5.42  6.42
Penicillium spinulosum (Pspin85)  30,000 32.11 40.0 33.8
Penicillium spinulosum (Pspin87) 100,000 38.89 13.11 48.50
Hormoconis resinae (Hres11)  1,500 12.7  9.17 10.18
Hormoconis resinae (Hres76)  10,000 86.7 82.2 89.3
Hormoconis resinae (Hres77) 30,000 70.3 51.62 51.03
Cladosporium herbarum (Cher80) 100,000 75.91 73.87 79.4

Control
Aspergillus versicolor (Aver222) Control 12.17 7.69 3.23
Aspergillus versicolor (Aver429) Control 38 24.11 20.18
Aspergillus versicolor (Aver432) Control  9,33 8.06 3.61
Cladosporium sphaerospermum (Csph3925) Control 64.54 33.48 13.08
Cladosporium sphaerospermum (Csph2538) Control 43.4 12.7 8.6
Cladosporium sphaerospermum (Ccl4061) Control 28.8 24.2 8
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high levels at the site of isolation. Hormetic response to radionuclide level is also 
seen in the growth response and spore germination of Cladosporium cladosporio-
ides (Fig. 16.3).

The nature of the ionizing radiation receptor system within the fungal cell 
remains unknown. However, it is possible that melanin or other natural quinine  
pigments in the fungal cell wall could act as a receptor. Melanin has been shown to 
protect lichen and epiphytic fungi from UV radiation (Gauslaa and Solhaug 2001), 
and has the capacity to change biochemical pathways in cells (Huselton and Hill 
1990) and fungal spores (Durrell and Shields 1960) exposed to UV light. Thus, it 
is possible that melanin or quinines could have a protective effect against ionizing 
radiation and, by regulating changes in biochemical pathways, could act as a sensor 
triggering altered growth characteristics of fungal hyphae. This may explain why 
there is a greater proportion of melanized fungal species in soils subjected to  long-
term low levels of ionizing radiation (Zhdanova et al. 1995).

Fig. 16.2 Response of two fungal isolates to collimated beams of ionizing radiation showing 
directional growth of hyphae (as evidenced by low mean return angle) compared to nonirradiated 
control. (From Zhdanova et al. (2004.)

Fig. 16.3 Response of Cladosporium cladosporioides to mixed radiation at three levels of activ-
ity (left: hyphal growth, right: spore germination) showing hormesis, with maximal radio-stimula-
tion at intermediate levels of activity
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These studies suggest that the presence of ionizing radiation and long-term effects 
of exposure to radiation can alter the growth response of fungi. The ability of fungi 
to withstand high levels of radiation makes them candidates for regulating radionu-
clide movement in highly contaminated areas. Saprotrophic microfungi isolated from 
contaminated areas seem be attracted towards sources of ionizing radiation and to 
exhibit growth stimulation in response to these sources, which they are able to 
decompose. In a forest soil context, it is likely that these organisms play an important 
role in both mineralizing inorganically or organically bound  radionuclides, allowing 
these to be available for immobilization by plants, leaching down the soil profile, or 
to be immobilized by fungi themselves and be retained in the upper soil horizons.

16.4 Conclusions and Perspectives

The various observations reported earlier in this review suggest that fungi are very 
resistant to radionuclides. It is possible that the presence of melanin pigment in the 
hyphae of mitosporic  fungal species may provide some protection against ionizing 
radiation in the same way that it has been shown to protect against ultraviolet light. 
Resistance may also be related to absorption and retention of radionuclides within 
fungal hyphae (Bohac et al. 1989; Rafferty et al. 1997; Mahmoud 2004). Due to the 
long-lived and extensive hyphal network, fungi appear to be very  efficient in 
absorbing radionuclides from the environment. The abundance of  fungal biomass  
in upper soil horizons of forest ecosystems has been suggested as an important 
determinant of long-term accumulation of radionuclides (Avery 1996; Steinera et 
al. 2002; Avila and Moberg 1999). Indeed, biomass figures of 2 t ha−1 of hyphae 
have been reported by Zvyagintsev (1987, 1999), such biomass forming a diffuse 
but extensive surface of adsorption and absorption.

This abundant fungal mycelium in soil has been proposed by Drissner et al. 
(1998) as a factor explaining why models of radionuclide adsorption/desorption  
rates by plants do not conform to observed patterns. The discrepancy between mod-
eled and actual plant absorption rates would be attributable to mycorrhizal fungi 
acting as significant enhancers of soil-to-plant transfer rates. Internal translocation 
of radionuclides between sources and physiological sinks occurs in the same way 
as that of essential nutrients and accounts for the long-term retention of radionu-
clides within the fungal biomass. Adsorption of radionuclides onto ion exchange  
sites of fungal hyphal walls has been reported in the literature and this property of 
hyphal walls has been used in industrial effluent cleanup.

Many aspects of the interaction between fungi and radionuclides need further 
investigation. The intriguing concept of behavioral adaptations of fungi to evolve 
radiotropism needs further study to identify the triggers and the physiological 
mechanisms of the response. In terms of ecosystem processes, the potential for 
immobilization of a range of radionuclides into fungal tissue, the rates of 
 translocation into harvestable fruitbodies, as well as the usefulness of fungi for 
environmental remediation need to be evaluated. Indeed, Entry et al. (1993) 
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 compared the uptake of 137Cs and 90Sr by Ponderosa and Monterey pine seedlings 
as both are fast growing and potential candidate tree species for site remediation. 
They showed that Ponderosa and Monterey pines, respectively, accumulated 6.3 
and 8.3% of the radiocesium and 1.5 and 4.5% of the radiostrontium present in an 
artificial growth medium during 4 weeks of growth. The possibility of enhancing 
this uptake by the addition of ectomycorrhizal symbionts was suggested in a 
 subsequent study (Entry et al. 1994), where 3–5 times more 90Sr was taken up in 
the ectomycorrhizal seedlings than in nonmycorrhizal controls. In practice, the 
combination of mycorrhizal-enhanced uptake of radionuclides by trees together 
with the harvesting of radionuclide-rich fruitbodies could prove an effective soil 
remediation technique.

More recently, models of radionuclide accumulation into fungal fruitbodies 
have been related to the depth distribution of the mycelia of different fungal species 
and their time-dependent activity of radionuclide absorption  (Rühm et al. 1998), 
with models predicting an ecological half-life of 3–8 years for radionuclides. 
However, an experimental evaluation of a similar model adapted from Avila et al. 
(1999) suggests that this estimaded half-life is a gross underestimation of fungal 
retention times of radionuclides in soil (Shaw et al. 2005).

Thus, a vast body of knowledge is now available on the accumulation and 
 distribution of radionuclides in fungal components of the soil environment. Much 
of this information is related to mycorrhizal fungi, due to their importance in 
 transfers to host plant material and, consequentially upwards through food chains  
(Barnett et al. 2001). However, more information and validation of existing models 
of fungal retention are needed. A detailed investigation of internal translocation 
processes and of soil to plant transfer rates is also required, to design procedures 
for fungal use in phyto- or mycoremediation  (Roséna et al. 2005). Research along 
those lines should yield to significant practical advances, because currently the use 
of fungi in phytoremediation is often disregarded (Raskin and Enlsey 2000).
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