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1. Summary 

The pollution of the environment with metals is an omnipresent and growing problem. One 

possible approach to make such contaminated soils usable is the in situ remediation using 

fungi. This process is called mycoremediation. Ascomycetes and mycorrhizal fungi have been 

researched for this purpose, but first studies showed that wood-digesting fungi, to which the 

basidiomycete Schizophyllum commune belongs, appear to be potential candidates. 

In order to investigate whether S. commune might be used in mycoremediation in the future, a 

test field was set up near the nuclear power plant in Chernobyl, which was damaged 35 years 

ago. S. commune and Leucoagaricus naucinus, another mushroom-forming basidiomycete, 

were cultivated in the field together with potato plants and winter rye. Using DNA isolation from 

soil samples and quantitative PCR with species-specific primers, it was possible to 

demonstrate that S. commune not only survived in the test field but also spread at a rate of 

around 8 mm/day. Survival and growth in Chernobyl soil for at least one year without the 

addition of any nutrients could be verified in a laboratory experiment. The DNA from soil 

samples from the test field was also used for community analysis. This showed that neither 

the inoculation with the fungi nor that of the two plants had a significant influence on the 

structure of the microbial community. 

The examination of the metal tolerance showed that S. commune, even at suboptimal pH 

values and temperatures, can tolerate concentrations of Sr, Cs, Zn, and Cd that are well above 

the pollution of most contaminated soils. 

To understand the mechanism behind this tolerance, an mRNA sequencing of S. commune, 

grown on two different intensely contaminated soils and minimal medium with and without the 

addition of metal, was carried out. This showed that growth on soil compared to medium has 

a greater influence on transcription than the different metal contents. In addition, it was found 

that genes that belong to transporters seem to be down-regulated under metal stress, whereas 

genes associated with secretion tend to be up-regulated. 

Furthermore, the metal tolerance mechanism of S. commune was investigated using a Sr 

adapted strain. It was found here that both the wild-type and the adapted strain are able to 
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take up Cs and Sr into their hyphae and even transport it over a distance well above 100 cell 

lengths. Uptake and subsequent transport of metals in the adapted strain were significantly 

lower. This leads to the conclusion that the acquired metal tolerance is essentially an 

avoidance strategy. A qPCR experiment showed that a down-regulated MFS transporter, 

which is hypothetically involved in metal transport, is no longer down-regulated in the adapted 

strain under metal stress. Therefore, it was inferred that at least part of the avoidance 

mechanism could be depending on an increased efflux of metals. 

The mRNA-Seq investigation also revealed a significant regulation of the genes encoding for 

myo-inositol oxygenase and inositol polyphosphate phosphatase, thus providing a connection 

to the inositol signaling cycle. The influence of metal stress on inositol signaling was 

investigated by combining qPCR of the two genes with different metal treatments and 

evaluating the data of a microarray using different metals and genetic backgrounds. All genes 

regulated under metal stress and associated with the inositol cycle were analyzed. A tendency 

to up-regulate kinases and down-regulate phosphatases resulting in a cycle shift towards 

phosphorylated inositol compounds could be seen. The influence of altered inositol signaling 

on metal tolerance was tested using an inositol monophosphatase overexpression mutant. 

Compared to the wild-type, the mutant is significantly more inhibited by Cs and Zn but tolerates 

Cd better. This indicated a connection of inositol signaling and metal tolerance with specific 

output for different metals. 

Since Cd also was seen to induce a different response in metal transport and the qPCR 

investigation of a glutathione S-transferase compared to Zn, Cs, and Sr, the fungus probably 

reacts to this metal with a different mechanism. 

Overall, an insight into the metal tolerance mechanisms of S. commune as a model wood-

rotting basidiomycete could be obtained, and a connection to inositol signaling was 

established. It could also be confirmed that S. commune can be a potential candidate for 

mycoremediation, as it tolerates increased metal concentrations, radiation, and fluctuating 

environmental conditions over a long period, and it survives and even grows not only on wood, 

but also in natural and contaminated soil.
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2. Zusammenfassung 

Die Verschmutzung der Umwelt mit Metallen ist ein omnipräsentes und immer größer 

werdendes Problem. Ein möglicher Ansatz der Wiedernutzbarmachung solch kontaminierter 

Böden ist die in situ Sanierung mittels Pilzen. Dieser Prozess wird Mycoremediation genannt.  

Für diesen Zweck wurden bisher vor allem Ascomyzeten und Mykorrhiza-Pilze erforscht, 

jedoch zeigen erste Studien, dass auch Holz abbauende Pilze, zu denen der Basidiomyzet 

Schizophyllum commune gehört, potentielle Kandidaten zu sein scheinen.  

Um zu erforschen, ob S. commune in Zukunft für Mycoremediation in Frage kommt, wurde ein 

Testfeld in der Nähe des vor 35 Jahren havarierten Atomkraftwerks in Tschernobyl errichtet. 

Auf dem Feld wurden S. commune und Leucoagaricus naucinus, ein weiterer 

fruchtkörperbildender Basidiomyzet, zusammen mit  Kartoffelpflanzen und Winterroggen 

kultiviert. Mittels DNA Isolation aus Bodenproben und quantitativer PCR mit Spezies 

spezifischen Primern, konnte nachgewiesen werden, dass S. commune im Testfeld nicht nur 

überlebt, sondern sich auch mit einer Rate von circa 8 mm/Tag ausbreitet. Das Überleben und 

Wachstum für mindestens ein Jahr ohne die Zugabe zusätzlicher Nährstoffe konnte in einem 

Laborexperiment verifiziert werden. Die DNA aus Bodenproben des Testfelds wurde des 

Weiteren für eine Community Analyse genutzt.  Diese ergab, dass weder die Inokulation der 

Pilze, noch die der beiden Pflanzen, signifikanten Einfluss auf die Struktur der mikrobiellen 

Gemeinschaft hatte. 

Die Untersuchung der Metalltoleranz zeigte, dass S. commune, selbst bei nicht optimalen pH 

Werten und Temperaturen, Konzentrationen von Sr, Cs, Zn und Cd tolerieren kann, die weit 

über der Konzentration in den meisten kontaminierten Böden liegen. 

Um den Mechanismus hinter dieser Toleranz zu verstehen wurde eine mRNA-Sequenzierung 

von S. commune, gewachsen auf zwei unterschiedlich intensiv kontaminierten Böden und  

Minimal-Medium mit und ohne Metallzugabe, durchgeführt. Diese ergab, dass das Wachstum 

auf Boden im Vergleich zu Medium einen größeren Einfluss auf die Transkription hat, als der 

unterschiedliche Metallgehalt. Zudem war zu erkennen, dass Gene, die Transporter kodieren, 
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tendenziell unter Metallstress herunterreguliert sind und Gene, die mit der Sekretion assoziiert 

sind, eher hochreguliert sind. 

Der Metalltoleranzmechanismus von S. commune wurde zudem mittels eines Sr adaptierten 

Stammes untersucht. Hier konnte gezeigt werden, dass  sowohl der Wildtyp also auch der 

adaptierte Stamm in der Lage sind Cs und Sr in ihre Hyphen aufzunehmen und sogar über 

eine Distanz von über 100 Zellen hinweg zu transportieren. Die Aufnahme und der 

anschließende Transport von Metallen ist in dem adaptieren Stamm deutlich verringert. Dies 

lässt den Schluss zu, dass es sich bei der erworbenen Metalltoleranz um eine 

Vermeidungsstrategie handelt. Ein qPCR Experiment zeigte, dass ein runterregulierter MFS 

Transporter, der hypothetisch am Metalltransport beteiligt ist, in dem adaptierten Stamm unter 

Metallstress nicht mehr herunterreguliert ist. Deshalb kann gefolgert werden, dass wenigstens 

ein Teil des Vermeidungsmechanismus auf erhöhtem Efflux von Metallen beruht. 

Die mRNA-Sequenzierung ergab zudem eine signifikante Regulierung der Gene für eine Myo-

Inositol Oxygenase und eine Inositol Polyphosphat Phosphatase und somit eine Verbindung 

zum Inositolzyklus.  Der Einfluss von  Metallstress auf das Inositol-Signaling wurde untersucht, 

indem eine qPCR der beiden regulierten Gene mit verschiedenen Metallbehandlungen mit der 

Auswertung der Daten eines Microarrays, das verschiedene Metallbehandlungen und 

genetische Hintergründe beinhaltet, kombiniert wurde. Hier wurden alle unter Metallstress 

regulierten Gene, die mit dem Inositolzyklus assoziiert sind, analysiert. Eine tendenzielle 

Hochregulierung von Kinasen und Herunterregulierung von Phosphatasen konnte beobachtet 

werden, was in einer Verschiebung des Zyklus in Richtung  phosphorylierter 

Inositolverbindungen resultiert. Der Einfluss von verändertem Inositol-Signaling auf 

Metalltoleranz wurde mittels einer Inositol Monophosphatase Überexpressions-Mutante 

getestet. Die Mutante ist im Vergleich zum Wildtyp signifikant stärker durch Cs und Zn inhibiert, 

toleriert Cd jedoch besser. Dies deutete auf einen Zusammenhang von Inositol-Signaling und 

Metalltoleranz mit spezifischem Output für verschiedene Metalle hin. 

Da bereits während des Transportexperiments und bei der qPCR Untersuchung einer 

Glutathion S-Transferase ein unterschiedliches Verhalten von S. commune in Bezug auf Cd 
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im Vergleich zu Zn, Cs und Sr zu beobachten wurde, reagiert der Pilz auf dieses Metall 

wahrscheinlich mit einem anderen Mechanismus.  

Mit dieser Arbeit wurde ein Einblick in den Metalltoleranzmechanismus von S. commune als 

holzabbauenden Modellorganismus geschaffen und dessen Verbindung zum Inositol-

Signaling wurde etabliert. Zudem konnte bestätigt werden, dass S. commune ein potentieller 

Kandidat für die Mycoremediation sein kann, da er über lange Zeit erhöhte 

Metallkonzentrationen, Strahlung und schwankende Umweltbedingungen toleriert und er 

überlebt und wächst sogar nicht nur auf Holz, sondern auch in natürlichen, kontaminierten 

Böden.
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3.  Introduction 

3.1  The model fungus Schizophyllum commune 

S. commune is a filamentously growing, mushroom-forming basidiomycete (Fig. 1) which is 

distributed over all continents except Antarctica. It has been used as a model in research for 

over a century. Thus, many aspects of its development, physiology, and genetics are explored 

(Raper and Miles 1958; Wessels 1965). 

Fig. 1: S. commune fruiting bodies on dead wood (left, Bernhard Sprang, New Zealand 2017) 
and on artificial medium (right). 
 

S. commune can be cultivated well under laboratory conditions and can complete its life cycle 

within 10-14 days on artificial medium (Stankis and Specht 2007). The fungus has a haploid 

phase in its life cycle and genetic modifications are possible (Munoz-Rivas et al. 1986). In 

addition, the genome of S. commune H-48 has been completely sequenced (Ohm et al. 2010). 

This makes S. commune an appropriate model organism. 

S. commune is a white-rot fungus, which means that it grows saprotrophically on dead wood 

(Fig. 1). It produces extracellular ligninolytic enzymes that break down the complex organic 

polymer lignin (Schmidt and Liese 1980). This creates the whitish-yellowish color of the rotting 

wood that gave the white-rot its name. S. commune forms a variety of enzymes for lignin 

catabolism, e.g. laccases and cellobiose dehydrogenases (Ohm et al. 2010). It is also well 

equipped to break down cellulose, hemicellulose, and pectin (Ohm et al. 2010). 

Other white-rot fungi such as Phanerochaete chrysosporium, Trametes versicolor, or Pleurotus 

ostreatus have been shown to survive saprotrophically in soil, if a suitable carbon source is 
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provided (Morgan et al. 1993; Canet et al. 2001). Hemicellulotic substrates such as wheat 

straw were best suited for this purpose (Hultgren et al. 2009). S. commune is a very frugal 

saprotrophic fungus and can grow in a variety of climates and substrates like grape residue, 

bread crumps but has also been observed as a human pathogen in immune-compromised 

patients (Rihs et al. 1996; Basso et al. 2020; Ivanova et al. 2014). It is, therefore, conceivable 

that it could survive even without the addition of nutrients in soil. 

 

3.2 Metal tolerance in fungi 

Heavy metals can be divided into essential (e.g. Zn, Cu, Ni, Fe, Mn, Mo), also called 

micronutrients, and non-essential (e.g. Cd, Pb, Hg, Ag, Sr, Cs). All of them are toxic above a 

certain threshold. The toxic effect occurs, among other things, by blocking functional groups 

of important molecules, e.g. enzymes, polynucleotides, transport systems for essential 

nutrients and ions, and disrupting the integrity of cell and organelle membranes (Ochiai 1987). 

For example, heavy metals can change the conformation of DNA and proteins and can also 

attack these molecules by forming radicals. Radical formation involves the interaction with 

reactive oxygen species, e.g. hydrogen peroxide, according to the type of the Fenton reaction 

(Lloyd and Phillips 1999). 

It is assumed that environmental presence of heavy metals can lead to the acquisition of 

tolerance mechanisms or metal resistance in fungi. Some fungi are naturally less susceptible 

to heavy metal stress than others, with survival depending largely on the biochemical and 

structural capabilities of the microorganism. This includes genetic and physiological 

adaptations (Gadd and Griffiths 1978). Possible properties that increase metal tolerance 

include impermeable and/or pigmented cell walls, the binding of metals to the cell wall or 

extracellular polysaccharides, and the excretion of metabolites, that bind or precipitate metals 

e.g. oxalates (Fig. 2; Gadd 1992; Gadd et al. 2014). Among the intracellular metal tolerance 

are a decreased uptake or increased efflux of metals, intracellular precipitation or 

complexation, chelation by glutathiones or metallothioneins, and sequestration into cell 

compartments (Fig. 2; Landeweert et al. 2001; Zafar et al. 2007; Xu et al. 2014). Intracellular 
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oxidative stress caused by the Fenton reaction of metals can be counteracted with superoxide 

dismutase and catalase (Ott et al. 2002). 

 

  

 

 

 

 

 

 

 

Fig. 2: Metal tolerance mechanisms in fungi. 1) Extracellular chelation by ligands, 2) Metal-
binding to cell wall, 3) Extracellular biomineralization, 4) Intracellular biomineralization, 5) 
Intracellular chelation by glutathiones or metallothioneins, 6) enhanced efflux, and 7) 
Sequestration into cellular compartments. Modified from Mauz 2017; after Bellion et al. 2006. 

 

S. commune can survive reasonable levels of cadmium, lead, and uranium (Gabriel et al. 1994; 

Günther et al. 2014). It is also able to accumulate metals through biosorption and even to 

dissolve them from rock material and sequester them into cellular compartments (Kirtzel et al. 

2019; Javaid et al. 2010). However, it is not well established,  which mechanism prevails in S. 

commune at increased heavy metal concentrations.  

 

3.3 Inositol signaling 

Inositol signaling is strongly connected in a complex network with other intracellular signaling 

pathways, and it is highly conserved in eukaryotes. It is involved in a wide variety of 

physiological processes including metabolic adaptation, apoptosis, fungal virulence, vesicle 

trafficking, and sexual development in ascomycete and yeast-forming fungi (Li et al. 2016; Lev 

et al. 2015; Xie et al. 2017). In S. commune, cross-talk between inositol and Ras signaling and 

involvement in sexual development has been shown (Knabe et al. 2013; Murry et al. 2019). 
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An extracellular stimulus that activates a membrane-associated phospholipase C (PLC) leads 

to cleavage of phosphatidylinositol 4-5-bisphosphate (PIP2) into two second messengers: 

diacylglycerol (DAG), which stays at the membrane, and inositol triphosphate (IP3), which is 

released to the cytoplasm (Fig. 3; Berridge and Irvine 1984). DAG activates a protein kinase 

C (PKC), which then phosphorylates specific target proteins. Amongst others, PKC can 

activate specific Ca2+ channels, leading to enhanced calcium influx into the cytoplasm 

(Nishizuka 1988). 

A variety of functions was found associated with IP3 signaling: 1) mobilizing intracellular 

calcium ions from the endoplasmic reticulum or vacuoles (Berridge 1993), 2) being 

phosphorylated by inositol multikinase (IMK) up to 5-bis-diphosphoinositol-tetrakisphosphate 

(IP8), which has a function in phosphate storage (Saiardi 2012), and 3) going on in the inositol 

signaling cycle by dephosphorylation to Inositol di- and monophosphate (IP2 and IP1). The last 

dephosphorylation from IP1 to inositol is performed by the key enzyme inositol 

monophosphatase (IMPase) that is specifically inhibited by lithium, which leads to lower 

inositol and hence calcium levels within the cell (Teo et al. 2009). The inositol cycle is closed 

by phosphorylation of inositol by phosphatidylinositol synthase (PIS) to phosphatidylinositol 

(PI) and finally to phosphatidylinositol 4-phosphate (PIP; Fig. 3). 
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Fig. 3: Schematic representation of phosphoinositol signaling. Phosphatidylinositol-specific 
phospholipase C (PLC) cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) and produces 
two second messengers, diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). Both can 
lead to calcium influx. IP3 can be converted into higher phosphorylated IP8 via IP4 or is 
dephosphorylated to inositol via inositol di.- and monophosphate (IP2 and IP1) phosphatases. 
Dephosphorylation of IP1 to inositol is catalyzed by the key enzyme inositol monophosphatase 
(IMPase), which is inhibited by lithium. Inositol is phosphorylated again to membrane-bound 
PIP2 via PI and PIP to close the cycle (modified after Berridge 2009. For more details see 
Figure 1 within manuscript 4). 
 

While it has been reported that inositol signaling is impaired under metal stress (Ritter et al. 

2014), the exact routes of regulation are unknown. It is therefore of interest to investigate this 

connection with the help of a genetically tractable model organism like S. commune. 

 

3.4 Mycoremediation 

Metals are omnipresent pollution in the environment that is mostly caused anthropogenically, 

for example through the burning of fossil fuels, mining, agriculture, and waste disposal (Nriagu 

and Pacyna 1988). Besides bacteria and plants, fungi are the most widespread organisms in 

nature and it is known that they have a major influence on the behavior of metals in the 

environment. They have the ability to immobilize and detoxify metallic pollutants (Gray 1998). 

This makes fungi suitable organisms for decontaminating polluted soil and water. This process 

is called mycoremediation. 
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As detailed above, fungi can change the bioavailability of metals in soil in many ways. 

Immobilization of metals can occur by 1) biosorption to biomass, 2) precipitation around the 

hyphae, and 3) accumulation and sequestration inside the hyphae. The ability of selective 

sorption of heavy metal ions from the environment plays a decisive role in metal remediation 

(Baldrian 2003). The biosorption to fungal biomass, including the cell wall, extracellular 

polysaccharides, or pigments, does not depend on the survival of the fungus (Volesky 1990). 

Extracellular polysaccharides such as schizophyllan, which is an extracellular polymer 

synthesized by S. commune, are potent biosorbents for heavy metals (Jiang et al. 2019). 

Secondary mineral formation through precipitation is often achieved through the secretion of 

oxalates (Gadd et al. 2014), but precipitation through the reduction of metals is also possible 

with fungi (Gadd 2004). However, lower bioavailability not always means lower toxicity. For 

example, an acidic pH increases the chemical bioavailability of metals but lowers the toxicity 

for fungi (Gadd and Griffiths 1980). 

For heterogeneously contaminated landscapes, the wide hyphal network can also help to 

make land usable again due to the translocation of metals (Colpaert et al. 2011). 

White-rot fungi are additionally useful for the remediation of xenobiotic substances. They can 

degrade a wide range of persistent compounds due to their extracellular lignin-modifying 

enzymes like manganese peroxidase or laccases. These enzymes are not very substrate-

specific, thus are able to degrade other molecules which are broadly similar to lignin (Rhodes 

2015). Some of these persistent substances are polyaromatic carbohydrates, phenols, 

pesticides, and additionally heavy metals (Singh 2006). 

All these possible strategies, together with the ability to grow in very harsh environments, make 

fungi useful organisms to remediate contaminated areas and make them a target for improving 

crop yields in agriculture, to name just one example.  

 

 

 



Introduction 

12 
 

3.5 Significance of mycoremediation for the environment at the Chernobyl 

exclusion zone 

On the 26th of April, 1986 the most severe radiological accident to date occurred at reactor 

block 4 of the nuclear power plant near Chernobyl, Ukraine. A test of the control system 

resulted in an unstable state of the reactor with strongly fluctuating core temperature and 

cooling water flow rates. This led to a steam explosion of the reactor core and wide distribution 

of radioactive debris. Radiation exposure was initially due to 131I, a short-live radionuclide, and 

long-term 134Cs and 137Cs, as well as to a lesser extent 90Sr. It is estimated that 4 x 1016 Bq 

137Cs have been released worldwide (United-Nations 2000). The most severely affected areas 

are, besides the region around Chernobyl, the east of Belarus, bordering areas of Russia, the 

south of Finland, and part of Austria (De Cort 1998). The distribution of strontium is more 

limited to the area around the reactor. In a radius of 30 km, which is the Chernobyl exclusion 

zone (CEZ), where no taxable stay is allowed, over 1.1 x 105 Bq m-2 90Sr were found (United-

Nations 2000). 

Radiation causes DNA damage and drastically increases cancer rate in the long term. As a 

result, the population of the severely affected regions moved away. The CEZ has been 

abandoned for over 35 years, creating a unique ecosystem in Europe that, since then, remains 

nearly untouched by humans (Beresford et al. 2016). Still, the CEZ is a harsh environment for 

animals, plants, and microbiota. A possibility for future land use is mycoremediation. It has 

already been shown various times that fungi can absorb large amounts of metals and 

radionuclides and survive under adverse conditions (e.g. Guillén and Baeza 2014; Árvay et al. 

2014; Zhdanova et al. 2003). In addition, it has been shown that the uptake of radionuclides is 

much higher in fungi compared to plants (Borio et al. 1991 and citations therein). 

The mechanisms of fungi to remediate radionuclides from contaminated soil are the same as 

for any other metal. For the tolerance against the radiation, a role of melanin pigmentation had 

been proposed (Zhdanova et al. 2000). Although mycorrhizal fungi seem to accumulate the 

greatest amount of radiocesium, saprotrophic basidiomycetes such as S. commune take up 

significant amounts (Smith et al. 1993; Wasser et al. 1991). Most of the accumulated cesium 
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is usually stored in the fruiting body (Malinowska et al. 2006). This leads to an immobilization 

of the radionuclides, and the soil can be used for e.g., agriculture again. 

To further investigate the process of mycoremediation using basidiomycetes, a test field was 

set up with two different crop plants and the addition of S. commune within the CEZ. The test 

field is located 5 km south of the exploded reactor block near a former village (51°20′54′’N; 

30°07′41′’O). Since S. commune is not usually reported to occur naturally in soil, contamination 

with environmental strains was not to be expected. It thus could be investigated whether this 

fungus survives and grows in the ground. The inoculated fungus was used in its haploid, 

unmated form which excludes the formation of fruiting bodies and therefore not leading to 

excess accumulation. The outcome of this field experiment could lead to future use in 

bioremediation based on S. commune metal accumulation inside or outside the hyphae, 

thereby changing their bioavailability. Additionally, the effects on the microbial community and 

phytoremediation were investigated. 

 

3.6 Aim of the study 

Environmental pollution with metals is diverse and widespread, and radionuclides are also a 

serious problem. One way to deal with this problem is by using fungi for remediation. For that, 

it is advantageous to know their metal tolerance and the mechanism behind it. So far, 

ascomycetes and mycorrhizal fungi have been used preferentially for the investigation of 

bioremediation, but studies have shown that basidiomycetes such as S. commune can also be 

useful for this purpose (Kulshreshtha et al. 2014; Rhodes 2015). Within this study we tried to 

clarify the following aspects:  

1. Does S. commune survive at all in contaminated soil and how does its inoculation affect 

the existing microbial community? 

2. What is the mechanism behind S. commune's metal tolerance?  

3. Is there a link between the inositol signaling pathway and the response to metal stress 

in S. commune? 
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To answer the first question, community analysis of soil from the test field in CEZ was carried 

out and the survival of S. commune was demonstrated using quantitative PCR with species-

specific primers. To research the metal tolerance mechanism, an adapted strain was 

produced. Various influencing factors on the metal tolerance were tested, the transport of 

metals was measured with divided Petri dishes and ICP-MS, mRNA sequencing was carried 

out to detect changes in gene expression under metal stress and different substrates, and 

genes of interest were examined more closely using qPCR. The results of the mRNA 

sequencing showed significant regulation of some genes involved in the inositol cycle and thus 

led to the third question. This was answered by evaluating a microarray analysis and the growth 

behavior of an IMPase overexpression mutant in the presence of metals. 

In summary, this study provides an overview of the response of S. commune to heavy metal 

stress and the mechanism to tolerate it. In addition, its ability to bioremediate contaminated 

soils was examined.
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4.1.1 Summary 

The Chernobyl exclusion zone (CEZ) is still a highly contaminated area over 35 years after the 

accident. To find out whether the basidiomycete S. commune has the potential to help 

remediate contaminated soils, it was inoculated in a test field 5 km from the damaged reactor. 

By quantifying DNA from soil samples using species-specific primers, it was possible to prove 

that S. commune not only survives in the soil but also spreads at a rate of 8 mm/day. 

Additionally, laboratory experiments showed survival of S. commune for at least one year 

without added carbon source in soil from the CEZ. This shows that the fungus that otherwise 

lives on wood can tolerate both the soil as a substrate and the radiation as well as metal 

pollution and thus is a candidate for mycoremediation.
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4.2.1 Summary 

Soil samples were taken from a test field in the vicinity of the exploded nuclear power plant in 

Chernobyl. To investigate bioremediation, the test field was inoculated with the two crops 

potatoes and winter rye, and the two basidiomycetes Schizophyllum commune and 

Leucoagaricus naucinus. DNA was isolated from the soil samples and community analysis for 

bacteria and fungi was carried out. This showed that the various inoculations of the test field 
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have no significant influence on the structure of the microbial community at phylum level. The 

bacterial community showed greater fluctuations in richness and diversity depending on the 

sampling location compared to the fungal community. Since the test field is very 

heterogeneously contaminated, this may be due to the lower metal and radionuclide tolerance 

of bacteria. 
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Microbial community analysis in the radionuclide contaminated Chernobyl exclusion 

zone 
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Abstract 

The Chernobyl Exclusion Zone (CEZ) is a unique habitat which is highly contaminated and 

undisturbed for over 30 years. The contamination with radionuclides is very heterogeneous 

which makes future land use particularly difficult. As part of an investigation into bioremediation 

using crops and basidiomycetes, a test field was established in the immediate vicinity of the 

destroyed nuclear power plant. An analysis of the microbial community showed that the 

treatments in the test field had no significant influence on the structure of the communities. 

The richness and diversity of the bacterial community fluctuate more than that of the fungi. 

This suggests that fungal communities are less affected by the vastly different intensity of 

contamination at different sampling points. Consequently, remediation by fungi could be a 

suitable attempt. 
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Introduction 

Soil contamination by heavy metals and radionuclides is a global problem. The majority of this 

pollution is of human origin from sources like agriculture, mining, and waste disposal (Nriagu 

and Pacyna 1988). A serious example of this is the nuclear reactor accident in Chernobyl, 

Ukraine that occurred in April 1986. Approximately 4 x 1016 Bq 137Cs were released worldwide 

and more precisely distributed around the damaged reactor over 1.1 105 Bq m-2 90Sr (United-

Nations 2000). In addition, highly radioactive particles (so-called hot particles) were released, 

which still ensure a very inhomogeneous distribution of radiation. This made the area unusable 

for humans and a restricted zone with a radius of 30 km was created, the so-called Chernobyl 

exclusion zone (CEZ). 

One approach to make contaminated land usable again for agriculture is remediation through 

fungi (mycoremediation). To research this approach more closely, a test field was set up 5 km 

southeast of the damaged nuclear reactor (see Figure 1). The two crops, winter rye (Secale 

cereale) and potato (Solanum tuberosum), were selected, which were also grown in this area 

before the accident. The two basidiomycetes Schizophyllum commune and Leucoagaricus 

naucinus were selected as fungal inocula. Both were chosen because they were heavy metal 

and radionuclide tolerant in previous experiments (Günther et al. 2014; Wollenberg et al. 2017). 

The natural habitat of L. naucinus is the soil of grasslands, which applies to the CEZ. S. 

commune is a white-rot fungus and therefore grows naturally on rotting wood and not in the 

ground. Nevertheless, it has been proven that it can survive and grow in the soil of the CEZ 

for at least several months (Traxler et al. 2021). 
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Figure 1: Inoculation scheme of the test field in CEZ. Sample designation: Sch= 

Schizophyllum commune; Ko= not inoculated with fungi, control; Leu= Leucoagaricus 

naucinus; Po= Potato; Ry= Winter rye; M= Middle, neither with fungi nor with plants 

inoculated. 

Fungi can change the bioavailability of metals and thus change their mobility. This happens, 

for example, through the secretion of oxalic acid or a change in the redox potential (Gadd 2007; 

Gadd et al. 2014). It has also been shown that fungi can change the activity of antioxidant 

enzymes in plants (Vuković et al. 2020). Another advantage of mycoremediation is that fungi 

can contribute to the translocation of heavy metals and hot particles through their extensive 

hyphal network (Colpaert et al. 2011). This makes soil contamination more homogeneous and 

thus protects plants from excessive contamination. This aspect is particularly important in 

areas as inhomogeneously contaminated by reactor particles as the CEZ (Schulz 2020). It was 

recently demonstrated that S. commune is able to transport Cs and Sr (Manuscript 3). 

The location of the CEZ is particularly interesting as it was abandoned by humans over 30 

years ago and thus offers a unique, undisturbed soil habitat (Beresford et al. 2016). Studies of 

microbial communities in radionuclide polluted soils in connection with remediation of multi-

metal contaminated sites in the real world have rarely been conducted. We, therefore, 

M2- 3 



Manuscript 2 

29 
 

investigated the microbial community of fungi and bacteria at the test field. In this way, it can 

be discovered whether and how the community has changed through the inoculation with fungi 

and plants, or whether the adverse circumstances in the CEZ, including long-time 

contamination, are the limiting factor for the soil community and keep it stable. Thus, 

conclusions can be drawn about the microbial connections of bioremediation. 

 

Material and Methods 

Test field and soil sampling 

The test field was set up in 2017 5 km southeast of the destroyed reactor block 4 and is located 

near a former village (51°20’54’’ N; 30°07’41’’ O). Due to the proximity to the reactor, it can be 

assumed that there are reactor particles in the field, which leads to very heterogeneous 

radionuclide contamination. The soil of the test field has not been moved or flooded since 1986. 

A detailed soil characterization, soil profile, and a sequential extraction (Zeien and Brümmer 

1989) were done by Schulz 2020. Gamma measurements showed an average contamination 

with ACs137 = 1216 [700] Bq / m2 (33 Ci / km2) and AAm241 = 36 [16] Bq / m2 (1.0 Ci / km2) (Vuković 

et al. 2020). The soil is a sandy Podzol with a pH of 6, which was probably used for agriculture 

until 1986.  

The test field is 15 x 20 m in size and protected from animals by a wooden fence. It consists 

of two double rows that were planted with potato (Solanum tuberosum) and winter rye (Secale 

cereale) (see Figure 1). The plants were surrounded by a weed fleece that is supposed to hold 

back natural vegetation. The first two rows were additionally inoculated with a liquid culture of 

Schizophyllum commune 12-43 and the last two rows with Leucoagaricus naucinus. Both 

cultures were diluted with tap water (approx. 15 g mycelium/ liter) and poured directly onto 

each plant. Rye was always sawn in autumn and potatoes in spring. The inoculation of the 

fungi took place a few cm below the surface and at the same time as the planting of the 

respective plant. 

The inoculation of the fungi together with potatoes was 12 months and together with rye 6 

months before the soil was sampled. For sampling, the soil was taken from a depth of 2 cm on 
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May 23, 2018. Approximately 0.5 g of soil was taken from each hole and the soil of five holes 

was mixed in a Falcon tube (Fisher Scientific, Schwerte, Germany). Thus, two mixed soil 

samples were taken per row, one each for the upper and lower part of the row. In addition, two 

samples were taken between the planted rows (see Figure 1). As a result, a total of 14 soil 

samples were used for DNA extraction and named as described in Figure 1. 

   

DNA extraction 

For DNA isolation, the DNeasy PowerSoil Isolation Kit from Qiagen (Hilden, Germany) was 

used as per manufacturer instructions. Due to the laboratory conditions in Chernobyl Eco-

center, the centrifugation steps were performed with 4700 x g for 1 min, and the incubation at 

4°C was prolonged to 7 min. The extraction was interrupted before the elution step, and the 

DNA was transported to Germany dry on the membrane. The elution occurred after 

approximately 55 hours of cooled transport, with 100 µl eluting buffer (10 mM Tris-HCl pH 8.5) 

incubated for 10 minutes on the membrane and centrifugation at 16 060 x g for 1 min.  

 

ITS and 16S rRNA gene library sequencing 

From these 14 DNA samples, amplicons were generated using 515F-806bR (Apprill et al. 

2015) for the construction of the 16S rRNA gene libraries and ITS1F-ITS2 (White et al. 1990) 

for the construction of the ITS gene libraries. Before the normalization and pooling, amplicons 

were quality checked with the Qiaxcel capillary electrophoresis system. Those libraries were 

sequenced on the Illumina MiSeq Platform using MiSeq reagent V3 with 300 bp paired-end 

reads. The library preparation, as well as the sequencing, were carried out by the StarSeq 

GmbH (Mainz, Germany). 

 

Sequence analyses 

Untrimmed but demultiplexed sequences were delivered from the StarSeq GmbH. Denoising, 

trimming, and generation of amplicon sequence variant tables (ASV) were carried out using 

DADA2 (Callahan et al. 2016) in QIIME2 (Bolyen et al. 2019). For taxonomic classification of 
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the 16S rRNA gene libraries, the QIIME2 feature-classifier (Bokulich et al. 2018) was used with 

a 515F-806bR trained, 99% similarity clustered version of the SILVA release 132 databases 

(Quast et al. 2012; Yilmaz et al. 2014). For the taxonomic classification of the ITS libraries, a 

QIIME2 compatible version of the UNITE v8 database was used. Alpha diversity indices such 

as Chao1, Shannon, Simpson were calculated using the microbiome package (Lahti et al. 

2018) in R (Team 2021). For beta diversity analyses, the 16S sequence data were rarefied to 

27500 sequences and the ITS sequences to a number of 65180. Principle component analyses 

were performed with the QIIME2 diversity plugin and visualized using the QIIME2 emperor 

plugin (Vázquez-Baeza et al. 2017; Vázquez-Baeza et al. 2013). 

 

Results  

Structure of fungal and bacterial communities 

The alpha rarefaction shows that the sequencing was done to a sufficient depth (Figure S1). 

Since the curves for both the sequencing of the fungal DNA (ITS) and those of the bacterial 

DNA (16S) were asymptotic, it can be assumed that only a few species have not been 

considered for the community analysis.  

We measured the richness of the microbial communities. Here three indices were used to 

describe the richness. Observed species, which is the count of OTUs per sample, Chao1, 

which additionally estimates the abundance of species by correcting the variance and 

abundance-based coverage estimator (ACE), which uses thresholds for abundance and rare 

taxa and thus also estimates diversity. Two separate groups can be seen for the bacterial 

communities - one with a high degree of richness (KoRy1, KoRy2, LeuRy2, M2, SchPo2, and 

SchRy1) and one with a low level (Figure 2A). However, the two groups seem to be distributed 

independently of both the inoculation with plants (potato and rye) and that with fungi 

(Schizophyllum commune and Leucoagaricus naucinus). It is also noticeable that the two 

replicas of a respective treatment are often not very similar. No separate groups can be 

recognized in the fungal community (Figure 2B). Sample M2 is noticeable for its particularly 

low richness, with SchPo1 and SchRy2 notable for their particularly high richness. There does 
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not appear to be a connection between the richness of the fungal and bacterial communities 

at the different sampling sites. 

The diversity of the community within each sample is shown by the Shannon index. It includes 

the richness as well the equitability. The sample SchPo1 stands out with especially low 

diversity in the bacterial community (Figure 2A). In addition, this sample, together with KoPo2, 

has a particularly low value in the Simpson index. This index describes the dominance of an 

individual species within the community. High diversity and complexity of the bacterial 

community could be demonstrated especially in sample M1, which was neither inoculated with 

fungi nor with plants. 

Within the fungal community, the two samples KoPo1 and M2 stand out because of their 

particularly low diversity and, in addition, M1 because of their low dominance (Figure 2B). M2 

also shows a low value in the fisher diversity. This describes the relationship between the 

species abundance and the number of individuals per species. 

Overall, all samples show higher values for the Fishers, Simpson, and Shannon index and thus 

diversity in their bacterial community compared to that of the fungi. Additionally, the Simpson 

index of the bacterial community shows a greater probability for all samples and thus a higher 

dominance of a few highly abundant taxa compared to the fungal community. 
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Figure 2: Alpha diversity indices for bacterial (A) and fungal (B) sequences. Sample 

designation: Sch= Schizophyllum commune; Ko= not inoculated with fungi, control; Leu= 

Leucoagaricus naucinus; Po= Potato; Ry= Winter rye; M= Middle, niether with fungi nor with 

plants inoculated. 

The weighted UniFrac method was used to calculate beta diversity, which considers both the 

abundance of species and their phylogenetic distance. Here, too, there is no clear influence of 

the planting or inoculation with fungi on the composition of the community for both fungi and 

bacteria  (Figure 3). It is noticeable for both bacteria and fungi that the community of sample 

M2 differs significantly from that of the other samples. One of the SchRy samples also differs 

clearly in its fungal community compared to all other samples (Figure 3B). 
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Figure 3: Beta-diversity analysis using principal component analysis based on weighted 

UniFrac distances. (A) Bacterial and (B) fungal sequences. Sample designation: Sch= 

Schizophyllum commune; Ko= not inoculated with fungi control; Leu= Leucoagaricus naucinus; 

Po= Potato; Ry= Winter rye; M= Middle, neither with fungi nor with plants inoculated. 

 

Taxonomic analysis 

The Taxa bar plot for the bacterial community shows all phyla which are represented more 

frequently than 1 % in the soil samples. The two most common phyla are the Acidobacteria 

with 15-28 % and the Proteobacteria with 17-28 % frequency (Figure 4). A slight tendency 

towards a higher prevalence of Firmicutes can be seen in the samples taken from near potato 

plants. However, overall, no clear correlation can be established between a changed 

composition of the bacterial community with the plants or the fungi added. 

The two most common phyla in the fungal community are Ascomycota with 33-47 % and 

Mortierellomycota with 18-37 % prevalence (Figure 5). Basidiomycota, which also includes the 

two inoculated fungi, are in a range of 6- 20 % represented. Here, too, no shift can be identified 

in the community composition depending on the treatments. Sample M2, which showed a clear 

difference in beta diversity to all other samples, does not show any abnormalities in the taxa 

bar plots. 
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Figure 4: Taxa bar plot of the bacterial community at the level of phyla. Shown are just taxa 

with an abundance over 1 %. Sample designation: Sch= Schizophyllum commune; Ko= not 
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inoculated with fungi control; Leu= Leucoagaricus naucinus; Po= Potato; Ry= Winter rye; M= 

Middle, neither with fungi nor with plants inoculated. 
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Figure 5: Taxa bar plot of the fungal community at the level of phyla. Sample designation: Sch= 

Schizophyllum commune; Ko= not inoculated with fungi control; Leu= Leucoagaricus naucinus; 

Po= Potato; Ry= Winter rye; M= Middle, neither with fungi nor with plants inoculated. 

 

Discussion 

Our investigation of the microbial community on a test field inoculated with fungi and crop 

plants in the CEZ revealed no change in the composition of the microbial community at phylum 

level depending on the treatments. 

The composition of the bacterial and fungal community matches former reported microbial 

communities in contaminated soil (Shah et al. 2014; Qin et al. 2020; Shi et al. 2020). It has 

been reported that Firmicutes in particular are tolerant against metals (Desai et al. 2009; Zhao 

et al. 2019). The slightly increased proportion of Firmicutes in the samples nearby potato plants 

thus rather indicates metal mobilization by the plant. Since a clear increase in the proportion 

of Firmicutes could only be observed in three samples, this may also be due to a coincidentally 

higher level of contamination at these points. 

The bacterial communities showed higher variability in their diversity depending on the location 

of the sampling compared to the fungi. One possible explanation for this is that bacteria are 

more sensitive to metal contamination than fungi (Singh et al. 2019). Since the region around 

the damaged reactor is very heterogeneously polluted by so-called hot particles, there are also 

high fluctuations in contamination within the sampling points (Figure S2; Schulz 2020). This 

also explains why the replicas of the various treatments are often not very similar in terms of 

their community composition (Figure 3). Overall, it is assumed that with the increasing 

pollution, the richness and diversity of microbial communities decreases (Agnello et al. 2018; 

Ying et al. 2008). This could be an explanation for the particularly low diversity and the large 

difference in the community structure of sample M2. Unfortunately, no radioactivity 

measurements are available for the areas between the inoculated rows, so it cannot be said 

with certainty that there is a higher level of contamination at this point. The separation into a 

group with high and one with lower richness within the bacterial community can also be 
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explained by an inhomogeneous distribution of contamination. The collection points that are 

low in richness are likely to be in higher contaminated areas. A clear separation cannot be 

seen for fungi, as this community seems to be more stable under metal and radionuclide stress. 

In addition, within the fungal community, lower alpha diversity was only found in samples that 

were not inoculated with fungi (Figure 2B). This is probably the case because fungi usually 

have a higher tolerance to metals than bacteria (Hiroki 1992). In addition, fungi can tolerate a 

wide range of different contaminants, including heavy metals, radionuclides, and organic 

contaminants (Gadd 2007; Günther et al. 2014; Hultgren et al. 2009; Ellouze and Sayadi 2016). 

It was also reported that inoculation with the basidiomycete Tricholoma vaccinum in soil led to 

an increase in OTUs under saprotroph conditions (Wagner et al. 2019). This effect also 

explains a higher diversity in samples that were inoculated with fungi. 

In summary, it can be said that the inoculation of the two basidiomycetes S. commune and L. 

naucinus together with the two crops potato and winter rye did not change the microbial 

community on the phylum level in the time of observation. From this, it can be concluded that 

another factor is limiting the community in a way that a slight disruption does not lead to a 

significant change in it. Possible factors are besides the contamination, the sandy soil, which 

tends to dry out quickly, and the strong temperature fluctuations from -30 to +30° C in the CEZ 

(Schulz et al. 2019). The high stability of the fungal community under adverse conditions 

together with the knowledge that S. commune can survive in the soil at the test field for at least 

one year (Traxler et al. 2021) confirm the assumption that fungi, in particular basidiomycetes, 

are potentially suitable for the remediation of contaminated soils. 
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Supplemental Material 

Figure S1: Alpha rarefaction of fungal (A) and bacterial (B) sequences. Sample designation: 

Sch= Schizophyllum commune; Ko= not inoculated with fungi control; Leu= Leucoagaricus 

naucinus; Po= Potato; Ry= Winter rye; M= Middle, neither with fungi nor with plants 

inoculated.  
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Figure S2: Distribution of radionuclides at the test field 2017. A= Sampling scheme. B= 

Measured radioactivity (Schulz, 2020). 
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4.3.1 Summary 

Within this work, a strontium-adapted strain from the wild-type S. commune 12-43 could be 

produced (called S. commune 12-43 Sr), which also showed increased resistance to Cs and 

Zn. Using the adapted strain, it could be shown that the improved metal tolerance mechanism 

must be an avoidance strategy since clearly less Sr and Cs were transported along the hyphae. 

Overall it could be shown that S. commune is able to transport metals over hundreds of cells. 

No increased tolerance could be established for Cd in the adapted strain and its localization in 

vacuoles was the same for both strains. Transcriptome analysis showed that S. commune 12-

43 Sr has lower cellular stress in the presence of metals. Since an MFS transporter that is 

otherwise down-regulated under metal stress is not down-regulated in the adapted strain, the 

likely avoidance strategy seems to be increased efflux. 
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 14 

Originality statement: 15 

We could show that the metals cesium, strontium, cadmium, and zinc, are tolerated at 16 

millimolar concentrations by the basidiomycete fungus Schizophyllum commune 12-43 and 17 

that transport occurs through hyphae. To address genes related to the tolerance, adapted 18 

strains were raised. Transcriptome analysis identified transporters and intracellular 19 

sequestration mechanisms. Specifically, a glutathione S-transferase is involved in the 20 

unexpectedly high natural tolerance, and metal sequestration in vacuoles could be shown 21 

using a fluorescence dye specific for cadmium. With this intracellular fractionation, transport 22 

through hyphal compartments is possible and it could be shown that the metals indeed are 23 

reaching cells some tens to hundreds of cellular compartments away from a metal source. 24 

Thus, this model fungus can be used to study metal tolerance and metal transport in 25 

basidiomycete fungi.   26 

 27 

 28 
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Summary 29 

The basidiomycete Schizophyllum commune that is able to grow in soil was investigated for 30 

its metal tolerance mechanisms. Specifically, its ability to transport metals along its hyphae 31 

and effects of temperature and pH on tolerance of Cs, Sr, Cd, and Zn were tested. At 32 

concentrations allowing for half-maximal growth, adapted strains were raised. The adaptation 33 

did not yield changes in cell or colony morphology. The strontium-adapted strain, S. 34 

commune 12-43 Sr, showed transport of Sr through aerial hyphae over tens to hundreds of 35 

cellular compartments. Intracellular metal localization in vacuoles was shown for cadmium.  36 

Gene expression profiles under metal stress growing on soil versus artificial medium showed 37 

a higher impact of the soil structured surface than with different metal concentrations. A 38 

comparison of wild-type and adapted strains could confirm lower cellular stress levels leading 39 

to lack of glutathione S-transferase up-regulation in the adapted strain. Thus, we could show 40 

metal transport as well as specific mechanisms in metal avoidance using S. commune as a 41 

model. 42 

 43 

Keywords: Metal tolerance, basidiomycete, Schizophyllum commune, metal transport, 44 

intracellular sequestration. 45 

 46 

Introduction 47 

Fungi can spread in soil for very large distances – the largest known organism is a wood 48 

decay basidiomycete (compare Sipos et al., 2018). At the same time, long hyphae comprised 49 

of hundreds of cellular compartments – in basidiomycetes mostly with a length of 100 to 500 50 

µm (Jung et al., 2018; Greening and Moore, 2018) - can transport nutrients, water and ions 51 

over large distances (Krause et al. 2020). This is best studied for basidiomycetes living in 52 

ectomycorrhizal mutual symbiosis with host trees (Victor et al., 2017). Thus, they provide 53 

important ecosystem functions that influence biogeochemical cycles (Schlunk et al., 2015; 54 

Tome et al., 2015), and support and control microbial communities in soil (Wagner et al., 55 

2019). The transport of heavy metals within hyphae could specifically be useful for 56 
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bioremediation approaches. Indeed, metal uptake into above-surface fruiting bodies has 57 

been well documented, e.g. with radiocesium after the Chernobyl reactor accident in 1986 58 

that has released an estimated amount of  4 x 1016 Bq 137Cs (United-Nations, 2000; Borio et 59 

al., 1991). The distribution of radiostrontium was more limited in distribution, but more than 60 

1.1 105 Bq m-2 90Sr were detected within the 30 km radius around the reactor block (United-61 

Nations, 2000). In addition, and depending on the specific soil, metals including zinc, or even 62 

the more toxic cadmium are present (suppl. Tab. S1). Former studies revealed that fungi are 63 

present and show specific protection mechanisms (see Fuller et al., 2020; Vasileiou et al., 64 

2020).  65 

Like many other wood decay basidiomycetes, Schizophyllum commune is saprotrophic and 66 

can live not only in timber, but has previously been found to survive and grow over distances 67 

of meters in the soil of the Chernobyl Exclusion Zone (Traxler et al., 2021). It is easily 68 

cultivated in haploid as well as mated, fruiting body-forming dikaryotic stages, and can 69 

tolerate sufficient metal concentrations to provide a good model system (Kirtzel et al., 2019). 70 

The amount of data on cellular and molecular biology, bioweathering activities, gene 71 

expression analyses, and proteome studies makes this fungus an excellent target to study 72 

metal uptake and transport along the hyphal compartments (Erdmann et al., 2012; Knabe et 73 

al., 2013; Freihorst et al., 2018; Brunsch et al., 2015; Ohm et al., 2010). Here, we 74 

investigated the tolerance of S. commune 12-43 against Cs, Sr, Cd, and Zn, and their 75 

transport along the hyphal network. To identify the underlying mechanism(s), we created 76 

different metal adapted S. commune strains and compared metal localization, transport, and 77 

expression of selected genes with the wild-type.  78 

Metal adaptation might be achieved by mutation (genetic mechanism of adaptation) or by 79 

changed expression pattern leading to altered gene expression profiles. This shift in 80 

metabolic flow and enzymatic activities (physiological adaptation) would be visible in 81 

transcriptome analyses. Hence, in a comparison of a metal adapted strain to its progenitor, 82 

differential gene regulation was expected. We further hypothesized that metal transport as 83 
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well as intracellular metal sequestration might explain the higher metal tolerance in an 84 

adapted strain. 85 

 86 

Results & Discussion 87 

Metal inhibition and cellular effects 88 

In nature, abiotic factors are constantly changing. At the same time, metal toxicity is different 89 

for different ions, at different pH and temperature conditions, and with different effects on cell 90 

morphology and function. Therefore, we tested three different pH values and three different 91 

temperatures for each of five different concentrations of CsCl and SrCl2. To compare the 92 

metal toxicity to other environmental ions, CdCl2 and ZnCl2 were studied as well, with Cd 93 

being toxic already at low concentrations, while Zn is essential and only overly high 94 

concentrations exert a detrimental effect. Both ions co-occur with the radionuclides at the site 95 

where the growth of S. commune could be shown in a field experiment at the Chernobyl 96 

Exclusion Zone (Traxler et al., 2021). While inhibition increased with higher metal 97 

concentrations, growth was still visible even at the highest concentrations used (suppl. Fig. 98 

S1). We defined half-maximum growth (effective concentration, EC50) with 50 mM CsCl, 100 99 

mM SrCl2, 0.2 mM CdCl2 or 10 mM ZnCl2. Compared to the metal concentrations in the 100 

bioavailable fractions at Chernobyl that yielded approximately 0.2 µM Cs, 1 mM Sr, below 0.1 101 

µM Cd and 0.13 mM Zn available (suppl. Tab. S1), the tolerated concentrations of the non-102 

adapted fungus thus are between 100-fold and 2000-fold higher than required in the 103 

Chernobyl exclusion zone.  104 

Environmental influences were tested for temperature and pH. For the Chernobyl Exclusion 105 

Zone, summer temperature with medians between 15 and 25°C is given, and the soil 106 

samples revealed a pH of 5.2. At the optimum growth temperature of 28°C under laboratory 107 

conditions, CsCl, CdCl2, and ZnCl2 were less toxic than at non-optimal conditions (Fig. 1). In 108 

contrast, SrCl2 was more toxic at higher temperatures when combined with a low pH. This 109 

feature was unexpected and initiated a more detailed investigation of the effects of SrCl2. 110 

The pH value did not show a significant impact on growth inhibition by CdCl2, whereas it 111 
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affected the toxicity of the other metals tested. While ZnCl2 inhibited the growth to a lesser 112 

extent with rising pH values, CsCl and SrCl2 showed higher growth inhibition with rising pH 113 

values (see Fig. 1). 114 

The effects of Sr were analyzed in more detail. An unexpected finding for the non-essential 115 

metal Sr was that SrCl2 even had a growth-promoting effect at cold temperatures (suppl. Fig. 116 

S2). In addition to increased growth diameter, S. commune grew with more aerial mycelium 117 

at concentrations of 10 mM and 25 mM SrCl2 indicating an even larger effect of growth 118 

promotion, if biomass and not the diameter of the mycelium was considered. While no 119 

essential function of Sr is known, this alkaline earth metal can substitute for Ca in signaling, 120 

even in humans with therapeutic applications (Saidak et al., 2012; Zhang et al., 2013). For S. 121 

commune, Ca signaling has been linked to hyphal growth as well as intracellular phosphate 122 

storage, which in turn is necessary for fast growth (Murry et al., 2018; Murry et al., 2021). 123 

Thus, extended hyphal growth can be easily explained by Sr replacing Ca for induction of 124 

fast cellular elongation and growth. 125 

 126 

Metal adaption and cross-tolerance 127 

To test for metal tolerance mechanisms, S. commune 12-43 was adapted to metals by ten 128 

serial inoculations on metal-containing plates. To investigate metal tolerance mechanisms, 129 

adapted strains were compared to the non-adapted parent, S. commune 12-43 in further 130 

experiments, to determine changes in their behavior towards heavy metal stress. For these 131 

experiments, plates with metal concentrations inhibiting the growth to half-maximum growth 132 

diameter of the substrate mycelium were used. While Cs, Cd, and Sr adaptation showed 133 

improved growth on the respective metal after ten transfers (Fig. 2), neither Zn nor the water 134 

control resulted in increasing growth after 10 weeks, and the macroscopic morphology of the 135 

mycelium did not change over the adaption process.  136 

The cross-tolerance test revealed that the Cs-adapted strain (S. commune 12-43 Cs) grew 137 

worse than the wild-type on the water control and all other metals, and it did not grow at all 138 

on Sr (suppl Fig. S3). The cadmium adapted strain (S. commune 12-43 Cd) was not affected 139 
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for growth on any other tested metal, while S. commune 12-43 Sr grew faster than the wild-140 

type on Cs and Cd as well as on the adaptation metal Sr. Thus, S. commune 12-43 Sr 141 

showed real cross-tolerance, and taken together with the unexpected growth promotion at 142 

low Sr concentrations, made this strain the optimal selection for further experiments. 143 

 144 

Hyphal transport of metals 145 

To test for uptake and transport of metals, divided plates were used. On one side of the split 146 

plates, metal-containing medium was supplied and the inoculum was placed there. The Petri 147 

dish divider allowed to fill the other half with metal-free medium. The hyphae crossing the 148 

barrier through their aerial mycelial growth and could be harvested from the metal-free side. 149 

For control of uptake, the metal-containing side of the plate was tested. Even there, only the 150 

aerial mycelium was harvested, meaning that the metal must have been taken from the agar 151 

below and accumulated in the aerial biomass. However, capillary transport on the cell wall, 152 

and cell wall adsorption, cannot be distinguished with this set-up from real intracellular 153 

uptake and transport. However, we could detect all four metals in the aerial biomass of S. 154 

commune 12-43 Sr. Interestingly, the adapted strain showed less uptake for Cs, Sr, and Cd 155 

and transport for Cs, Sr, and Zn, while the Cd transport with S. commune 12-43 Sr was even 156 

higher than in the non-adapted wild-type (Fig. 3, positive control).  157 

For long-distance transport, the mycelium was harvested on the side of the plate that 158 

contained minimal medium without additional heavy metal. Thus, the metal detected could 159 

only have been brought there via the aerial mycelium from the source. Here, it was evident 160 

that the adapted S. commune 12-43 Sr transported less metal along the hyphal filaments to 161 

the other side of the split plate (Fig 3, transport). It seems noteworthy that, although all four 162 

metals were found in aerial mycelium on the side with metal, Cd and Zn were not transported 163 

for a larger distance, while this was the case for Sr and Cs. This indicates that the reason for 164 

the increased tolerance against Sr and Cs is rather export of the metals. This is in 165 

accordance with efflux transporters being up-regulated when these are localized within the 166 

vacuolar membrane or at the ER/Golgi vesicles (Blaudez et al., 2011). 167 
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 168 

Metal compartmentalization 169 

To visualize the uptake of cadmium, laser scanning microscopy revealed intracellular 170 

deposition of the metal in the hyphae of both adapted and wild-type strains. The co-staining 171 

with Leadmium Green and Synapto Red suggested an intracellular localization within 172 

vacuoles and vesicles, with the highest amount of deposition in the apical cells (suppl. Fig. 173 

S4). Swelling of the hyphal tip was also seen. The localization of cadmium was the same in 174 

both strains, going along with the finding that Cd was not tolerated significantly better by S. 175 

commune 12-43 Sr in comparison to the wild-type. These findings are in accordance with 176 

former studies (Salt and Wagner, 1993; Böhm, 2014; Janicka-Russak et al., 2012; 177 

Wierzbicka et al., 2007; Spiridonova et a., 2019). Thus, transport along hyphae can be 178 

explained with rates that are much higher than possible by simple diffusion mechanisms. In 179 

addition, we were able to demonstrate that metals, indeed, can be transported from one part 180 

of the mycelium to another. With this investigation, the white-rot fungus can be used for 181 

further, more detailed studies, for which a model fungus can be proposed that can be 182 

genetically modified and shows the completion of its life cycle on artificial media (Ohm et al., 183 

2010). 184 

 185 

Gene expression under metal stress 186 

The mRNA sequencing resulted in 264 significant gene regulations, of which 89 were up-187 

regulated, 160 were down-regulated and 13 were regulated in both directions depending on 188 

the comparison (Tab. 1). Comparisons between S. commune grown on soil versus grown on 189 

medium resulted in more significant changes than comparisons with the same growth 190 

medium and different heavy metal contents. The sorting according to enzyme classes (Fig. 191 

4) showed that most of the results belonged to the groups “hypothetical protein” and “poorly 192 

characterized”.  Genes belonging to the class of transporters were likely to be down-193 

regulated, and genes associated with the secretory pathway to be up-regulated under metal 194 

stress, which could be part of a metal tolerance-system (Eide 2003).  195 
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Three genes were selected for further investigation: a down-regulated general transporter 196 

gene, an up-regulated MFS general substrate transporter gene, and an up-regulated 197 

glutathione S-transferase gene (suppl. Tab. S2). The verification of regulation by qPCR 198 

confirmed induction and repression of the chosen genes as suggested from mRNA-Seq 199 

(suppl. Fig. S5). For the metal-adapted S. commune 12-43 Sr, a changed regulation pattern 200 

was seen (Fig. 5). 201 

While the glutathione S-transferase gene was always up-regulated in the wild-type, this was 202 

not the case for S. commune 12-43 Sr. Increased formation of glutathione has been 203 

identified earlier as a result of intracellular metal stress (Ruytinx et al., 2013). Similarly, and 204 

in accordance with the reduced cellular stress upon metal treatment of the adapted strain, a 205 

less dominant regulatory pattern was visible. This confirmed our hypothesis that a changed 206 

expression pattern resulted in metal adaptation. 207 

The MFS general transporter gene is annotated as a conserved and poorly characterized 208 

protein with unknown function by KOG, GO, and Interpro. Using BLAST comparisons, it 209 

shows similarity to an MFS general substrate transporter, with an identity of 65% and a score 210 

of 1575 bits in, e.g., Stereum hirsutum (Floudas et al., 2012). Transporters of the major 211 

facilitator superfamily have been reported to be unspecific concerning their substrates. The 212 

translocation of small molecules is mediated through chemiosmotic ionic gradients (Paulsen, 213 

2003), and MFS transporters can secrete a variety of toxic compounds including organic and 214 

inorganic ions. Thus, they can enhance tolerance against heavy metals (Stergiopoulos et al., 215 

2002). Since the gene for this transporter was higher expressed in the adapted strain, 216 

increased excretion of toxic metals could be a reason for the improved growth under metal 217 

stress. The hypothetical general substrate transporter is, according to Interpro and GO 218 

descriptions, a sugar transporter and thus part of metabolic processes. This gene was up-219 

regulated in metal treatments in the mRNA-Seq and the microarray assay. This agrees with 220 

previous research showing that metal stress often leads to an up-regulation of carbohydrate 221 

metabolism (Chiapello et al., 2015). 222 

 223 
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Conclusion 224 

Our findings support the role of basidiomycete fungi, and here specifically saprotrophic 225 

basidiomycetes like S. commune, in environmental interactions. They even can adapt to 226 

enhanced metal concentrations, with increased tolerance in S. commune 12-43 Sr being 227 

associated not with accumulation, but avoidance of intracellular metal accumulation. This 228 

puts the use for bioremediation into a different perspective. The fungus can take up and 229 

transport metals along the hyphae, leading to translocation of mobile cations. This would be 230 

specifically helpful in a contaminated area that most often shows high spatial heterogeneity 231 

of contamination. A re-distribution of metals, and the intracellular storage during transport, 232 

would lead to less strong effects of locally high metal contamination on plants growing in the 233 

vicinity (Colpaert et al., 2011).  234 
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Tables 397 

Table 1: Significant expression changes in mRNA sequencing sorted by comparisons. 398 

Comparison Significantly expressed gene changes 

Paradies soil vs. Chernobyl soil 71 

Paradies soil vs. heavy metal medium 115 

Heavy metal medium vs. minimal medium 59 

Chernobyl soil vs. minimal medium 119 

 399 

Figures 400 

 401 

Fig. 1: Factors influencing growth inhibition by heavy metals. S. commune 12-43 (ATCC 402 

38230) was cultivated in minimal medium (MM+ura containing 11.2 mg/l uracil and 16 g/l 403 

agar; Raper and Hoffman, 1974) for 14 days at different pH and temperatures (black, 16°C; 404 

white 22 °C; grey 28°C) with metal addition to check for percentage of growth inhibition as 405 

compared to the control grown at pH 5.3 and 28°C. 406 
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 407 

Fig. 2: Metal adaptation towards Cd, Cs, Zn, and Sr over 10 weeks after ten serial transfers. 408 

The colony morphology (A) and the mean growth after the first (grey) and weekly 10th 409 

transfer (white; B) of serial weekly transfers are shown on MM+ura with 50 mM CsCl, 100 410 

mM SrCl2, 0.2 mM CdCl2, or 10 mM ZnCl2 at 28°C. Water instead of metal solution was 411 

added in a mock adaptation experiment to exclude effects like selection of the fastest 412 

growing hyphae (n=3; significance p ≤ 0.05 was calculated with a two-tailed t-test with 413 

unequal variance). 414 

 415 

 416 
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 417 

Fig. 3: Metal transport measured for hyphae obtained from split plates. The adapted S. 418 

commune 12-43 Sr (white) and the wild-type S. commune 12-43 (dark grey) were inoculated 419 

on a nylon-membrane to aid harvesting of aerial mycelium only (45 μm pores). Inoculation 420 

was performed at one side (MM+ura for negative control; MM+ura with 40 mM CsCl, 75 mM 421 

SrCl2, 5 mM ZnCl2 or 0.2 mM CdCl2), and sampled after 14 days at 28°C from the same 422 

(positive control) side, or from the other half-plate that contained metal-free MM+ura 423 

(transfer). The mycelium was harvested, dried at 60°C and homogenized, and then analyzed 424 

by ICP-MS. 425 

Diffusion of metals was impossible, because of the plastic division in the split plates that 426 

separated the two media, but allow for the fungus to grow over this barrier. The experiments 427 

were performed in five technical and three biological replicates. 428 
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 429 

Fig. 4: Transcriptional regulation upon metal exposure of S. commune 12-43. The wild-type 430 

was grown on two soils (100 g each of autoclaved Chernobyl or Paradies park soil with 50 ml 431 

½ MM+ura added to the soil to promote faster growth for 4 weeks) and in MM+ura without or 432 

with metal concentrations equivalent to those present in Paradies soil (see suppl. Tab. S1) 433 

for 2 weeks at 125 rpm and 16°C to mimick natural conditions. Harvested mycelium was 434 

homogenized and RNA extracted for library preparation, mRNA-Seq, and TopHat alignment 435 

to the S. commune genome (https://mycocosm.jgi.doe.gov/Schco3/Schco3.home.html). 436 

Bioinformatic pairwise comparisons with Cuffdiff 2 workflow (StarSeq; Trapnell et al., 2012) 437 

was used and significance assumed when p ≤ 0.005 and q ≤ 0.05. The sequenced hits were 438 

sorted by enzyme classes according to BLAST hits. 439 
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 440 

Fig. 5: Verification of metal-dependent expression changes by qPCR. Selected genes (A, 441 

general substrate transporter XM_003031963.1; B, MFS general substrate transporter 442 

XM_003027220.1; C, glutathione S-transferase XM_003027462.2) were analyzed in the 443 

wild-type and adapted strains grown at 28°C for 5 days on cellophane membrane-topped 444 

MM+ura plates with 75 mM SrCl2, 50 mM CsCl, 5 mM ZnCl2, 0.2 mM CdCl2, or the 445 

concentration of the five most abundant bioavailable metals in Chernobyl soil (suppl. Tab 446 

S3). The cDNA synthesis was done from 500 ng total RNA and afterward qRT-PCR was (for 447 

details, see suppl. Material) performed using the respective primers (suppl. Tab. S4). A 448 

melting curve was measured after every run from 60 to 94°C with Δ1°C per 30 sec. All 449 

measurements were performed in three biological and three technical replicates with 450 

negative control and a “no reverse transcriptase” control each. Relative expression was 451 

calculated (Pfaffl, 2001) using the housekeeping genes actin1 (XM_003026104.1), ubiquitin 452 
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(XM_003036409.1) and translation elongation factor 1  (XM_003037215.1). Significance was 453 

tested with a two-tailored t-test with unequal variances for significance at p-value ≤ 0.05.454 
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Suppl. Fig. S1: Growth inhibition by metals at pH 6 and 28°C. S. commune was cultivated 

for 14 days on MM+ura with added metals (n = 5). Half maximal growth inhibition (EC50) was 

calculated from a regression line [y=ax+b; y= 50]. 

 

Suppl. Tab. S1: Metal content in soil samples from the Chernobyl Exclusion Zone (bold) 

and the Paradies soil (italic). 

µg/g soil Cs Sr Cd Zn 

fraction 1 0.075 3.99 0.03 1.5 
 0.0165 51.03 0.016 1.2 

fraction 2 0.015 0.29 0.045 1.6 
 0.0026 19.18 0.216 7.1 

sum 1 + 2 0.09 4.29 0.075 3.1 
 0.019 70.22 0.232 8.3 

For comparison to the in vitro experiments, metal contents in the bioavailable fractions F1 and F2 

determined by ICP-MS are given (compare Traxler et al., 2021; Zeien and Brümmer, 1987). Chernobyl 

soil was taken 10-20 cm below the surface for testing (51◦20′54′’ N: 30◦07′41′’ O) and the pH was 5.2. 

Paradies soil was taken 5 cm below surface (50°55'22.2"N 11°35'10.0"E) and the pH was 6.4. 
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Suppl. Fig. S2: Influence of pH on the growth inhibition by SrCl2 at 16°C. The growth 

morphology of the mycelia (A) and the percentage of growth inhibition (B) are shown. 
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Suppl. Fig. S3: Cross tolerance of adapted strains to other metals. Supplementation (50 

mM CsCl, 100 mM SrCl2, 0.2 mM CdCl2 and 10 mM ZnCl2 ) was used and significant changes 

(*) calculated for the metal adapted strains compared to the water control with p ≤ 0.05. 
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Suppl. Fig. S4: Cadmium localization within hyphae using co-staining with Leadmium 

Green and Synapto Red visualized by laser scanning microscopy. S. commune was grown 

at minimal medium with 0.2 mM CdCl2. 30 µM Synapto Red (Fm4-64, Biotum, Apprieu, France) 

and 50 µg Leadmium green (ThermoFisher Scientific, Waltham, USA) dissolved in 50 µl DMSO 

and diluted with 0.9% NaCl were added to overgrown coverslips. After 2 h incubation time, it was 

washed three times with ½ MM+ura. Confocal laser scanning microscopy (LSM 780, Carl Zeiss, 

Jena, Germany) using 40x/1.30 NA EC Plan-Neofluar objective at a laser intensity of 0.2 % and 

a wavelength of 514 nm (Synapto red) and 488 nm (Leadmium green) was used with detection 

in a range of 474-518 nm. Images were calculated and finalized with the program Zen2 (blue 

edition). 

 
Suppl. Tab. S2: Significantly regulated genes determined by mRNA sequencing in S. 

commune 12-43 wild-type. 
 

JGI 
transcript 
ID 

2-fold change  Description KOG BLAST hits at NCBI database 

Ch 
MM 

Pa 
HM 

Pa 
Ch 

HM 
MM 

  

11173 NA - 5.53 - 2.23 NA NA Proteophosphoglycan 5 in Leishmania 
major strain Friedlin; Score= 150; id= 
16% 

14899 NA NA 2.25 NA NA Alternative oxidase in Coniophora 
puteana; Score 1120; id= 67% 

62301 NA NA NA 2.00 1-Acyl dihydroxyacetone 
phosphate reductase and 
related dehydrogenases 

NAD-P binding protein in Stereum 
hirsutum; Score= 655; id= 42% 

85169 NA NA - 2.13 NA NA hypothetical proteins 
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JGI 
transcript 
ID 

2-fold change  Description KOG BLAST hits at NCBI database 

Ch 
MM 

Pa 
HM 

Pa 
Ch 

HM 
MM 

  

106400 inf NA NA NA Serine/threonine-protein 
kinase 

Vegetative cell wall protein gp1 in 
Chlamydomonas reinhardtii; Score= 123; 
id= 41% 

231154 NA NA 1.96 NA NA Carbohydrate-binding module family 13 
protein/ putative endo-1,3-beta 
glucanase in Agaricus bisporus; Score= 
664; id= 42% 

250848 NA - 4.29 - 2.75 NA NA  

1078592 NA NA NA - 1.86 NA Related to acid phosphatase in 
Sporisorium reilianum; Score= 1036; id= 
52% 

1080019 NA - 3.37 - 3.06 NA NA no match 

1104156 6.05 NA NA 4.88 Splicing coactivator SRm 
160/300, subunit 
SRm300 

no match 

1126088 NA NA NA 1.87 NA FMN-dependent NADH-azoreductase in 
Desulfobaccter acetoxidans; Score 115; 
id= 37% 

1141276 NA NA NA 2.12 NA hypothetical proteins, e.g. Armillaria 
solidipes; Score= 127; id= 32% 

1143104 4.62 NA NA NA NA hypothetical proteins; 5 transmembrane 
helices 

1145136 NA NA NA - 1.76 NA hypothetical proteins; ifi-6-16 superfamily 

1150509 NA NA NA 1.81 Flavonol 
reductase/cinnamoyl- 
CoA reductase 

NAD-binding protein in Fomitiporia 
mediterranea; Score= 928; id= 53% 

1153664 NA - 
3.89 

NA NA Transaldolase Aldolase in Trametes versicolor; Score= 
189; id= 24% 

1166241 - 3.15 NA NA NA Transaldolase Aldolase in Trametes versicolor; Score= 
189; id= 24% 

1168136 NA NA NA 1.76 NA hypothetical proteins; ifi-6-16 superfamily 

1171639 - 3.39 NA NA NA NA Heat shock protein in Rhizoctonia solani; 
Score= 102; Id= 77% 

1177211 - 3.83 - 3.22 NA NA NA CREB-binding protein in Homo sapiens; 
Score= 99; id= 18% 

1187442 4.54 NA NA 2.20 NA Dimeric alpha-beta barrel, partial in 
Metarhizium majus; Score 43; Id= 26% 

1193121 - 2.59 NA NA NA NA hypothetical proteins 

1194301 NA - 3.57 NA NA NA hypothetical proteins 

1195633 NA - 
5.81 

- 
5.14 

NA NA hypothetical proteins 

1213227 - 5.63 - 8.09 NA NA NA Leucine-rich repeat-containing protein in 
Canis familiaris; Score= 90; id= 36% 

1216147 NA - 4.03 NA NA NA Ceacam20_predicted, CEA-related cell 
adhesion molecule 20 in Rattus 
norvegicus; Score= 95; id= 38% 

2005284 -inf NA NA NA Casein kinase 
(serine/threonine/tyrosine 
protein kinase 

Kinase-like protein in Stereum hirsutum; 
Score= 780; id= 41% 

2086920 3.64 NA NA 3.02 Predicted glutathione S- 
transferase 

Glutathione S-transferase in Stereum 
hirsutum; Score= 1106; id= 62% 

2086990 NA NA 2.15 1.95 NA Histidine kinase in Candidatus 
vecturithrix granuli; Score= 39; id= 33% 

2088105 - 3.72 NA NA NA 1,2alpha-mannosidase Glycoside hydrolase family 47 protein in 
Serpula lacrymans; Score 1632; id= 59% 

2107770 NA NA NA 2.45 Uncharacterized 
conserved protein 

MFS general substrate transporter in 
Stereum hirsutum; Score= 1575; id= 
65% 
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JGI 
transcript 
ID 

2-fold change  Description KOG BLAST hits at NCBI database 

Ch 
MM 

Pa 
HM 

Pa 
Ch 

HM 
MM 

  

2147438 - 
4.65 

- 
5.41 

NA NA NA no match 

2176489 NA - 3.99 - 2.94 NA NA no match 

2176878 NA NA - 2.99 NA NA Amino acid adenylation domain protein in 
Hungateiclostridium thermocellum; Score 
35; id= 35% 

2211287 NA - 3.75 - 1.90 NA NA Similar to KIAA0447 protein in Pan 
troglodytes; Score= 95; id= 20% 

2213880 3.89 NA NA 4.08 Kynurenine 3- 
monooxygenase and 
related flavoprotein 
monooxygenases 

FAD/NAD(P)-binding domain-containing 
protein in Dichomitus squalens; Score 
667; id= 29% 

2240204 NA inf NA NA NA hypothetical proteins 

2244565 NA - 3.86 NA NA NA Similar to solute carrier family 34 
(sodium phosphate) member2; type 2 
sodium-dependent phosphate 
transporter in Pan troglodytes; Score= 
101; id= 36% 

2245539 - 3.84 - 3.72 NA NA NA N-acetylmuramoyl-L-alanine amidase A in 
Bacterium HR16; Score= 91; id= 30% 

2298796 - 3.89 NA NA NA Serine/threonine-protein 
kinase 

Vegetative cell wall protein gp1 in 
Chlamydomonas reinhardtii; Score 178; 
id= 27% 

2307907 - 6.61 - 3.65 2.76 NA Aspartyl protease Aspartic proteinase precursor in 
Trametes versicolor; Score 1161; id= 
51% 

2319004 NA - 3.78 NA NA NA Sulfate transporter in Burkholderia sp.; 
Score= 83; id= 47% 

2345748 NA NA NA 2.28 NA Predicted: Protein purity of essence in 
Drosophila eugracillis; Score= 38; id= 
30% 

2357859 - 3.44 NA NA NA NA Predicted: chromosome-associated 
kinesin KIF4A in Austrofundulus 
limnaeus; Score= 87; id= 34% 

2437752 NA 3.43 NA NA NA just hypothetical proteins 

2469817 NA NA NA -inf NA Proteolysis and peptidolysis-related 
protein in Cryptococcus neoformans; 
Score= 1070; id= 71% 

2482226 2.85 NA - 2.03 NA NA Inositol polyphosphate phosphatase, 
partial in Trametes versicolor; Score= 
1257; id= 56% 

2482406 NA NA NA 3.10 NA YpgE/AlgH family protein in Liberibacter 
crescens; Score= 94; id= 31% 

2482494 NA NA NA - 1.82 NA Histone acetyltransferase ELP3 in 
Punctularia strigosozonata; Score= 
2747; id= 94% 

2482729 3.67 NA NA 3.10 NA Citrate synthase in Coprinopsis cinerea 
okayama; Score= 1784; id= 80% 

2482860 - 3.65 NA NA NA NA Retrotransposon nucleocapsid protein in 
Cryptococcus neoformans; Score= 329; 
id= 17% 

2483927 - 3.87 NA NA NA NA Predicted: Serine/Threonine-protein 
phosphatase 6 regulatory ankyrin repeat 
subunit A-like, partial in 
Strongylocentrotus purpuratus; Score= 
341; id= 48% 

2486595 NA - 4.04 NA NA NA tRNA-dihydrouridine synthase 2 in 
Coprinopsis cinerea okayama; Score= 
1323; id= 55% 

2486953 - 5.20 NA NA NA NA BTB/POZ domain protein in Rhizoctonia 
solani; Score=83; id= 31% 
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2489112 NA 4.11 2.48 NA NA Putative secretory pathway protein ysy6- 
like protein in Eutypa lata; Score= 119; 
id= 44% 

2495032 NA NA 1.97 NA NA Other 1 protein kinase in Moniliophthora 
roreri; Score= 120; id= 26% 

2496335 - 3.07 - 4.68 NA NA NA tat pathway signal sequence in 
Beauveria bassiana; Score= 386; id= 
31% 

2497507 NA NA 1.93 NA NA Nitric oxide synthase-interacting in 
Hypsizygus marmoreus; Score= 1152; 
id= 71% 

2498271 - 3.41 NA NA NA NA hypothetical proteins 

2499969 NA NA NA - 
2.03 

NA Proteophosphoglycan ppg4 in 
Leishmania major; score= 126; id= 24% 

2501258 NA NA NA 1.76 NA WD40 repeat-like protein in Neolentinus 
lepideus; Score= 505; id= 48% 

2501677 NA NA NA 2.42 NA no match 

2502055 3.67 NA NA NA NA Ankyrin, partial in Stereum hirsutum; 
Score= 472; id= 67% 

2502252 - 3.22 - 5.48 - 2.64 NA NA General substrate transporter in 
Punctularia strigosozonata; Score= 
1761; id= 59% 

2502688 - 3.50 NA NA NA NA Pro-Pol partial in Lentinula edodes; 
Score= 757; id= 41% 

2504225 3.96 NA NA NA NA Ribosome biogenesis protein Sqt1 in 
Dichomitus squalens; Score= 1342; id= 
68% 

2506764 - 
8.54 

- 
3.95 

NA - 
3.39 

NA hypothetical proteins 

2507097 NA -inf NA NA NA DUF323 domain-containing protein in 
Coprinopsis cinerea okayama; Score= 
1736; id= 61% 

2509722 NA - 6.79 - 5.00 NA NA Marvel domain protein in Rhizoctonia 
solani; Score= 296; id= 41% 

2511002 4.65 NA NA NA NA Transcriptional activator of proteases 
prtT in Hypsizygus marmoreus; Score= 
2945; id= 78% 

2512878 - 2.76 - 3.78 NA NA NA DUF647 containing protein in 
Coniophora puteana; Score= 760; id= 
36% 

2513725 NA NA NA 2.03 NA hypothetical proteins 

2515739 - 6.02 - 5.48 NA NA NA PrsW family intramembrane 
metalloprotease in Streptomyces scabiei; 
Score= 90; id= 31% 

2516065 NA 4.66 NA NA NA S-adenosyl-L-methionine-dependent 
methyltransferase, partial in Coniophora 
putaneana; Score= 446; id= 35% 

2516444 - 4.67 - 4.81 NA NA NA Transporter in Glanoderma sinense; 
Score= 138; id= 31%; has Atrophin 1 
superfamily and DNA_po13_gamma3 
superfamily 

2516612 - 3.59 - 4.11 NA NA NA Aldo/keto reductase in Auricularia 
subglabra; Score= 1152; id= 66% 

2517867 NA NA NA 1.91 NA Retro virus-related Pol polyprotein from 
transposon opus in Hypsizygus 
marmoreus; Score= 346; id= 36% 

2518120 5.47 4.44 NA NA NA hypothetical proteins 

2519051 NA - 2.78 NA NA NA no match 

2519067 - 4.18 - 4.25 NA NA NA Poly ADP-ribose polymerase 3 in Grifola 
frondosa; Score= 176; id= 28% 

2525305 NA 3.85 2.03 NA NA Proteophosphoglycan ppg4 in 
Leishmania major; Score= 628; id= 21% 
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2526826 NA NA NA 1.96 NA no match 

2528013 3.74 NA NA NA NA no match 

2543225 4.51 NA - 2.10 NA NA SNF-family ATP dependent chromatin 
remodeling factor snd21 in Coprinopsis 
cinerea okayama; Score= 2328; id= 48% 

2545517 4.06 NA NA 1.93 NA hypothetical proteins 

2550635 NA NA - 1.83 NA NA Zinc metalloprotease in Moniliophthora 
roreri; Score= 194; id= 42% 

2550927 - 2.98 - 3.63 NA NA NA hypothetical proteins 

2556274 - 4.02 - 5.12 NA NA NA Ankyrin, partial in Lepidopterella 
palustris; Score= 460; id= 30% 

2559216 NA NA NA 1.94 NA HET domain-containing protein in 
Stagonospora sp.; Score= 293; id= 26%; 
Sequence has GOODBYE, RlpA 
superfamily and P-loop_NTPase 
superfamily domain 

2562512 4.69 3.80 NA NA NA Phosphoglucomutase first 3 domain- 
containing protein in Trametes versicolor; 
Score = 1854; id= 54% 

2568939 - 3.57 NA NA NA NA Alcohol oxidase in Fomitiporia 
mediterranea; Score= 1601; id= 51% 

2571870 NA - 
3.98 

NA NA NA hypothetical proteins 

2574146 NA - 4.98 - 2.14 NA NA Integral membrane protein in 
Metarhizium anisopliae; Score= 506; id= 
47% 

2579958 - 5.50 - 4.57 NA NA NA hypothetical proteins 

2580814 5.90 NA NA 3.34 NA Cytochrome P450 in Coniophora 
puteana; Score= 927; id= 32% 

2590387 NA - 2.72 NA NA NA Peptidase S41 family protein ustP in 
Hypsizygus marmoreus; Score= 2066; 
id= 60% 

2591720 - 3.50 NA NA NA NA Redoxin domain-containing protein in 
Deinococcus marmoris; Score= 95%; id= 
37% 

2600011 NA NA NA - 1.76 NA Cell surface glycoprotein 1 in 
Rhizoctonia solani; Score= 99; id= 55%; 
sequence has DUF390 superfamily 

2603640 5.02 3.60 NA NA NA hypothetical proteins 

2603998 NA NA 2.11 NA NA hypothetical proteins but with Zn binding 
site and putative histone H3 binding site, 
has ING superfamily 

2604035 NA NA NA - 
1.87 

NA Alpha/beta-hydrolase in Stereum 
hirsutum; Score= 437; id= 43% 

2604043 5.03 NA NA 2.18 NA Long-chain-fatty-acid-CoA ligase in 
Coprinopsis cinerea okayama; Score= 
1216; id= 38% 

2604070 - 4.17 NA 1.90 NA NA Synembryn-A in Hypsizygus marmoreus; 
Score= 1445; id= 55% 

2605066 4.03 NA NA 2.51 NA hypothetical proteins 

2605229 NA NA NA - 2.24 NA NAD(P)-binding protein in Coniophora 
puteana; Score= 518; id= 57% 

2605383 6.81 4.78 NA NA NA no match 

2605614 NA NA 2.01 NA NA Multidrug resistance protein, putative in 
Ixodes scapularis; Score= 178; id= 43% 

2605703 NA NA - 1.96 NA NA hypothetical proteins 

2606453 NA NA - 2.54 NA NA Proteophosphoglycan ppg4 in 
Leishmania major strain; Score= 131; id= 
31% 

2606982 NA NA NA 2.09 NA Protein HID1 in Hypsizygus marmoreus; 
Score= 2845; id= 60% 
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2607034 - 
3.64 

NA NA NA NA SNF family protein in Stereum hirsutum; 
Score= 741; id= 51% 

2607237 NA NA 2.07 NA NA no match 

2608475 NA - 3.88 - 2.61 NA NA hypothetical proteins with HERPES 
superfamily 

2608547 NA NA - 2.33 NA NA HMG-box transcription factor in 
Flammulina velutipes; Score= 327; id= 
47% 

2608711 NA NA NA 1.78 NA Dethiobiotin synthase in Flavobacterium 
chilense; Score= 81; id= 29% 

2609461 NA NA 1.83 NA NA no match 

2609957 - 4.23 - 5.75 NA NA NA hypothetical proteins 

2610509 NA NA - 1.94 NA NA High osmolarity signaling protein Sho1 in 
Neosartorya fischeri; Score= 260; id= 24% 

2610599 - 5.18 - 6.21 NA NA NA NAD(P)-binding protein in Punctualaria 
strigozonata; Score= 920; id= 58% 

2610732 - 
4.09 

NA NA NA NA Glycerol-3-phosphate dehydrogenase in 
Laccaria bicolor; Score= 1412; id= 71% 

2610764 - 3.78 NA NA NA NA 26S proteasome non-ATPase regulatory 
subunit 12 in Hypsizygus marmoreus; 
Score= 291; id= 65% 

2610865 NA NA 2.33 NA NA DNA repair and recombination protein 
pif1 in Coprinopsis cinerea okayama; 
Score= 261; id= 21% 

2611974 - 4.35 - 4.80 NA NA NA MFS general substrate transporter in 
Trametes versicolor; Score= 1275; id= 
31% 

2611979 - 3.58 - 4.38 NA NA NA ATP-dependent RNA helicase DRS1 in 
Tramitomyces sp.; Score= 618; id= 46% 

2612001 NA - 
4.09 

NA NA NA Putative transmembrane protein in 
Rhizoctonia solani; Score= 460; id= 74% 

2612018 NA - 3.78 NA NA NA Cytochrome P450 family domain in 
Rhizoctonia solani; Score= 252; id= 34% 

2612041 NA NA NA 2.06 NA Putative 54S ribosomal protein L32 
mitochondrial in Hypsizygus marmoreus; 
Score= 318; id= 56% 

2612073 NA NA NA 2.01 NA Translation initiation factor IF-2 in 
Kineococcus radiotolerans; Score= 104; 
id= 45% 

2612719 - 4.48 - 5.57 - 1.85 NA NA MFS general substrate transporter in 
Dichomitus squalens; Score =1461; id= 
56% 

2612775 NA NA NA - 
1.89 

NA hypothetical proteins 

2612880 NA NA - 1.87 NA NA no match 

2613297 NA NA - 2.06 NA NA no match 

2613412 - 3.32 NA NA NA NA Rsm22-domain-containing protein in 
Dichomitus squalens; Score= 1297; id= 
43% 

2613450 NA - 3.59 NA NA NA MYC1 in Coprinopsis cinerea okayama; 
Score= 1849; id= 75% 

2615136 NA - 3.96 NA NA NA hypothetical proteins 

2615345 NA - 
4.16 

NA NA NA hypothetical proteins 

2615354 - 2.86 - 3.44 NA NA NA Putative kinase-PK-like protein in 
Rhizoctonia solani; Score= 3368; id= 
32% 
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2615369 - 3.03 NA NA NA NA DUF300 domain containing protein in 
Fomitiporia mediterranea; Score= 1332; 
id= 51% 

2617924 NA - 5.05 NA NA NA Gamma-glutamyl phosphate reductase in 
Dichomitus squalens; Score= 1513; id= 
68% 

2618104 NA NA 3.01 NA NA NAD(P)/FAD-dependent oxidoreductase 
in Mycobacterium bohemicum; Score= 
80; id= 38% 

2618220 - 5.93 NA 2.62 NA NA Diguanylate cyclase in Micromonospora 
sp.; Score= 77; id= 49% 

2620233 NA NA 2.19 NA NA Putative Thiamin diphosphate-binding 
protein in Moniliophthora roreri; Score= 
594; id= 53% 

2620633 NA NA - 2.15 NA NA Dipeptidyl aminopeptidase in Punctularia 
strigosozonata; Score= 2631; id= 51% 

2620649 NA - 4.51 NA NA NA P-loop containing nucleoside 
triphosphate hydrolase protein in 
Dichomitus squalens; Score= 820; id= 
69% 

2620672 - 
4.49 

- 
3.80 

NA NA NA Cytidine deaminase in Trametes 
versicolor; Score= 521; id= 61% 

2620687 - 5.11 NA NA NA NA no match 

2620801 NA 3.48 NA NA NA Predicted: flt3-interacting zinc finger 
protein 1- like in Sus scrofa; Score= 188; 
id= 19% 

2620969 NA NA NA 1.92 NA Cytochrome P450 in Coniophora 
putaneana; Score= 1779; id= 66% 

2622299 NA 3.54 NA NA NA Fasciclin-like protein in Lenitinula 
edodes; Score= 357; id= 42% 

2622668 NA NA 1.75 NA NA no match 

2622778 NA 3.03 NA NA NA Glycoside hydrolase in Trametes 
versicolor; Score= 826; id= 60% 

2622931 - 4.07 NA 1.79 NA NA 40 S ribosomal protein S1 in Lenitula 
edodes; Score= 1263; id= 96% 

2623466 NA NA 1.84 NA NA Spermidine synthase in Laccaria bicolor; 
Score= 1261; id= 36% 

2623995 NA - 
3.08 

NA NA NA Growth arrest specific 2-like in Mycena 
chlorophos; Score= 790; id= 54% 

2625127 - 1.02 - 5.66 NA - 4.50 NA Major facilitator superfamily domain- 
containing protein in Coniella lustricola; 
Score= 84; id= 57% 

2625162 inf NA NA NA NA Glycoside hydrolase family 13 protein in 
Schizophyllum commune H4-8; Score= 
2468; id= 100% 

2625300 NA NA NA 2.26 NA HAMP domain-containing histidine kinase 
in Micromonospora costi; Score= 87; id= 
30% 

2625317 NA NA NA 1.96 NA Antibiotic biosynthesis monooxygenase in 
Frateuria aurantia; Score= 84; id= 26% 

2625787 - 
3.00 

- 
6.67 

- 
4.71 

NA NA Splicing factor SF1 in Coprinopsis 
cinerea okayama; Score= 1759; id= 61% 

2625792 NA - 5.28 - 4.13 NA NA hypothetical proteins 

2625917 NA NA - 2.03 NA NA no match 

2626469 NA NA - 2.18 NA NA Predicted transporter (major facilitator 
superfamily) in Aspergillus oryzae; 
Score= 1759; id= 55% 

2626537 NA NA - 1.70 NA NA no match 

2626545 NA 3.78 NA NA NA Serine/Threonine protein kinase in 
Hahella chejuensis; Score= 79; id= 38% 
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2626581 - 
3.81 

- 
5.46 

NA 2.86 NA no match 

2626803 - 3.12 - 3.76 NA NA NA Bifunctional ornithine acetyltransferase/ 
N-acetylglutamate synthase in 
Paenibacillus sp.; Score= 92; id= 32% 

2626893 NA - 4.10 NA NA NA hypothetical proteins 

2626905 - 3.62 - 3.86 NA NA NA Predicted: endothelial transcription factor 
GATA-2-like in Acyrthosiphon pisum; 
Score= 292; id= 26% 

2627391 - 5.02 NA NA NA NA hypothetical proteins 

2627477 - 3.76 NA 1.71 NA Multidrug resistance- 
associated 
protein/mitoxantrone 
resistance protein, ABC 
superfamily 

ABC transporter in Laccaria bicollor; 
Score= 4543; id= 61% 

2627543 - 4.50 - 4.56 NA NA NA Delta-sterol C-methyltransferase in 
Punctularia strigosozonata; Score= 
1456; id= 77% 

2627703 NA NA - 2.58 NA NA Adenine nucleotide transporter in 
Coprinopsis cinerea okayama; Score= 
1169; id= 62% 

2628645 - 4.19 - 5.30 NA NA NA S-adenosyl-L-methionine-dependent 
methyltransferase, partial in Coniophora 
putaneana; Score= 531; id= 34% 

2628670 NA NA NA - 2.03 NA Other/VPS15 protein kinase in 
Coprinopsis cinerea okayama; Score= 
4988; id= 48% 

2629026 NA - 2.91 NA NA NA Peptide methionine sulfoxide reductase in 
Coprinopsis cinerea okayama; Score= 
840; id= 74% 

2629146 NA - 4.73 NA NA NA Multidrug transporter in Corallococcus 
sp.; Score= 93; id= 34% 

2629217 NA NA - 2.27 NA NA VPS9 domain protein in Rhizoctonia 
solani; Score= 658; id= 29% 

2629242 NA 2.94 NA NA NA Predicted: Parafibromin in Drosophila 
eugracilis; Score= 91; id= 33% 

2629932 NA - 5.20 - 2.63 NA NA C-4 methyl sterol oxidase in Punctularia 
strigosozonata; Score= 1200; id= 72% 

2630516 - 4.29 - 4.31 NA NA NA no match 

2631634 - 4.39 NA NA NA NA High affinity nicotinic acid transporter in 
Coprinopsis cinerea okayama; Score= 
1219; id= 51% 

2631635 - 4.39 - 4.35 NA NA Permease of the major 
facilitator superfamily 

High affinity nicotinic acid transporter in 
Coprinopsis cinerea okayama; Score= 
1219; id= 51% 

2632485 NA - 3.96 NA 2.57 NA Actin cytoskeleton-regulatory complex 
protein PAN1 Ajellomyces capsulatus; 
Score= 109; id= 10% 

2633266 NA - 3.85 NA NA NA UV excision repair protein rhp23 in 
Cryptococcus neofomrans; Score= 503; 
id= 49% 

2633361 - 6.72 - 7.81 NA NA NA MFS general substrate transporter in 
Coniophora putaneana; Score= 251; id= 
38% 

2633382 NA - 3.74 NA NA NA Putative dehydrogenase E1 component 
subunit alpha, mitochndrial in Apis 
mellifera; Score= 83; id= 29% 

2633499 - 4.89 - 3.84 NA NA Synaptic vesicle 
transporter SV2 (major 
facilitator superfamily) 

MFS general substrate transporter in 
Coniophora putaneana; Score= 1332; 
id=52% 

M3- 31 



 Manuscript 3 
 

  80 
 

JGI 
transcript 
ID 

2-fold change  Description KOG BLAST hits at NCBI database 

Ch 
MM 

Pa 
HM 

Pa 
Ch 

HM 
MM 

  

2633611 3.29 NA NA NA NA Sfk1 in Hypsizygus marmoreus; Score= 
479; id= 62% 

2633632 NA - 3.90 NA NA NA no match 

2633699 - 6.53 - 6.64 - 2.09 NA NA EMILIN-3 (elastin microfibril interacter 3), 
partial in Chlamydotis macqueenii; Score= 
80; id= 40% 

2633705 NA NA - 3.48 NA NA hypothetical proteins 

2633851 - 
4.16 

- 
4.54 

NA NA NA hypothetical proteins 

2633862 NA - 3.95 NA NA NA General substrate transporter in 
Dichomitus squalens; Score= 966; id= 
70% 

2634178 NA NA - 2.95 NA NA hypothetical proteins 

2634274 NA NA - 2.47 NA NA Acetamidase Formamidase in 
Coniophora puteana; Score= 805; id= 
82% 

2634450 3.72 NA NA NA NA ECSIT domain containing protein in 
Rhizoctonia solani; Score= 340; id= 33% 

2634654 NA NA 2.13 - 2.70 NA Non-structural maintenance of 
chromosome element 4 in Hypsizygus 
marmoreus; Score= 981; id= 56% 

2636155 NA NA 2.21 NA NA Cytochrome p450 in Moniliophthora 
roreri; Score= 1082; id= 47% 

2636215 NA NA NA 2.35 NA 60 S ribosomal protein L18A in Postia 
placenta; Score= 807; id= 89% 

2637065 - 
3.48 

- 
4.09 

NA NA NA hypothetical proteins 

2637255 NA 5.30 NA NA NA RNA ligase in Laccaria bicolor; Score= 
531; id= 69% 

2637838 3.72 NA NA NA NA Ketosteroid isomerase-like protein in 
Pseudomonas fluorescens; Score= 125; 
id= 31% 

2637900 - 
5.00 

- 
5.63 

NA NA NA hypothetical proteins 

2638021 NA NA - 1.84 NA NA hypothetical proteins 

2638783 - 4.80 - 5.14 NA NA Synaptic vesicle 
transporter SV2 (major 
facilitator superfamily) 

MFS general substrate transporter in 
Coniophora puteana; Score= 1630; id= 
60% 

2639986 NA - 4.16 NA NA NA hypothetical proteins 

2640462 NA - 
4.72 

NA 2.13 NA no match 

2640484 - 3.30 NA NA NA NA HNH endonuclease in Rhizoctonia 
solani; Score= 174; id= 31% 

2640495 NA - 4.36 - 2.04 NA NA Predicted: sodium channel protein type 
10 subunit alpha in Dipodomys ordii; 
Score= 95; id= 28% 

2640585 5.81 NA NA NA NA no match 

2640596 4.73 NA NA NA NA hypothetical proteins 

2640876 - 5.87 - 7.49 - 2.15 NA NA Tryptophan 2,3-dioxygenase in 
Cobrinopsis mediterranea; Score=848; 
id= 45% 

2640893 NA 4.43 NA NA NA hypothetical proteins 

2640924 NA NA NA 1.87 NA hypothetical proteins with DUF 4604 
domain 

2640999 - 
4.68 

- 
6.31 

NA NA NA hypothetical protein 

2641520 - 5.81 - 5.12 NA NA NA Probable AMD2-amidase Sporisorium 
reilianum; Score= 232; id= 50% 
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2641735 NA NA NA 3.59 NA Galactosyltransferase domain containing 
protein in Rhizoctonia solani; Score= 
189; id= 37% 

2642070 NA - 3.60 NA NA NA P-loop containing nucleoside 
triphosphate hydrolase protein in 
Dichomitus squalens; Score= 1551; id= 
43% 

2642686 - 4.15 - 4.64 NA NA NA Heme peroxidase in Punctularia 
strigosozonata; Score= 2405; id= 41% 

2642928 NA inf NA NA NA Related to Actin-2 in Armillaria ostoyae; 
Score= 249; id= 33% 

2644956 NA NA - 2.14 NA NA Glycoside hydrolase in Auricularia 
delicata; Score= 676; id= 50% 

2645079 - 
3.27 

NA NA NA NA no match 

2662082 - 3.71 NA NA NA NA N-myristoyl transferase in Stereum 
hirsutum; Score= 1770; id= 67% 

2662683 - 3.53 - 5.29 NA NA NA UBC-like protein in Auricularia delicata; 
Score= 515; id= 61% 

2664319 2.90 NA NA NA NA Zinc ion binding in Ascochyta rabiei; 
Score= 129; id= 34% 

2666269 NA - 3.37 NA NA NA Brt1 in Schizophyllum commune; Score= 
669; id= 99% 

2666280 - 3.73 - 4.55 NA NA NA Ras-interacting protein 1 in Bos taurus; 
Score= 122; id= 24% 

2666810 - 3.88 NA NA NA NA DUF1212 domain membrane protein in 
Coprinopsis cinerea okayama; Score= 
1715; id= 56% 

2667308 - 
3.68 

NA NA NA NA Proteophosphoglycan pp4 in Leishmania 
mayor; Score= 198; id= 22% 

2668091 NA - 3.43 NA NA NA Alpha/beta-hydrolase in Stereum 
hirsutum; Score= 615; id= 48% 

2668098 - 4.15 - 4.09 NA NA NA hypothetical proteins 

2668122 - 3.41 - 3.65 NA NA NA Putative methyltransferase in Punctularia 
strigoszonata; Score= 972; id= 74% 

2668417 - 3.40 NA NA NA NA Cysteine proteinase in Punctularia 
strigosozonata; Score= 1503; id= 52% 

2668705 - 6.50 - 4.58 NA NA NA Aldolase in Trametes versicolor; Score= 
198; id= 19% 

2669985 NA NA 1.91 NA NA mtDNA inheritance protein Dml1 in 
Laccaria bicolor; Score= 891; id= 28% 

2670889 - 3.12 NA NA NA NA Mannoprotein in Coprinopsis cinerea 
okayama; Score= 1092; id= 70% 

2672425 NA - 
3.21 

NA NA NA HNH endonuclease in Rhizoctonia 
solani; Score= 174; id= 31% 

2672502 NA NA NA 2.29 NA Myo-inositol oxygenase in Schizophyllum 
commune ; Score= 1213; id= 100% 

2672592 NA - 3.40 NA NA NA Glycosyltransferase family 32 protein in 
Laccaria bicolor; Score= 1425; id= 59% 

2673438 NA NA 1.83 NA NA GMC oxidoreductase in Formitiporia 
mediterranea; Score= 416; id= 49% 

2677561 NA NA NA - 4.30 NA Proteophosphoglycan ppg3, putative in 
Leishmania major; Score= 204; id= 23% 

2683542 2.95 NA NA 2.16 NA Enyl-CoA hydratase/isomerase family 
protein in Erythrobacter sp.; Score= 91; 
id= 61% 

2685035 NA NA - 2.26 NA NA Amidohydrolase in Coprinopsis cinerea 
okayama; Score= 1482; id= 45% 

2686334 - 3.77 NA NA NA NA Proteophosphoglycan 5 in Leishmania 
major strain Friedlin; Score= 431; id= 
19% 

2689334 NA NA 2.24 NA NA Methionyl-tRNA synthase in Trametes 
versicolor; Score= 2466; id= 64% 
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2690020 - 
4.01 

- 
5.68 

NA NA NA Alpha/beta-hydrolase in Punctularia 
strigosozonata; Score= 816; id= 38% 

2694864 6.89 4.74 NA NA NA Kinase-like protein in Auricularia delicata; 
Score= 710; id= 34% 

2696261 3.74 NA NA NA NA hypothetical proteins 

2696376 NA NA - 1.89 NA NA Duf domain containing protein in 
Chromobacterium violaceum; Score= 90; 
id= 23% 

2697838 NA NA 1.91 NA NA hypothetical proteins 

2698689 NA NA NA 1.88 NA hypothetical proteins 

2700393 4.61 NA - 2.24 NA NA UPF0183-domain containing protein in 
Trametes versicolor; Score= 1329; id= 
66% 

2701559 NA NA - 1.78 NA NA SH3-domain containing protein in 
Dichomitus squalens; Score= 387; id= 
23% 

2703529 - 5.88 - 3.23 2.48 NA NA FAD/NAD(P)-binding domain-containing 
protein in Coniophora puteana; Score= 
1090; id= 22% 

2703875 - 6.09 - 3.68 NA - 1.95 NA Proteophosphoglycan ppg4 in 
Leishmania major; Score= 256; id= 22% 

2704336 - 3.43 NA NA NA NA hypothetical proteins 

2705421 - 3.31 NA NA - 1.68 NA Gag-pol polyprotein in Moniliophthora 
rorei; Score= 170; id= 28% 

2706622 NA NA NA 1.71 NA Nbs1 in Moniliophthora roreri; Score= 
265; id= 35% 

2706631 4.20 NA NA NA NA hypothetical proteins 

2715898 NA NA - 1.74 NA NA HAD-IIIA family hydrolase in 
Ruminococcus bromii; Score= 91; id= 
27% 

2733368 NA inf NA NA NA Possible amidase enhance in 
Synechococcus sp.; Score= 127; id= 8% 

2746250 - 3.49 NA NA NA NA Transaldolase in Punctularia 
strigosozonata; Score= 1458; id= 87% 

Shown are the four comparisons grown on Chernobyl soil compared to minimal medium (Ch MM), 

Paradies soil versus heavy metal-containing medium (Pa HM), Paradies soil versus Chernobyl soil (Pa 

Ch), heavy metal-containing versus minimal medium (HM MM). Data not available (NA), infinite (inf) 
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Suppl. Fig. S5: Verification of mRNA-Seq by qPCR. A: minimal medium vs. 

Chernobyl soil; B: heavy metal medium vs. Paradies soil; C: Paradies soil vs. 

Chernobyl soil; D: minimal medium vs. heavy metal medium. 

 

Suppl. Tab. S3: Comparisons for mRNA sequencing. Expression changes were 

compared between different cultivations and metal concentrations using mRNA 

sequencing (italics) and qPCR (bold) in the wild-type S. commune 12-43. 

JGI Transcript ID, Description 2-fold change 

MM vs. Ch HM vs. Pa Ch vs. Pa MM vs. HM 

2502252, General substrate 
transporter 

3.2 
1.7 

5.5 
2.7 

2.6 
0.5 

0.4* 
-0.5 

2107770, MFS general substrate 
transporter 

-1.5* 
-3.4 

1.4* 
3.1 

0.4* 
2.9 

-2.5 
-3.6 

2086920, Glutathione S-transferase -3.6 
-2.1 

0.7* 
2.6 

-0.1* 
-0.9 

-3 
-3.9 

Values marked with * were not significant in the mRNA sequencing results. Ch= 
Chernobyl soil; MM= Minimal medium; Pa= Paradies soil; HM= Heavy metal medium. 

 

Suppl. Tab. S4: Primers used in this study. 

Primer 
name 

NCBI ID Gene Sequence (5’-3’) Product 
length 
in bp 

Primer 
efficiency 
(%) 

mfs4 XM_003027220.1 Hypothetical 
Major 
Facilitator 
Superfamily 
general 
substrate 
transporter 

For: GCAGCTAGATGCAAGAACGAGC 
Rev: GCCAGATAGGCCCCAATGTATAG 

162 93 

gtrans3 XM_003031963.1 Hypothetical 
general 
substrate 
transporter 

For: GTCGAGAGATTCGGACGCAAG 
Rev: AACGACCCAAGGAACTGGTCC 

198 95 

gsto4 XM_003027462.2 Hypothetical 
gluthatione 
S- 
transferase 

For: GCTTTTCGACGGCTGGGACAA 
Rev: CTTTAGCCACCTGTTGATCGCTG 

193 98 

act XM_003026104.1 Actin-1 For: CTGCTCTTGTTATTGACAATGGTTCC 
Rev: AGGATACCACGCTTGGACTGAGC 

178 96 

tef XM_003037215.1 Translation 
elongation 
factor 1a 

For: AGCTCGGCAAGGGTTCCTTCA 
Rev: AACTTCCAGAGGGCGATATCA 

97 97 

ubi XM_003036409.1 Ubiquitin- 

conjugating- 
protein 

For: GAAGGAGTACGATGCGAAGG 
Rev: TCCTCCTCTGCCTTCTTGC 

93 90 
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Experimental Procedures for working with RNAs 

 

Metal determination by ICP-MS 

Microwave digestion of 0.2 g dried and ground mycelium were mixed with 5 ml 65% 

nitric acid, 25 ml distilled water, and incubated for 10 min at RT. The samples were 

heated to 180°C for 15 minutes in an air-tight and pressure-tight vial in a microwave 

(MARS 5 Xpress, CEM, Matthews, USA), the temperature was maintained for a 

further 15 minutes and cooled for 30 minutes. The digested samples were 

centrifuged at 3000 rpm for 15 min and  the supernatant was adjusted to a pH of 2 

with nitric acid. Both total digestion and the bioavailable fractions 1 and 2 of a 

sequential extraction of   Chernobyl soil (Zeien and Brümmer, 1989) were analyzed 

by ICP-MS (XSeries II, ThermoFischer Scientific, Waltham, USA). 

 

Staining and microscopy 

Both fungal strains were grown for 5 days on MM+ura with and without 0.2 mM 

CdCl2 topped with 4 coverslips per petri dish. Single hyphae grew over the 

coverslips. Those were stained with Leadmium Green AM (ThermoFisher 

Scientific, Waltham, USA) that stains Cd and Pb, and Synapto Red (FM4-64, 

Biotium, Apprieu, France) to visualize vacuoles and vesicles. For staining, 30 µM 

Synapto Red was added to the coverslips and incubated for 20 min, before adding 

the Leadmium Green dye (50 µg Leadmium green dissolved in 50 µl DMSO and 

1:10 diluted with 0.9 % NaCl). After incubation for 2 h at RT, the coverslips were 

washed three times with ½ MM+ura. 

For fluorescence microscopy, Axioplan 2 microscope (Carl Zeiss, Jena, Germany) 

was used and images were recorded with a SPOT Insight FireWire camera 

(Diagnostic Instruments, Munich, Germany). Confocal laser scanning microscopy 

(LSM 780, Carl Zeiss, Jena, Germany) using 40x/1.30 NA EC Plan-Neofluar 

objective at a laser intensity of 0.2 % and a wavelength of 514 nm (Synapto red) 
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and 488 nm (Leadmium green) was used with detection in a range of 474-518 nm. 

Images were calculated and finalized with the program Zen2 (blue edition). 

 

mRNA sequencing and microarray analysis 

S. commune 12-43 was grown for 4 weeks on 100 g of sterilized soil from the 

Chernobyl Exclusion Zone (51°20’54’’ N 30°07’41’’E) and contaminated soil from 

a park (50°55'22.2"N 11°35'10.0"E) with 50 ml ½ MM+ura added to the soil to 

promote faster growth at 16°C to mimicking natural conditions. Autoclaving  was 

used since previous experiments had confirmed sterility as well as low impact on 

changes in metal availability (Krauße et al., 2019). The metal concentration in the 

soils was determined by ICP-MS (compare suppl. Tab. S1). 

S. commune was inoculated and incubated to liquid MM+ura with and without the 

added heavy metal composition found in the soil analyses of the park soil with 

growth for 2 weeks at 125 rpm and 16°C, to exclude effects of growth on structured 

surfaces in soil. The harvested mycelium was homogenized by grinding with liquid 

nitrogen. From approx. 100 mg mycelium, RNA was extracted (RNeasy Plant Mini 

Kit, Qiagen, Hilden, Germany). The mRNA isolation, library preparation, TopHat 

alignment to S. commune genome 

(https://mycocosm.jgi.doe.gov/Schco3/Schco3.home.html) and bioinformatic 

pairwise comparisons with Cuffdiff 2 workflow were done by StarSeq (Mainz, 

Germany; Trapnell et al., 2012). Significance was assumed when p ≤ 0.005 and q 

≤ 0.05. 

A microarray analysis previously published (Freihorst et al., 2018) was used to 

verify results. From that analysis, we used the comparisons between S. commune 

12-43 grown on MM+ura  and grown with contaminated seepage water (HSW), as 

well as the co-isogenic S. commune W22 grown with cadmium. 
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qRT-PCR 

For verification of RNA sequencing results, the wild-type and adapted strains were 

grown at 28°C for 5 days on cellophane-topped MM+ura plates with 75 mM SrCl2, 

50 mM CsCl, 5 mM  ZnCl2, 0.2 mM CdCl2, or the concentration of the 5 most 

abundant bioavailable metals in Chernobyl soil (suppl. Tab S3). 100 mg mycelium 

was homogenized with liquid nitrogen and  total RNA was isolated (RNeasy Plant 

Mini Kit, Qiagen, Hilden, Germany). cDNA was synthesized from 500 ng RNA 

(QuantiTect Reverse Transcription Kit, Qiagen, Hilden, Germany). 

qRT-PCR was performed with the qTOWER3 from AnalytikJena (Jena, Germany). 

Each reaction consisted of 3.125 µl Maxima SYBR Green/ROX qPCR Mastermix 

(2x; ThermoFischer Scientific, Waltham, USA), 0.5 µl each of 10 pmol/µl primers 

(suppl. Tab. S4), 1.125 µl water, and 1 µl cDNA 1:10 diluted. The qPCR was run 

with 10 min initial denaturation at 94°C, 40 cycles of 20 sec 94°C, 20 sec 59°C, and 

20 sec 72°C, followed by 2  min final elongation at 72°C. A melting curve was 

measured after every run from 60 to 94°C with ∆1°C per 30 sec. All measurements 

were performed in 3 biological and 3 technical replicates with a negative control 

and a “no reverse transcriptase” control each. Relative expression was calculated 

(Pfaffl, 2001) using the housekeeping genes actin1 (XM_003026104.1), ubiquitin 

(XM_003036409.1) and translation elongation factor 1 (XM_003037215.1). 

Significance was tested with a two-tailored t-test with unequal variances and a p-

value of ≤ 0.05. 
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4.4.1 Summary 

This study investigates the role of inositol signaling in basidiomycetes, since it is already known 

that inositol signaling is involved in a large number of physiological processes in other fungi. 

Therefore, the key enzyme inositol monophosphatase was overexpressed in S. commune T33 

and a mutant was produced, which were used for the following experiments. We could show 

both that the inositol cycle is involved in metal tolerance, and also an influence of metal stress 

on this signaling pathway. An important role in cell wall integrity and vesicle trafficking could 

also be proven. The role of inositol signaling for cellular trafficking could be confirmed by 

means of proteome analysis. In addition, we were able to develop a model that links the Ras 

pathway, which has already been researched, with the inositol pathway in S. commune. 
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5. Discussion 

5.1  S. commune can survive in contaminated soil without changing the 

microbial community 

A major aim of this study was to investigate if S. commune can be used for mycoremediation 

of contaminated soil. In particular, it was tested if it can survive in the radionuclide 

contaminated soil of the CEZ. Although S. commune is a wood rot fungus, it was reported that 

several related species can survive in soil (Canet et al. 2001; Morgan et al. 1993; Novotny et 

al. 2000). In all studies conducted so far, an additional carbon source was added with the fungi 

into the soil, like hemicellulose with a wheat straw amendment (Morgan et al. 1993). In our 

study, the survival of S. commune was tested without any additional carbon source. For this 

purpose, S. commune was inoculated into the test field in the CEZ and the survival and spread 

were tested after 6 and 12 months with species-specific primers and quantitative PCR. 

Additionality, the survival was tested for one year under laboratory conditions in a plate assay.  

Although S. commune grows saprotrophically and has not been described to occur naturally 

in soil, its survival in the CEZ has been demonstrated. Increased DNA concentrations of S. 

commune could not only be detected in the originally inoculated rows, but also at the sampling 

site M1, which was about 1 meter away (see Manuscript 1, Figure 1, and Table 1). This leads 

to the conclusion that the fungus not only survived, but also spread in the contaminated soil. 

Since the last inoculation of the closer row of plants was 6 months ago, this results in a growth 

rate of 8 mm per day. This matches the growth rate of 5 -10 mm per day on artificial medium 

for S. commune (Brunsch et al. 2015). This might be relating to the reported finding that fungi 

grow faster and have longer, unbranched hyphae- the so-called runner hyphae- when growing 

in soil under stressful conditions e.g. nutrient depletion (Allen 2007; Agerer 1999; Muthukumar 

et al. 2014). Growth rates of runner hyphal growth are faster than that reported for well-fed 

hyphae, also for other fungi growing in soil (Camel et al. 1991; Smith, Bruhn, and Anderson 

1992). It can be excluded that the detection of S. commune DNA in the soil is based on the 

natural occurrence or spreading by spores since a monokaryotic strain was inoculated. 
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Moreover, it could be shown that S. commune survived for at least one year under laboratory 

conditions only with CEZ soil without additional nutrients (Manuscript 1). Thus, S. commune 

seems to be so far the only wood-rot fungus that has been demonstrated to survive in soil for 

several months without an additional carbon source. 

At the CEZ, S. commune had to cope with increased radiation values of 2-6 µGy/h at ground 

level and 18-22 µGy per day at a height of one meter measured on the test field. The radiation 

values are distributed very heterogeneously at ground level due to so-called hot particles, and 

the radiation distribution in the depth profile is also very heterogeneous (Manuscript 1). A highly 

dose-relevant hot particle is 241Am. It was distributed heterogeneously on the ground 

immediately after the reactor accident in the CEZ and thus on the test field (Steinhauser 2018; 

Walther and Denecke 2013). Consequently, S. commune must be able to survive such doses 

even without a long period of adaptation. It is possible that due to the inhomogeneous 

distribution of the radiation, the fungus survived by avoiding hot spots. This would offer, at the 

same time, a longer adjustment time for the resulting hyphae, and thus the possibility of 

adaptation. Some studies have already been carried out on the adaptation to radiation over a 

longer period in the CEZ, but none with basidiomycetes (Galván et al. 2014; Klubicova et al. 

2012; Kovalchuk et al. 2004). It was reported that several fungi can survive doses up to 1000 

Gy/h (Aziz et al. 1997).  However, these tests took place under laboratory conditions. S. 

commune had to survive several adverse conditions at the same time in the dry, sandy CEZ 

soil. 

The basidiomycete could not only withstand the harsh conditions, it even was able to compete 

with other soil fungi under these conditions. With a community analysis at the different 

sampling points at the test field, we found that neither the inoculation with fungi, nor the planting 

regime changed the microbial soil community significantly at the phylum level. However, a 

strong fluctuation in richness and diversity in the bacterial community was observed 

(Manuscript 2). Since this could not be related to the inoculations, it can be concluded that it is 

due to the very inhomogeneous contamination of the test field. Sample points that were in the 

vicinity of strongly radiating hot particles probably had a less species-rich and less diverse 
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community. This effect could not be observed for fungi, as they spread over longer distances 

and thus can withstand locally higher contamination. Particularly harsh environmental 

influences can lead to very limited microbiomes, even to a point where a slight change in 

conditions such as the inoculation of a new fungus or plant does not longer result in a change 

of the microbiome composition. The soil of the test field is a sandy podzol that tends to dry out 

quickly, there is long-term radiation and quite large temperature fluctuations of -30°C to 30°C 

because of the continental climate, which certainly amounts to adverse conditions (Schulz 

2020; https://www.climatestotravel.com/climate/ukraine, 07.07.2021). It is all the more 

remarkable that S. commune survived and was detected in the community analysis. 

Thus, S. commune is a potentially suitable organism for mycoremediation. Due to its ability to 

produce laccases for lignin degradation, the fungus is able to change the composition of 

minerals (Kirtzel et al. 2019). This could lead to an altered bioavailability of metals and 

radionuclides (Günther et al. 2014). In turn, this may explain the survival in the soil of CEZ, 

and it provides a case study also implying that other fungi might survive. A study showed that 

the inoculation of S. commune near crops growing in radionuclide contaminated soil leads to 

a higher amount of harvested potatoes (Vuković et al. 2020). Since the presence of S. 

commune increased the transfer rate of 137Cs into the green of winter rye and the potato tuber, 

these plant materials might be harvested and safely removed to extract contaminants and thus 

provide a land management scheme for re-using CEZ soils in the future. Even under natural 

conditions on the test field in CEZ, the inoculation with S. commune led to increased 137Cs 

values in potato plants (Schulz 2020). Additionally, it was reported that S. commune induces 

the antioxidative response in winter rye shoots grown in radionuclide contaminated soil 

(Vuković et al. 2020). Coming back to mechanisms for bioremediation, these facts imply that 

S. commune is likely mobilizing radionuclides. 

Fungi have a large mycelial network. This can contribute to remediation by transferring 

radionuclides to result in more homogeneous surroundings for co-occurring organisms like 

plants. A more even distribution of the contamination may enable agriculture in polluted areas 

again. This is particularly relevant in the CEZ with the large occurrence of hot particles. We 

https://www.climatestotravel.com/climate/ukraine
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were able to show that S. commune can transport both Cs and Sr (Manuscript 3). Thus, the 

original disadvantage of metal mobilization can become useful in mycoremediation.  

Furthermore, it should be investigated, whether S. commune inoculated together with 

mycorrhizal fungi can increase plant metal uptake. After plant harvest, lower resulting 

contamination might then contribute to soil remediation. Thus, it could be shown that even 

unusual fungi such as wood-rot mushrooms are suitable for mycoremediation. 

 

5.2  The metal tolerance mechanism of S. commune is an avoidance strategy 

In order to understand the potential use of S. commune as an organism for mycoremediation, 

the underlying mechanisms by which the fungus reacts to metal stress must be investigated. 

For this purpose, the level of metal tolerance against Sr, Cs, Zn, and Cd as well as the influence 

of pH and temperature was checked. This is important because metal toxicity differs with 

different abiotic factors and environmental conditions change significantly with different 

habitats. It emerged that the fungus can tolerate significantly higher concentrations than can 

be found in CEZ or other contaminated areas (Wasser et al. 1991; Nriagu and Pacyna 1988). 

Overall, it was found that Cs, Zn, and Cd are better tolerated at higher temperatures, 

regardless of the pH value. In contrast, a change in relation to the pH value could be observed 

in the case of strontium. As usual, at pH 7.5 the tolerance is highest at the highest tested 

temperature of 28°C and lowest at the lowest temperature of 16°C. Already at pH 6 the 

tolerance at 16°C is higher than at the middle temperature. Finally, at pH 4.5, growth is most 

inhibited at the optimal temperature of 28°C, and at 16°C and a low SrCl2 concentration, growth 

of S. commune was even promoted compared to the control (Manuscript 3 Figure 1 and S2). 

The previously mentioned growth form of “runner hyphae” can explain the enlarged colony 

diameter, but S. commune also grew with more aerial mycelium at 10 mM and 25 mM SrCl2 

(Manuscript 3 Figure S2). Both divalent cations Sr2+ and Ca2+ can be substituted for each other 

in cells (Saidak and Marie 2012). Ca is known to be involved as a second messenger on hyphal 

growth and phosphate storage in S. commune, which together could be an explanation for 

enhanced growth (Murry 2018).  
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Furthermore, an S. commune strain adapted to strontium was produced, which also showed 

significantly increased tolerance against Cs without a changed morphology. Comparative 

studies to the wild-type showed that the adapted strain S. commune 12-43 Sr transported less 

Sr and Cs. Also, the uptake of Sr, Cs, and Zn was decreased compared to the wild-type. 

Whereas the uptake of Cd in the adapted strain is significantly increased. Since the increased 

tolerance of the adapted strain was accompanied by a lower accumulation of metals, the 

conclusion that the fungus had developed an avoidance strategy is reasonable. Increased 

efflux or reduced influx of the metals are likely, however, mechanisms such as extracellular 

chelation by secreted ligands would also be possible (Bellion et al. 2006). S. commune 12-43 

Sr seems to respond to Cd by a different mechanism. 

Another important investigation to examine the metal tolerance mechanisms of S. commune 

was mRNA sequencing. The comparative analysis of the transcriptome of S. commune grown 

on the two soils compared with artificial medium each with high and low metal content showed 

that a change in substrate resulted in much more significant differentially expressed genes 

than a change in metal content. Most of the 264 significant gene regulations were not 

annotated, but what stood out was that genes that belong to transporters tended to be down-

regulated under metal stress. However, genes that were associated with the secretory pathway 

tended to be up-regulated. This could be already a hint to the metal tolerance mechanism of 

S. commune. This pattern was also found in a transcriptomic analysis of the metal stress 

response of Saccharomyces cerevisiae (Ruotolo et al. 2008). These regulations seemed to be 

a metal-specific response and lead to enhanced Ni tolerance but higher Cd sensitivity. In our 

study, contaminated soil was used therefore containing a mixture of metals (the five most 

abundant bioavailable metals: Al, Mn, Zn, Fe, Cu). Consequently, no statement can be made 

about the metal specificity. One possible explanation for this expression pattern would be a 

reduced uptake of metals due to the down-regulated transporters and increased sequestration 

in vacuoles or export through exocytosis due to the up-regulated secretory-associated genes. 

The sequestration of metals could already be observed in former studies for S. commune 

(Kirtzel et al. 2019).  In this study a sequestering of Cd in vacuoles at the hyphal tip could be 
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observed too using fluorescence microscopy (Manuscript 3 Figure S4). This was seen in both 

the wild-type S. commune 12-43 and the adapted strain. The same behavior towards Cd 

seems logical because S. commune 12-43 Sr showed no significantly increased Cd tolerance. 

From a large number of significantly regulated genes, some genes of interest were selected 

for further investigation. Among other things, two transporters were examined more closely. 

The first is a general substrate transporter that is associated with metabolism. It was up-

regulated under metal stress in both the mRNA sequencing and the subsequent qPCR analysis 

(Manuscript 3 Figure 5). This corresponds to previous studies, which showed that stress often 

leads to higher carbohydrate metabolism rates (Chiapello et al. 2015). The second transporter 

belongs to the group of the Major Facilitator Superfamily (MFS). It was down-regulated in the 

mRNA-Seq and the qPCR with the wild-type under metal stress, but not in the adapted strain. 

MFS transporters are rather unspecific and also transport various different toxic compounds 

and ions (Stergiopoulos et al. Waard 2002). Within the MFS transporters, there is the class of 

multidrug transporters. They exchange an H+ for the toxin and can thus counteract an 

accumulation. This group is assigned an important role in responding to heavy metal stress 

(Peng et al. 2011). The MFS transporter investigated in our study is not further annotated. Still, 

a higher regulation under metal stress in the adapted strain could therefore speak for increased 

export of metals as the acquired resistance mechanism.  

Furthermore, the expression of a glutathione S-transferase was examined more closely. Its 

expression was always up-regulated in the wild-type under metal stress, both in the mRNA-

Seq and in the qPCR. Glutathione S-transferases are enzymes that catalyze the binding of 

glutathione to toxic compounds. The conjugates are then excreted out of the cell or 

sequestered in the vacuole (Morel et al. 2009). Thus, increased activity is expected in the 

presence of toxic substances such as heavy metals. Except for Cd, no up-regulation was 

detected in the adapted strain. This suggests that the cellular stress was significantly reduced 

by the acquired tolerance mechanism in the presence of Cs, Sr, and Zn. 
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5.3  Inositol signaling and metal tolerance are connected in S. commune 

Inositol signaling has been studied intensively for over 30 years (Berridge 1989) and plays an 

important role in many physiological processes, including metabolic adaptation, vesicle 

trafficking, and sexual development (Lev et al. 2015; Li et al. 2016; Xie et al. 2017). Since the 

genome of S. commune has been fully published (Ohm et al. 2010) and the fungus is suitable 

for transformation and genetic modifications (Munoz-Rivas et al. 1986; de Jong et al. 2006), 

several signaling pathways including inositol signaling have already been researched in it 

(Raudaskoski and Kothe 2010; Knabe et al. 2013; Murry et al. 2019). But so far, the interplay 

between the response to metals and the inositol cell signaling pathway has hardly been 

researched in microorganisms. In basidiomycetes, this topic has not yet been explored at all. 

This thesis examined how metal stress affects the expression of genes associated with the 

phospho-inositol cycle and vice versa the influence of altered inositol signaling on metal 

tolerance.  

 

Fig. 4: Schematic representation of the phosphoinositol signaling with gene regulation under 
metal stress in S. commune. Enzyme abbreviations: PLC= phospholipase C; PKC= protein 
kinase C; IMK= inositol polyphosphate multikinase; ITP= inositol 1,4,5-triphosphate 
phosphatase; IPP= inositol polyphosphate phosphatase; IMPase= inositol monophosphatase; 
MIOX= myo-inositol oxygenase; PIS= phosphatidylinositol synthase; PI4K= 
Phosphatidylinositol 4-kinase; PI5K= phosphatidylinositol 5-kinase. 
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The expression analysis was done with a microarray analysis (GEO omnibus acc. no. 

GSE172373). The mRNA sequencing and subsequent qPCR analysis showed that a myo-

inositol oxygenase (XM_003027475.1) and a hypothetical inositol polyphosphate phosphatase 

(XM_003036036.1) were significantly regulated under metal stress. The qPCR analysis was 

able to confirm the direction of regulation of the mRNA sequencing. The examination of all 

genes regulated under metal stress, which transcribe for enzymes of inositol signaling, showed 

that kinases tended to be up-regulated and phosphatases tended to be down-regulated (see 

Fig. 4 and Manuscript 4 Table S3). This would lead to a shift in the inositol cycle from myo-

inositol towards phosphorylated inositol compounds such as PIP2. Chaouch and Noctor 2010 

found that in Arabidopsis thaliana oxidatively induced cell death caused by H2O2 leads to a 

reduction in the myo-inositol level. Here the thesis is made that the concentration of myo-

inositol in the cell plays a key role in the decision whether oxidative stress leads to a defense 

mechanism. In the brown algae Ectocarpus siliculosus repression of myo-inositol and cross-

talk with oxidative stress were found under Cu stress too (Ritter et al. 2014). This supports our 

results, because the toxic effect of metals comes, among other things, from the formation of 

oxidative stress (Valko et al. 2005). The up-regulated inositol polyphosphate phosphatase, 

which has been investigated in more detail by qPCR, was also already associated with the 

response to oxidative stress in earlier studies (Kaye et al. 2011; Kilaparty et al. 2016). 

However, this cross-talk has never been proven in fungi before. 

A clear down-regulation of inositol multikinases under metal stress could be observed (see Fig. 

4 and Manuscript 3, Table S3). This likely leads to lower levels of highly phosphorylated inositol 

phosphates and pyrophosphates. Since pyrophosphates play a crucial role in regulating 

phosphate homeostasis and cell death, the reduced level is likely to have an impact on the 

behavior of S. commune (Saiardi 2012; Saiardi et al. 2005). 

It could also be shown that the intracellular calcium concentration in S. commune was 

significantly reduced when it was grown with different metals. The calcium concentration is 

reduced from 7-fold in the presence of SrCl2 to 4-fold in the presence of CdCl2 (Manuscript 4, 

Table 1). One possible reason for this is the uptake of metals instead of calcium through ion 
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channels (Zhang et al. 2018), or the changed inositol signaling and thus reduced Ca2+ influx. 

The second, however, seems rather unlikely, since under the influence of metals both the 

enzymes that lead to the second messenger Diacylglycerol (DAG) were up-regulated and also 

the protein kinase C (PKC), which leads to the activation of L-type Ca2+ channels (Yu 2004) 

and thus to increased calcium influx. Overall, a lower Ca concentration will lead to changes in 

physiological processes in the cell, because Ca2+ is an important second messenger, which is 

involved in a variety of processes (Berridge 1989). It has also been reported that increased Ca 

concentrations have a protective function against oxidative stress and lead to increased Cd 

tolerance (Huang et al. 2017). Therefore, the greatly reduced Ca levels in S. commune 

probably make it more susceptible to the oxidative stress that is caused by the increased metal 

concentrations and also has an influence on inositol signaling. 

In order to investigate whether altered inositol signaling leads to a change in metal tolerance, 

a growth test with an inositol monophosphatase overexpression mutant (impOE4) from S. 

commune was compared to its empty vector control (EVC1) and two wild-types (T33 and 12-

43). The mutant grew significantly better on cadmium compared to the wild-types and the strain 

carrying the empty vector control. However, its growth was significantly reduced in the 

presence of Cs and Zn (Manuscript 4 Figure 3). This suggests that higher IMPase levels, which 

lead to a shift in the inositol cycle towards myo-inositol, lead to a reduced Zn and Cs tolerance. 

This finding is in agreement with the results in Arabidopsis thaliana and Ectocarpus siliculosus 

(Chaouch and Noctor 2010; Ritter et al. 2014). Since the overexpression of the IMPase in S. 

commune led to an increased Cd tolerance, another mechanism must be present here. No 

statement can be made about Sr on the basis of the colony diameter, since T33 and the two 

resulting strains EVC1 and impOE4 grew with significantly less aerial mycelium in the form of 

"runner hyphae". 
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6. Conclusion and Outlook 

Fungi are almost omnipresent in the environment and play an important role in environmental 

interactions. With increasing environmental pollution, their role in remediation of contaminated 

soils is also increasing. 

Within this work, we could prove that S. commune is a potential candidate for bioremediation. 

Although it is a natural wood decomposer, it can survive in the habitat soil for at least one year 

without an additional source of carbon and thus outperform other wood-rotting fungi. There, it 

succeeded in asserting itself against the natural microbiological community and even spread 

with relatively great speed. In addition, the fungus can tolerate long-term radiation, high metal 

concentrations, and fluctuating abiotic conditions. 

The mechanism behind this tolerance could be examined more closely using a newly created 

metal-adapted strain. Because it showed a lower transport and uptake rate, the acquired or 

strengthened mechanism is most likely an avoidance strategy. Since a potentially metal 

exporting MFS transporter is higher expressed in the adapted strain, enhanced efflux seems 

to be likely for the increased tolerance. A lower expression of a glutathione S-transferase under 

metal stress in the adapted strain indicates lower oxidative stress due to the improved 

tolerance. In order to be sure which particular tolerance mechanism is the basis or whether 

several mechanisms complement each other, further studies are necessary. Verification of the 

increased efflux is also sensibly combined with a detailed examination of the responsible 

transporter. 

Since the mRNA sequencing showed two significantly differentially expressed genes, which 

are associated with inositol signaling, it was investigated whether there is a connection 

between metal stress and this pathway. On the one hand, it could be demonstrated that metal 

stress influences the phospho-inositol cycle and shifts it in the direction of phosphorylated 

inositol compounds, but probably inhibits the formation of pyrophosphates. On the other hand, 

altered inositol signaling also affects metal tolerance. If the inositol cycle is shifted in favor of 

myo-inositol due to IMPase overexpression, S. commune becomes more sensitive to Zn and 

Cs, but more resistant to Cd. The fact that S. commune seems to have a different tolerance 
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mechanism for Cd than for the other tested metals can also be seen from the different behavior 

of the adapted strain at the Cd uptake. No statement can yet be made about which cellular 

mechanism S. commune uses as a response to Cd stress and how this is exactly related to 

inositol signaling. Further studies are required to investigate the complexity of linking different 

pathways. 

Overall, S. commune seems to be a very suitable candidate for mycoremediation, even if it 

probably contributes to the mobilization of metals in soil. We were able to prove that the wild-

type transports metals along its hyphae and thus contributes to the translocation of mobile 

metals. This could be useful to make very heterogeneously contaminated soils as in the CEZ 

usable again for agriculture. 
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