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ABSTRAKT

Tato diserta¢ni pradce navazuje na mou diplomovou préci, ve které jsem se zaméfila
piedevs§im na problematiku obsahu a stanoveni uranu v plodnicich velkych hub (vysledky
byly publikovéany, Ptiloha 1). Zavér prace, tedy Ze plodnice hub neakumuluji uran, m¢ vedl
k Gvaze, Ze prvky jako uran mohou byt akumulovany v ektomykorhizach, protoze nékteré
publikované prace naznacovaly vyznamnou roli hub v environmentalni geochemii uranu.
Proto jsem se rozhodla na mou diplomovou praci navazat a zabyvat se obsahem stopovych
prvka v ektomykorhizich obecné. Vzhledem k tomu, ze jsem méla moznosti vyuzit fadu
analytickych metod, podilela jsem se i na jinych studiich z oboru geomykologie.
distribuci radiocesia v plodnicich hiibu hnédého. Jak je patrné z Pfilohy 2, plodnice hiibu
hnédého v Ceské republice nepredstavuji pro konzumenty zdravotni riziko.

Pomoci molekularnich metod (PCR se specifickymi primery) jsme zkoumali distribuci
mycelia saprotrofni houby pe¢arky Bernardovy v pudnim profilu na lokalité v Praze (Ptiloha
3). Nase vysledky ukazaly, ze mycelium tohoto druhu zasahuje i do hloubky 30 cm a ze
izotopické slozeni olova v plodnicich tohoto druhu naznacuje transport tohoto kovu z hloubky
minimaln¢ okolo13-17 cm.

Hlavni ¢ast mé prace byla vénovana studiu stopovych prvki v ektomykorhizéch. Jako
hlavni analytickou metodu jsem pouzila neutronovou aktivaéni analyzu. Vzorky
ektomykorhiz, jemnych kofenu a pidnich vzorka byly sbirany piedevsim v okoli Ptibrami,
kterd je zneciSténa cinnosti kovohuté. Témét vSechny vzorky ektomykorhiz se podatilo
identifikovat do druhu pomoci molekularnich metod (sekvenace DNA). Vysledky z této ¢asti
vyzkumu lIze nalézt v Ptilohach 4 a 5. Podobné jako je tomu u plodnic, akumulace prvki
v ektomykorhizach zalezi na druhu prvku a druhu houby, koncentrace prvki se vyznacuji
mimofadnou variabilitou. Dale jsme kvantifikovali biomasu houby v ektomykorhizach hiibu
hnédého a muchomurky ¢ervené pomoci metody gRT-PCR.

Hlavni cile této prace byly naplnény a podafilo se rozsitit nase znalosti z oboru
geomykologie. Nejvétsim piinosem této prace bylo: 1) zjisténi koncentraci 14 prvka
v ektomykorhizach z kontaminovanych lokalit; 2) zjisténi distribuce mycelia saprotrofni
pecarky Bernardovy v pudnim profilu; a 3) determinace koncentrace houbové biomasy
v etomykorhizach dvou druhit makromycetd.



ABSTRACT

This PhD thesis follows my master‘s thesis, which I focused on the problem of
uranium determination and content in macrofungal fruit-bodies (the results have been
published, Appendix 1). Macrofungi apparently do not accumulate uranium in fruit-bodies but
as other studies suggested major roles of fungi in environmental geochemistry of uranium, I
hypothesized possible accumulation of uranium and other elements in ectomycorrhizae. |
therefore decided to continue the research and focus on investigation of trace elements in
ectomycorrhizae. As | had opportunity to use a variety of analytical methods, | also
participated in other studies in the field geomycology and the results are included in this
thesis.

In response to alarmist reports in Czech media, | focused on activity and distribution
of radiocaesium in fruit-bodies of Boletus badius. As demonstrated in Appendix 2, the fruit-
bodies of this species do not represent a health risk for mushroom consumers.

Distribution of mycelium of saprotrophic Agaricus bernardii in a soil profile in Prague
was investigated by use of molecular methods (PCR with specific primers). The results have
shown that the mycelium reaches the depth of 30 cm. Lead isotopic composition of fruit-
bodies suggests lead can be accumulated from soil depth of 13-17 cm (Appendix 3).

However, the main aim of my thesis was investigation of trace elements in
ectomycorrhizae with instrumental neutron activation analysis as the principal analytical
method. Ectomycorrhizal roots, fine roots and organic soil samples were collected mainly in
the smelter-polluted area in the region of Piibram (Central Bohemia, Czech Republic).
Almost all samples of ectomycorrhizae were identified at species level by molecular methods
(DNA sequencing). The results of this research are presented in Appendix 4 and Appendix 5.
Similarly as observed in the fruit-bodies, trace element accumulation in ectomycorrhizae
depends on particular element and fungal species; very high concentration variability was
observed. Furthermore, fungal biomass was quantified in ectomycorrhizae of Boletus badius
and Amanita muscaria by use of gRT-PCR.

The aims of thesis were fulfilled and the knowledge of the field of geomycology
deepened. The greatest outputs of this study were: 1) determination of 14 elements in
ectomycorrhizae from polluted sites; 2) identification of distribution of mycelium of
saprotrophic Agaricus bernardii in a soil profile; and 3) determination of fungal biomass
concentration in ectomycorrhizae of two macromycete species.



1. UvoD

Bylo opakované prokazano, ze houby zasahuji do biogeochemickych cykla celé fady
prvku v padach (Gadd 2004, 2007). Velké houby se aktivné zapojuji do zvétravacich procestu
predev§im dvéma zplsoby: biomechanicky (hyfy pronikaji do minerdlnich zrn) a
biochemicky (hyfy produkuji fadu organickych kyselin a enzymu, které reaguji s pudnimi
slozkami). V dutsledku této aktivity, mohou houby zvySovat mobilitu a biodostupnost
chemickych prvku, veetné toxickych kovi. Houby jsou znamé i svou schopnosti hromadit
prvky ve svych plodnicich, a nékteré z nich dokonce hyperakumulovat (Falandysz et
Borovicka 2013).

Ektomykorhizni houby zijici v mutualistické symbidze s cévnatymi rostlinami patii
procesech. Role ektomykorhiznich hub spoc¢iva v pfijmu mineralnich latek, vody a jejich
transportu do rostlin. Rostliny naopak dodavaji produkty fotosyntézy. Tato vyména se déje ve
specialnim spole¢ném organu, ktery nazyvame ektomykorhiza, a ktery se sklada jak
z rostlinné, tak i houbové biomasy (Obr. 1, Landeweert et al. 2001). Ektomykorhizy jsou
pfitomné na jemnych kofenech rostlin.

Obrézek 1. Ektomykorhiza se sklada z rostlinné a houbové biomasy (Landeweert et al. 2001).
Houba formuje (a) houbovy plast’ okolo kofenové $picky a pronikd mezibunécnym prostorem
mezi (b) kortikalnimi bufikami, kde vytvati tzv. Hartigovu sit’ (C).

Opakované bylo prokdzano, ze ektomykorhizni symbidza zlepSuje rist rostlin a chrani
je pied toxicitou tézkych kovi (Schiitzendiibel et Polle 2002, Adriaensen et al. 2006). Nékteré
studie (Berthelsen et al. 1995; Krupa et Kozdroj 2004, 2007) odhalily akumulaci nékterych
prvku v ektomykorhizach. Podle autort téchto studii tak ektomykorhizy mohou ptedstavovat

bariéru proti pronikani tézkych kovu do rostlin. Pouze nékolik mélo studii se vsak zabyvalo
obsahy prvku v ektomykorhizach.

Tato disertacni prace se zaméfila na nékteré aspekty geomykologie, které nejsou
doposud zcela objasnéné. PredevSsim se zabyvala akumulaci uranu v plodnicich hub a
ektomykorhizach, distribuci mycelia saprotrofnich hub v pidnim profilu a akumulaci prvka
v ektomykorhizach.



2. DISTRIBUCE MYCELIA V PUDNIiM PROFILU

Hlavni ¢ast kofenového systému bylinné vegetace a stromu se nachazi v humusové
vrstvé a ve vys$§im mineralnim horizontu (Makkonen et Helmisaari 1998), i piesto vSak
muzeme kotfeny nachdzet i hloub¢ji (Jackson et al. 1996).

2.1  Distribuce mycelia ektomykorhiznich hub v ptidnim profilu

Cairney et al. (2005) ukazali, ze determinace plodnic neni vhodnym indik&torem pro
studium diversity ektomykorhiznich hub na lokalitdch a k pozorovani piirodnich procesu je
tieba piimych metod. Rada soucasnych studii se zamé&fuje na kvantifikaci ektomykorhizniho
mycelia v ptid¢ za pouziti molekularnich metod na principu PCR (Hortal et al. 2008).
Ektomykorhizni mycelium ptedstavuje 30-80 % mikrobialni biomasy v pude¢ (De la Varga et
al. 2011) a muze prezit i 11 let (Landeweert et al. 2003). Ackoliv je ektomykorhizni
mycelium pfitomné v celém pudnim profilu, mnoho studii se zaméiuje pouze na vrchni
organickych horizont. Rosling et al. (2003) a Rosling et Rosenstock (2008) nalezli nejvyssi
hustotu ektomykorhizniho mycelia v organickém horizontu podzolu, s hloubkou tato hustota
klesala.

2.2  Distribuce saprotrofniho mycelia v padnim profilu

Obecn¢ se piedpoklada, ze saprotrofni houby kolonizuji organickych horizont, ale
pouze nékolik malo studii se zabyvalo vertikalni distribuci saprotrofniho mycelia v piidnim
profilu (Robinson et al. 2009). Jiz v roce 1917 publikovali Shantz a Piemeisel préci, ze které
je dle obrazové dokumentace patrné, ze mycelium saprotrofniho druhu pecarky oznacované
jako Agaricus tabularis zasahuje hluboko do ptidniho profilu. V nasi praci (Borovicka et al.
2014) jsme vyuzili molekularné¢ genetické metody (qRT-PCR se specifickymi primery)
k detekci saprotrofniho mycelia pecarky Bernardovy - Agaricus bernardii v padnim profilu v
Praze. Ptitomnost mycelia byla potvrzena v celém studovaném pidnim profilu (0-30 cm).
Nejvyssi hustota byla nalezena v hloubce 4-6 cm.

3. AKUMULUJI HOUBY URAN?

V laboratornich podminkach bylo ukdzano, ze houby jsou schopné rozpoustét U oxidy
a kovovy U a akumulovat je v myceliu (Gadd et Fomina 2011). Nicméné naSe znalosti o
interakci hub a U v zZivotnim prostiedi jsou stale limitované, a navic doposud byla
publikované nejednoznacna data o obsahu U Vv plodnicich hub. Né&kolik autorii (Falandysz et
al. 2001, Johanson et al. 2004, Randa et al. 2005) publikovalo velmi nizké koncentrace U
v plodnicich hub (v jednotkich az desitkach pg kg?), zatimco Campos et al. (2009)
publikovali vy3si koncentrace (v jednotkach mg kg™).

3.1  Obsah uranu v plodnicich hub z ¢istych lokalit

Koncentrace U (a také Pb, REE a Th) byly zkoumany v houbéch z rtznych mist (s
rozdilnym geologickym podlozim) a byly analyzovany pomoci hmotnostni spektrometrie
s induk¢né vazanou plazmou (IPC-MS). Nase data ukazala, ze U je v houbach akumulovan ve
velmi nizkych koncentracich, obvykle pod 30 pg kg™ (Borovigka et al. 2011). Nepozorovali
jsme zadné rozdily mezi saprotrofnimi a ektomykorhiznimi houbami. Zda se tedy, ze data



publikovand ve studii Campos et al. (2009) jsou chybna, pravdépodobné kvili pouziti
nevhodné analytické metody.

3.2 Obsah uranu v plodnicich hub z kontaminovane lokality

Koncentrace U vV plodnicich hub, ektomykorhizach, jemnych kotfenech a ptdnich
vzorktl z kontaminované lokality v blizkosti P¥ibrami (stiedni Cechy, Ceska republika) byly
analyzovany pomoci ICP-MS a instrumentalni neutronové aktiva¢ni analyzy (INAA).
Chemicka frakcionace kovl Vv pidach byla zkouméana pomoci sekvenéni extrakce BCR. Nase
data (Kubrova et al. 2014) ukazala, Ze obsah U v plodnicich je zvySeny (vyS$i neZ ve vzorcich
z &istych lokalit), ale i presto koncentrace nepresahly 3 mg kg™, coz indikuje velmi nizky
piijem U (ve srovnani sjeho obsahem v padé). Naopak Ag bylo v plodnicich silné
akumulovano, coz je zvlasté zajimavé, protoze Slo o kov S nejniz§i mobilitou a nejnizsi
celkovou koncentraci mezi zkoumanymi prvky. Zd4 se, ze akumulace zkoumanych prvkl
(Ag, Pb, Th a U) v houbéch tedy primarné nezavisi na celkové koncentraci nebo chemické
formé prvka v pudach. Uran se v ektomykorhizich a jemnych kofenech neakumuluje,
koncentrace byly prakticky identické.

4, STOPOVE PRVKY V EKTOMYKORHIZACH

O obsahu stopovych prvkil v ektomykorhizdch mame velmi malo udaja. Berthelsen et
al. (1995) objevili, Zze se v ektomykorhizach siln¢ akumuluje Cu a bylo navrzeno (Krupa et
Kozdroj 2004, 2007), ze ektomykorhiza formuje efektivni bariéru proti pronikani tézkych
kovi do rostliny, a houby tak chrani své mykorhizni partnery pted toxicitou tézkych kov.

4.1  Stopové prvky v ektomykorhizach ze Lhoty u P¥ibramé

Vzorky ektomykorhiz, jemnych kofenti a pudni vzorky ze Lhoty u Ptibramé byly
analyzovany pomoci INAA a epitermalni neutronové aktivacni analyzy (ENAA). Tato
lokalita je zndmé vysokymi koncentracemi Ag, As, Cd, Cu, Pb, Sb a Zn v pudach (Ettler et al.
2004, 2007). Koncentrace prvka v ektomykorhizach byla porovnana s obsahy téchto prvki
v jemnych kofenech a pudach (celkova koncentrace i vyluh kyselinou dusi¢nou).

Jak shrnuje nas rukopis (Cejpkova et al. 2016), Ag, Cd a ClI jsou prvky, které jsou
vyznamné akumulovany v ektomykorhizach. Naopak As, Sb a V nejsou akumulovany. Hiib
hnédy - Boletus badius se ukazal jako nejefektivnéjsi akumulator fady prvka ze zkoumanych
druht hub.

4.2  Kvantifikace mycelia hiibu hnédého a muchomirky ¢ervené v ektomykorhize

Ke kvantifikaci houbové biomasy jsme vyuzili metodu gRT-PCR se dvéma pary
specifickych primera (Cejpkova et al. 2016). Zaznamenali jsme velmi rozdilné koncentrace,
ale median byl u obou studovanych druhti blizko 5 %. Na rozdil od nékterych praci (Antibus
et Sinsabaugh 1993, Zeppa et al. 2000) byly nami zjisténé koncentrace houbové biomasy
velmi nizké. Divody pro tyto rozdily jsou nejasné, ale 1ze predpokladat, ze jsou zptsobeny
environmentalnimi faktory. V hiibu hnédém a muchomurce ¢ervené (Obr. 2) byly odhalené
zvysené koncentrace kovi (Ag, Cd, Cu, Zn) v ektomykorhizach. S ohledem na stanoveny
podil houbové biomasy (Cejpkova et al. 2016) byla vypoctena piedpokladana koncentrace
kovu v houbové biomase ektomykorhizy. Primérna koncentrace Zn vypoctend v hiibu



hnédém se shoduje s publikovanym obsahem 2600 mg kg' v houbovém plasti
ektomykorhizy klouzka obecného (Turnau et al. 2001). Tyto vysledky naznacuji aktivni roli
ektomykorhiznich hub v interakci s rostlinami a padnim prostiedim a indikuji i vysokou
akumulaéni schopnost ektomykorhizniho mycelia.

Obrézek 2. Plodnice (vlevo) a ektomykorhizy (vpravo) muchomurky ¢ervené. Foto: Jaroslava
Cejpkova.

5. DISTRIBUCE AKTIVITY RADIOCESIA V HRIBU HNEDEM - BOLETUS
BADIUS

V roce 2011 prinesla ceska média klamavé zpravy®, ze pokozka klobouku hiibu
hnédého je radioaktivni a méla by byt pted konzumaci oloupana. Houby jsou schopné
akumulovat radioacesium a radioaktivita hub na naSem Uzemi byla v minulosti ¢asto
zkouména (Randa et al. 1987, 1988a-b, 1989; Horyna et Randa 1988). Bylo zjiiténo, Ze
nejsilnéjSimi akumulatory radiocesia jsou ektomykorhizni houby a druhy jako je lakovka
ametystova — Laccaria amethystina, ¢echratka podvinuta — Paxillus involutus a hiib hnédy.
Nicméné bézna konzumace hub by neméla piedstavovat zdravotni riziko (Randa et al. 1988b).
V nasi praci (Borovicka et al. 2012) jsme se snazili vyvratit poplasné zpravy a méfili jsme
distribuci aktivity radiocesia v 10 plodnicich hiibu hnédého (pokozka klobouku, duznina
klobouku, hymenium a tienl). Nejvyssi aktivita radiocesia byla nalezena v duzniné klobouku a
stoleti. Hygienicky limit pro houby (vyhlaska ¢. 307/2002 Sb.) piesazen nebyl, a proto neni
dtivod k obavam.

! http://www.hoax.cz/hoax/radioaktivni-houby/ [cit. 1. 10. 2015]
http://hobby.idnes.cz/jiri-baier-myty-o0-houbach-0xw-/houby.aspx?c=A120808 163946_houby mce [cit. 1. 10. 2015]
http://prehravac.rozhlas.cz/audio/2459460 [cit. 1. 10. 2015]
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ZAVERY

Houby hraji dalezitou roli v biogeochemickych cyklech celé tady prvku, prispivaji
k zvétravacim procestim v pudé a jsou dulezitymi symbionty cévnatych rostlin.

Soucasné studie naznacuji aktivni roli hub v biogeochemickém cyklu U. Nicméné,
data ziskanad v nasi studii v pifirozenych podminkach tento pfedpoklad nepotvrdily.
Houby z kontaminované lokality obsahuji vyssi koncentrace U nez ty, které pochazi
z ¢istych lokalit, ale na druhé strané U neni akumulovan ani v ektomykorhizach, ani v
jemnych kotenech.

Bylo prokazano, ze pecarka Bernardova muze kolonizovat i hlubsi pidni horizonty a
dosahnout hloubky az 30 cm pod povrchem.

Stanovili jsme obsahy celé fady prvki v ektomykorhiznich kotfenech a vysledky pro
mnohé z nich (Ag, As, CI, Co, Rb, Se, Sb, Th, U a V) nebyly doposud publikovany
v zadné predeslé studii.

Navzdory faktu, Ze jsme ziskali origindlni poznatky o interakci hub a stopovych prvkd,
zustava fada dosud nezodpovézenych otazek. Neni napi. doposud jasné, zda prvky,
které akumuluji ektomykorhizy, jsou uloZeny v jejich houbové &i rostlinné casti.
K vyfeSeni tohoto problému by mohla pfispét aplikace metody mikro PIXE, ktera
precizni mapovani distribuce prvku ve tkdnich umoznuje.

LITERATURA

Seznam citaci je uveden na konci anglické verze autoreferatu v kapitole 7
(References).



1. INTRODUCTION

It has been repeatedly demonstrated that macrofungi significantly interfere in
biogeochemical cycles of chemical elements in soils (Gadd 2004, 2007). Macrofungi
contribute to weathering processes mainly in two different ways: biomechanical weathering
(fungal hyphae penetrate in mineral grains) and biochemical weathering (hyphal production of
a wide range of organic acids and enzymes, which react with soil constituents). In
consequence, this action of fungi may result in increase of mobility and bioavailability of
chemical elements, including toxic heavy metals. Furthermore, macrofungi are known for
their ability to take up a wide range of elements and accumulate them in their fruit-bodies
(Falandysz and Borovicka 2013).

Ectomycorrhizal fungi, living in mutualistic symbiosis with vascular plants, belong to
the most important ecological groups of fungi which are involved in mineral weathering
processes. The role of ectomycorrhizal fungi lays in uptake of mineral nutrients and water and
their transport to host plants. Plants donate products of photosynthesis. This exchange takes
place in mutual organs called ectomycorrhizae composed of both plant and fungal biomass
(Fig. 1, Landeweert et al. 2001). Ectomycorrhizae are formed on the fine plant roots.

Figure 1. Ectomycorrhiza consists of plant biomass and fungal biomass (Landeweert et al.
2001). The fungus forms (a) a mantle of fungal hyphae around the root tip and penetrates the
intercellular space between (b) cortical cells, forming (c) a ‘Hartig net".

It has been repeatedly demonstrated that ectomycorrhizal symbiosis enhances plant
growth and protects plants against heavy metal toxicity (Schitzendlbel et Polle 2002,
Adriaensen et al. 2006). Some studies (Berthelsen et al. 1995; Krupa and Kozdréj 2004, 2007)
have revealed accumulation of some elements in ectomycorrhizae. According to the authors,
ectomycorrhizae may form a barrier against heavy metal toxicity and protect their host plants.
Only a few data have been published on concentrations of elements in ectomycorrhizae.

This PhD thesis has focused on some aspects of geomycology that are not clearly
understood. Especially, PhD thesis has focused on accumulation of uranium in macrofungi
and their ectomycorrhizae, mycelium distribution of saprotrophic fungi in the soil profile and
element accumulation in ectomycorrhizae.



2. DISTRIBUTION OF MYCELIUM IN THE SOIL PROFILE

The major part of root system of understory vegetation and trees is found in the
hummus layer and in the upper mineral soil (Makkonen et Helmisaari 1998), but it could be
found even deeper (Jackson et al. 1996).

2.1  Distribution of ectomycorrhizal mycelium in the soil profile

According to Cairney et al. (2005), collections of fruit-bodies are poor indicators of
below-ground ectomycorrhizal diversity and observations of nature processes need more
direct analysis. Most recent environmental studies focused on quantification of
ectomycorrhizal mycelium in soils have used molecular methods based on PCR analysis
(Hortal et al. 2008). Ectomycorrhizal mycelia represent 30 to 80 % of microbial biomass in
soil (De la Varga et al. 2011) and can survive even 11 years (Landeweert et al 2003).
Although the ectomycorrhizal mycelium is present in the whole soil profile, most studies have
focused on distribution in the upper organic horizons. Rosling et al. (2003) and Rosling et
Rosenstock (2008) have shown that the highest density of ectomycorrhizae in a podsol soil
profile was located in the organic horizon and decreases with depth.

2.2 Distribution of saprotrophic mycelium in the soil profile

It is believed that saprotrophic fungi colonize the organic horizon, but there are only
very few studies dealing with the vertical distribution of mycelia of those fungi in soils
(Robinson et al. 2009). Already in 1917, Shantz and Piemeisel published a visual
documentation showing mycelium of (probably) Agaricus tabularis reaching deep into the
soil profile at Colorado grasslands. In our work (Borovicka et al. 2014), we used molecular
methods (QRT-PCR with specific primers) to detect mycelium of saprotrophic Agaricus
bernardii in the soil profile at a locality in Prague. The presence of the target species was
confirmed in the whole studied soil profile (0-30 cm depth). The highest density was found at
a depth of 4-6 cm.

3. DO MACROFUNGI ACCUMULATE URANIUM?

It has been demonstrated in in vitro experiments that fungi are able to solubilize U
oxides and metallic U and accumulate it within their mycelia (Gadd et Fomina 2011).
However our knowledge of environmental interactions between fungi and U is limited and,
moreover, ambiguous data on U content in fruit-bodies has been published. Several authors
(Falandysz et al. 2001, Johanson et al. 2004, Randa et al. 2005) reported rather low
concentrations of uranium in fruit-bodies (units to tends of pg kg™) whereas Campos et al.
(2009) published much higher concentrations (units of mg kg™).

3.1  Uranium content in fruit-bodies from pristine sites

Concentration of U (and Pb, REE a Th) in macrofungi from of various origin (sites of
differing bedrock geochemistry) were analysed by inductively coupled plasma mass
spectrometry (ICP-MS). Our data showed that U concentrations in fruit-bodies are generally
below 30 ug kg™ (Borovigka et al. 2011). No significant difference between concentration in
ectomycorrhizal and saprotrophic species was observed. It appears that the data published by
Campos et al. (2009) are erroneous; probably due to the use of inappropriate analytical
method.



3.2 Uranium content in fruit-bodies from U-polluted site in Pfibram mining district

Concentration of U in macrofungi, ectomycorrhizae, fine roots and soil samples from
polluted area in the former Ptibram mining district (Central Bohemia, Czech Republic) were
analysed by ICP-MS and instrumental neutron activation analysis (INAA). Chemical
fractionation of metals in soils was investigated by the BCR sequential extraction. Our data
(Kubrova et al. 2014) showed that U content in fruit-bodies is elevated (higher than that in
samples from unpolluted sites), but concentrations did not exceed 3 mg kg™, which indicates
(when compared with U soil levels) rather low uptake rate. In contrast, Ag was highly
accumulated in fruit-bodies. This is particularly interesting as Ag was the element with the
lowest total/mobile soil concentrations of the investigated elements. It appears that
accumulation of the investigated elements (Ag, Pb, Th, and U) in macrofungi does not
primarily depend on the total content and chemical fractionation of those elements in soils. In
ectomycorrhizae, U concentrations were practically identical with those in the fine roots and
U was not accumulated.

4. TRACE ELEMENTS IN ECTOMYCORRHIZAE

There is a lack of data on concentrations of metals in ectomycorrhizae. Berthelsen et
al. (1995) discovered that Cu is highly accumulated in ectomycorrhizae and it has been
suggested (Krupa and Kozdroj 2004, 2007) that ectomycorrhizae form an effective biological
barrier for heavy metals and thus protect the host plants against metal toxicity.

4.1 Trace elements in ectomycorrhizae from smelter-polluted area at Lhota near
Ptibram

Ectomycorrhizae, fine roots, and organic soils from the smelter-polluted area at Lhota
near Piibram were analysed by INAA and epithermal neutron activation analysis (ENAA).
This locality is known for high concentrations of Ag, As, Cd, Cu, Pb, Sb, and Zn in soils
(Ettler et al. 2004, 2007). Element concentrations in ectomycorrhizae were compared with
those in the fine roots and soils (total content and nitric acid extractable fraction). As
summarized in our manuscript (Cejpkova et al. 2016), Cd, Cl, and Ag were markedly
accumulated in ectomycorrhizae and vice versa, As, Sb, and V were not accumulated. Boletus
badius was shown to be the most efficient accumulator of the investigated species.

4.2 Quantification of Boletus badius and Amanita muscaria biomass in
ectomycorrhizae

We used gRT-PCR with specific primers for each species for quantification of fungal
biomass (Cejpkova et al. 2016) in ectomycorrhizae. In both species, we detected considerably
varying concentration but median values were close to 5%. In contrast to others (Antibus et
Sinsabaugh 1993, Zeppa et al. 2000), our concentration ranges of fungal biomass in both
species were rather low. The reasons for this discrepancy are unclear but can be possibly
explained by environmental factors. Boletus badius and Amanita muscaria (Fig. 2) have
revealed increased concentrations of Ag, Cd, Cu and Zn in their ectomycorrhizae. Expected
concentrations of metals in mycobionts (as shown in Cejpkova et al. 2016) were calculated
considering the mean proportion of the fungus in ectomycorrhizae. The mean Zn
concentration calculated for Boletus badius are in good agreement with 2 600 mg Zn kg™



reported in the fungal mantle of Suillus luteus ectomycorrhizae from metal-polluted site
(Turnau et al. 2001). These results suggest active role of ectomycorrhizal fungi in soil-fungal-
plant interactions and indicate a high element accumulation capacity of ectomycorrhizal
mycelia.

Figure 2. Fruit-body (left) and ectomycorrhizae (right) of Amanita muscaria. Foto: Jaroslava
Cejpkova

S. DISTRIBUTION OF RADIOCAESIUM ACTIVITY IN BOLETUS BADIUS

In 2011, Czech media have published deceptive reports® that the cap skin of Boletus
badius is highly radioactive and should be peeled before consumption. Fungi are able to
accumulate radiocesium and radioactivity of mushrooms in our country was thoroughly
investigated in the past (Randa et al. 1987, 1988a-b, 1989; Horyna et Randa 1988). It was
found that the strongest accumulators of radiocaesium are ectomycorrhizal species like
Laccaria amethystina, Paxillus involutus, and Boletus badius. However, common
consumption of mushrooms should not represent a health risk (Randa et al. 1988b). In our
work (Borovi¢ka et al. 2012) we tried to disprove the misleading recent reports and analysed
distribution of radiocaesium in 10 fruit-bodies of Boletus badius (cap skin, cap flesh,
hymenium, and stipe). The highest activity of radiocesium was found in the cap flesh and the
lowest in the stipe. The measured activity was about 10 times lower than that reported in the
1980’s. The detected values do not exceed public health limits (regulation number 307/2002
Sbh.) and, therefore, there is no need to worry.

2 http://www.hoax.cz/hoax/radioaktivni-houby/ [ 1. 10. 2015]
http://hobby.idnes.cz/jiri-baier-myty-o0-houbach-0xw-/houby.aspx?c=A120808 163946_houby mce [ 1. 10. 2015]
http://prehravac.rozhlas.cz/audio/2459460 [ 1. 10. 2015]



http://www.hoax.cz/hoax/radioaktivni-houby/
http://hobby.idnes.cz/jiri-baier-myty-o-houbach-0xw-/houby.aspx?c=A120808_163946_houby_mce
http://prehravac.rozhlas.cz/audio/2459460

6. CONCLUSIONS

o Fungi play important roles in biogeochemical cycling of a number of elements,
contribute to weathering processes in soils and they are important symbionts of
vascular plants.

o Recent studies have indicated an active role of fungi in biogeochemical cycling of U.
However, the data obtained in our field study does not indicate major role of
macrofungi in the biochemical fate of U. Fungi from U-polluted area contained higher
uranium levels than those from pristine sites but, on the other hand, U was
accumulated neither in ectomycorrhizae nor in fine roots.

o It was shown in Agaricus bernardii, that saprotrophic fungi may colonize rather deep
soil horizons and may reach even the depth of 30 cm.

o We have determined concentrations of a number of elements in ectomycorrhizal roots;
results for a number of them (Ag, As, CI, Co, Rb, Se, Sb, Th, U, and V) have not yet
been published before to our knowledge.

o Despite the fact that we have obtained many pieces of original information on
interactions of fungi and trace elements, many unanswered questions still remain. For
example, it is not clear whether the elements taken up by ectomycorrhizae accumulate
in the fungal or plant biomass. To solve this problem, application of micro PIXE
analysis would allow accurate mapping of element distribution within the tissues.
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