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Alpha-emitting radioisotopes are the most radiotoxic nuclides among all radionuclides. Especially medium- and long-living
isotopes that enter the body, are hazardous metals of the greatest importance from the human life point of view. This
review focuses on the most common natural and anthropogenic origin alpha-emitting radionuclides in wild mushrooms
around the world. Mushrooms are considered as suitable bioindicators of environmental pollution with some metallic
elements, for the reason they bioaccumulate a range of mineral ionic constituents including radioactive elements at
different levels. Various species have different retain capacities of individual radionuclides. In turn, wild edible mushrooms
are food products, mostly consumed regionally and also traded at an international scale. Mushrooms under pollution
events situation might cause a risk to consumers due to exposure to highly radiotoxic decay particles produced by alpha
emitters.
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| 1. Introduction

Mushrooms are a highly biodiverse group of organisms, a part of the traditional gastronomic heritage of the world, and
also an important source of nutrients for small and large wildlife 2. Some mushrooms are seen as having healing
properties and, above all, many, when well-prepared, have a delicious taste 2. Mushrooms typically grow in forests and
fields, but almost all ecosystems will support their growth in the proper substrate medium 3. These fruiting bodies of fungi
are relatively rich in minerals and trace metals (including radionuclides) on a dry weight (dw) basis 4I=I6],

Although the phenomenon of radioactivity was discovered over 100 years ago, the special significance recorded in the
pages of radiochemistry and nuclear chemistry history was realized from the 1940s to the 1960s B, The development
and use of nuclear energy and the testing of nuclear weapons have in the past created a flux of released artificial radiation
emitters that have been deposited in various environmental and food compartments, undergone biogeochemical cycles,
and thus necessitate the need for control and surveillance measures [QLALLIL2 |n particular, nuclear weapons testing
has led to massive contamination of nuclear test sites 121, and atmospheric detonations (1945-1980) and major accidents
at nuclear power plants (i.e., Chernobyl in 1986 and Fukushima in 2011) have resulted in a substantial spread of
radioactive isotopes all over the world. To some extent, emissions can also arise from current human activities such as
mining, coal burning, and oil and gas exploration LAILSILEIL7MASIAN201 A range of edible mushrooms, including species
foraged from the wild, are efficient bio-accumulators of various radioactive contaminants [2111221[231[241[25][26]

Most of the studies on radioactivity in edible mushrooms reported so far have been dedicated to the activity concentration
of less hazardous gamma emitters (electromagnetic radiation), such as the artificial nuclides 3%137Cs, and the natural
nuclide, 40k [B123127]1281[29)[30)[31][32]  From g radio-toxicological point of view, the nuclides of the greatest importance are
medium- and long-lived alpha-radioactive isotopes. Alpha decay (a-decay) is a form of decay where an atomic nucleus
produces an alpha particle and changes into a different atomic nucleus. An alpha particle equals the “He nucleus,
containing two protons and two neutrons. Alpha particles have energy from 2 (}47Sm) to 8.8 MeV (*?Po), with a median of
5 MeV and a velocity of about 15,000 km/s. Because of their rather large mass and low speed, alpha particles interact
with other atoms. The high mass and charge of alpha particles, in relation to other forms of nuclear radiation, give them
greater ionizing power, but the penetration depth is much smaller B9, Every significant alpha emitter present in the
environment belongs to Group A (highly toxic radioisotopes) 23!, Thus, the ingestion of an alpha emitter and the resulting
exposure to the internal organs of humans or animals could be of high concern when the source is contaminated food or
feed 34133 At present, 21%Po is judged as one of the most hazardous radionuclides. It is 10,000 times more toxic than
hydrogen cyanide, and alongside the botulinum toxin, it is one of the most toxic substances ever known 38, The use
of 219po as a poison to kill Alexander Litvinenko in 2006 increased interest in the radio-toxicological properties of this
radioisotope as well as its occurrence in the environment and bioaccumulation in food products BZ.



The analysis of alpha-emitting nuclides in mushrooms, foods and other biological materials is very laborious, highly time-
consuming, and expensive, because of the complicated analytical procedures that are required for low or ultralow physical
occurrence and the required sensitivity of detection, selectivity and accuracy of analytical equipment 28, In consequence,
the amount of information available on the occurrence of alpha emitters in environmental matrices including mushrooms is
much lower in comparison to other radionuclides and especially, as mentioned, the gamma emitters.

| 2. Alpha Emitters in Mushrooms
2.1. Naturally Occurring Radioisotopes in Mushrooms

Natural radiation includes permanent low-level cosmic radiation and the radiation arising from the decay of naturally
occurring radionuclides, namely the primordial radioactive elements in the crust of the Earth and their radioactive decay
products (natural radioactive decay chains). Thus, human exposure to radiation has always been an unavoidable effect of
the ubiquitous distribution of natural radioactivity 2. Cosmogenic radionuclides (i.e., 3H, 14C) are produced constantly by
a bombardment of stable nuclides by cosmic rays, principally in the atmosphere. The origin of the primordial natural
radionuclides of the Earth (i.e., 4°K, 87Rb, 235U, 238U, 232Th) is connected to the phenomenon of nucleosynthesis in stars,
and their half-lives are longer or comparable with the age of the Earth. The secondary natural radioactive elements found
in the environment are directly joined to the very long half-lives of the parents of these chains: the uranium (parent
nuclide 238U), thorium (parent nuclide 232Th), and actinium (parent nuclide 23°U) decay chains 49,

Technologically enhanced naturally occurring radioactive materials (TENORM) consist of materials including, usually,
industrial wastes or by-products enriched with radioactive elements found in the environment, such as uranium (U),
thorium (Th), and potassium (K) and any of their decay products, such as radium (Ra) and radon (Rn), polonium (Po) and
radiolead (Pb) 14141]1421143144] The presence of nuclides in mushrooms and plant-based foods depends on the geological
structure of the lithosphere, the agronomic condition of arable soils, and the climate 248l |n general, higher activity
concentrations of radionuclides have been measured in Ramsar (Iran), Kerala and Madras (India), Yangjiang (China),
Pakistan, Brazil and Sudan, in high natural radioactivity background areas or impacted by TENORM [12][45[47][48][49[50](51]

Activity concentrations of naturally occurring radionuclides accumulated in mushrooms worldwide vary over a wide range
—about eight orders of magnitude. The highest activity concentration among all the mushrooms studied so far has been
reported for polonium 21%Po (T, = 138.4 days) that appears at the end of the decay chain of uranium 238U and is an
interesting natural element to investigate due to its radioecology (high bioconcentration factor) and one of the highest
radiotoxic characteristics 4852 210pg enters the biosphere through various routes of terrestrial and marine radio-
ecological pathways. The major source of contamination of flora and fauna with 21°Po basically comes from contaminated
soil or through aerosol-associated fallout from the atmosphere 81831541, 210pg js more easily accumulated by mushrooms
and has higher bioconcentration factors when compared to other alpha emitters 3. The increase in polonium
concentration in mushrooms may also be related to the chemical similarities with sulfur or selenium elements [,
Polonium is an element from the oxygen family, together with sulfur, selenium and tellurium—so called chalcogen
elements. The susceptibility of fungi to higher accumulation of 21°Po than other alpha emitters could be explained in part
by the type and quantity of sulfur (S) ligands that they produce, but this has not been studied so far. Mushrooms differ in
their contents of sulfur, which is a major chemical element in mushrooms as well as the main element in ligands for, e.g.,
Hg or Se. The type and quantity of sulfur ligands associated with 2'°Po that bio-accumulate in mushrooms is a species-
specific feature that is dependent on environmental conditions related to the soil bedrock background composition as well
as anthropogenic pollution, as in the case of several other metallic elements 52,

The highest activity concentrations of 2°Po have been reported in mushrooms from Scandinavia [Z3E158lang in
mushrooms growing close to a uranium mine in Germany 2, while the lowest levels are seen in collections from Poland
and New Zealand [BSI[6QI61[62]63]64] The authors Guillén and Baeza (2014) noted that the pattern distribution of 21°Po
seemed to be species-dependent 851, but a comparison of inter-genus data shows that the most important aspects are
local conditions, e.g., natural radioactivity, atmospheric fallout, geological conditions, etc. [2A[23I[55]57](59](61]

Radium, 226Ra (Ty, = 1600 years), along with 21%Po, belongs to the natural series of 238U 48l The highest 2?Ra activity
concentrations have been reported in mushrooms collected in the vicinity of uranium mines or places with a higher natural

uranium background B2I68IE7l The variation of 226Ra occurrence in mushrooms is substantially lower in the areas not
affected by higher 219Po and 226Ra backgrounds REEI69A7LI72][73](74I[75][76](77],

The uptake of thorium (?2Th Ty, = 1.91 years; 2°°Th Ty = 7.54 x 10* years; 232Th Ty, = 1.4 x 10%° years) by
mushrooms, as well as uranium (238U Ty, = 4.47 x 10° years; 23°U Ty, = 7.04 x 108 years; 234U Ty, = 2.45 x 10° years)
[78l79] is lower than that of 2°Po and 22%Ra, and this can be related to low bio-concentration factors for Th and U,



regardless of their abundance in soil BIBIEBA However, significant differences between uranium and thorium activity
concentrations have been reported. In the case of thorium, the highest activity concentrations of 22Th and 232Th have
been noticed in Brazil, with the lowest in Poland [ZUZ4I761[BLI[B2)[B3|[84][85](86]B7]BEI8I] | the case of uranium, the highest
activity concentrations of the alpha emitters 234U, 235U and 238U have been reported in mushrooms from Germany,
Turkey, Finland, and Slovakia [8I51841(861[88] \yith the lowest being in Poland, Serbia, Bosnia and Herzegovina as well as
China (Yunnan) and New Zealand [S6I601[68][69][76](81][82][87][8I[90NS1I[S2][93] | the uranium activity is compared to its daughter
nuclide, 2?6Ra, the maximum radium activity concentration is always higher than the activity of the parent (>38U). This
might suggest that they are not in equilibrium in mushrooms. The increase in radium activity concentration might be due to
the chemical similarities with calcium, in much the same way as polonium is physically and chemically an analog of the
chalcogen elements (group 16 of the periodic table) B8I65I94] However, the reported data have shown that mushrooms
may bioaccumulate 234U and 238U more effectively than 23°Th and 232Th, while both elements (U and Th) were bio-
excluded (bioaccumulation factor values in the range from 0.005 to 0.19) [B41B7I[89],

2.2. Anthropogenic (Artificial, Man-Made) Radioisotopes in Mushrooms

Anthropogenic radioactive contamination of the environment became a reality on 16 July 1945, when the first fission
weapon was tested near the town of Alamogordo (New Mexico, USA). Nuclear weapon testing and accidents in civil
installations have led to massive artificial (man-made) radioactive pollution that has been spread all over the world. Since
1945, at least eight nations have detonated 2047 nuclear devices, with between 423 and 520 being carried out in the
atmosphere 9. The production of plutonium and other transuranic isotopes has been estimated at 0.33 PBq of 238Pu, 7.8
PBq of 23%Pu, 5.2 PBq of 2*°Pu, 170 PBq of 2*1Pu, 0.00037 PBq of 2*!Am, and 0.00026 PBq of 2**Cm. In Europe, the
nuclear accident at the Chernobyl Nuclear Power Plant caused the biggest radiation pollution event in the history of
nuclear energy 2311881 The incident released 20 kg of plutonium (0.025 PBq of 238pPu, 0.055 PBq of 239240py, 5 PBq
of 241pu), 0.006 PBq of 242Am, and 0.006 PBq of 243:244Cm Q7899 The most recent nuclear accident, namely at the
Fukushima Daiichi nuclear power plant (NPP) was estimated to be 15 times smaller than that at Chernobyl 28], It has
released about 2.4-19 GBq of 238pPu, 0.41-3.2 GBq of 23%Pu, 0.51-3.2 GBq of 2*°Pu and 9.8-100 GBq of 242Cm [109]
Since 2015, the atmospheric releases from the Fukushima Daiichi NPP have continued, but at very low levels which were
not of radiological concern 229 Thus, the medium- and long-lived radioactive isotopes and especially the alpha-isotopes
(such as 238pu, 23%py, 240py, 241Am, 243.244Cm, 237Np) are of the greatest importance from the point of view of human
health and functioning of ecosystems, as they are radioactive and toxic metals, and hazardous environmental pollutants
[52][101]

Also activity concentrations of artificial radionuclides accumulated in mushrooms worldwide vary over a wide range but
their reported range of contamination of mushrooms is smaller when compared to natural radioisotopes. Nevertheless, the
presence of man-made nuclides in mushrooms and plant-based foods depends on local radioactive pollution conditions
(nuclear test sites, facilities, accidents and distance from these sites) and is influenced by global atmospheric fallout [&112]
[202]1103]  pye to analytical difficulties, very few studies have dealt with anthropogenic alpha emitters released into the

environment, and have instead focused on the most common radioactive elements, nhamely plutonium and americium, as
well as uranium 236U [811[82]83][84][90][102][104][105][106][107][108][109][110][111][112]

There is only one article on 238U (Ty, = 2.34 x 107 years) activity concentration in mushrooms 2%, which is an activation
product of 235U or a decay product of 2*9Pu. Its presence has been reported due to work on depleted uranium dispersion
and pollution in the environment of the Balkan region as a result of the Balkan (Kosovo) War in 1999. The 236U activity
concentrations in mushrooms determined by Jia et al. 2004 Y ranged from 0.014 to 0.038 Bqg/kg dw. Among the four
major plutonium isotopes, three are alpha emitters: 238Pu (Ty, = 87.7 years), the fissile and the most important
isotope, 239Pu (Ty/, = 24,110 years), as well as 24°Pu, which is produced via neutron capture of 23°Pu (T, = 6564 years)
(201 plutonium is not effectively accumulated by mushrooms and shows a similar distribution in fruiting bodies to that of
thorium and uranium (stem > cap > gills) 113l Baeza et al. studied 23%*240py accumulation in the saprophytic
fungus Pleurotus eryngii cultivated under laboratory conditions and its occurrence in wild-growing mycorrhizal mushroom
species (Tricholoma equestre), and concluded that its distribution seemed to be species-dependent, but were not able to
confirm whether saprophytic fungi presented a lower content of this radionuclide than mycorrhizal fungi, as was observed
in the case of 137Cs [L13I109] The highest activity concentrations of Pu isotopes have been determined in mushrooms
collected at sites in the Ukraine that were associated with indirect contamination from the Chernobyl incident fallout in
1986 [B11102]1106] \yshrooms of various species foraged elsewhere in Europe were affected by both sources—namely, the

global atmospheric fallout from earlier weapons testing and the incident at Chernobyl [B283][84][104][105][106][107][108][109]{110]
[111112],



The element americium may originate from global atmospheric fallout connected to nuclear weapon testing or as a decay
product of its parent nuclide, 2*1Pu, which was identified in Chernobyl fallout 4. So far, its presence has been measured
and reported only in mushrooms sampled in European countries such as Finland, Slovakia, Spain and the UK, and the

activity concentrations were the lowest of all the alpha emitters, i.e., in the range from 0.003 to 1.01 Bq/kg dw [84I[107][108]
[109][110][111][212]

Radioactive elements, especially alpha emitters, are not essential metals for biota. Due to their occurrence in the
environment, they are bio-accumulated along with essential micronutrients as well as toxic elements. When compared to
the essential trace elements, the activity concentrations of the alpha-emitting radionuclides in wild-growing mushrooms
from unpolluted areas in this study were much lower (e.g., alpha emitters of U, Th, Ra, Rn) or lower (e.g., alpha emitters
of Po, Pu, Am, or 236y) BIEALIILIS] |n some species, such as Amanita citrina, Laccaria sp., Tricholoma populinum,
Strobilomyces strobilaceus, Russula exalbicans, Leccinum aurantiacum, Hebeloma sinapizans, and Cantharellus cibarius,
the amounts of uranium and thorium were higher than stable lead (Pb) or silver (Ag) [4. As mentioned, the occurrence of
natural alpha-nuclides in mushrooms is related to the geochemistry of soil bedrock, agronomic activities and climate and
the presence of man-made nuclides in mushrooms depends on local radioactive pollution (nuclear test sites, facilities or
accidents as well as the distance from the accident sites) as well as the impact of global atmospheric fallout. If the location
in which mushrooms are collected is contaminated with radioactive substances (e.g., Chernobyl or Fukushima area,
nuclear test sites), the number of alpha emitters (especially transuranic, as 235U, 236y, 238y, 239py, 240py) might be higher
than stable toxic trace metals, e.g., lead (Pb), mercury (Hg) L31451BL[107][116][117][118]

| 3. Conclusions

The main pathways of radionuclide exposure are ingestion of food and water and inhalation. Among food products, wild
mushrooms are a possible source of radionuclides as they accumulate radioactive elements in much the same way as
other metals, and various species have different retention capacities for individual radionuclides. The radioactive analogs
of essential elements are effectively accumulated, i.e., ?1%Po and ??°Ra, while other heavy radioelements (especially
artificial radionuclides) are not heavily accumulated. Thus, naturally occurring radionuclides are the most abundantly
occurring of all the bio-accumulated alpha emitters. Local geological conditions and potential radioactive pollution are the
most important factors influencing the bioaccumulation level. Thus, depending on the origin of the mushrooms, some
might be highly enriched with alpha-emitting radionuclides, and the effective dose might be significantly higher than
suggested values (i.e., IAEA, ICRP). In unpolluted areas, the main source of radiation would be naturally occurring
radionuclides, especially ?1°Po and ?%°Ra.
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