
DEPARTMENT OF MEDICAL RADIATION
SCIENCES
SAHLGRENSKA ACADEMY

Uptake and retainment of radionuclides in 
edible mushrooms – from fruiting to 
cooking

M.Sc. Thesis

Delshad Mansour Ayoubi

Thesis: 30 hp

Program: Medical physics

Level: Second Cycle

Term/year: Spring/2022

Supervisor: Rimon Thomas and Klara Insulander Björk

Examiner: Magnus Båth

Keywords: Activity concentration, Transfer coefficient, Dose



Purpose: The purpose of this study was to study the uptake, distribution and transfer of Mn-54,  
Zn-65, U-238, U-235, U-234, and Po-210 in mushrooms and their respective caps and  
stalks,  the  effects  of  chelates  and  ligands,  and  the  potential  release  of  radionuclides  
during a cooking procedure.

Introduction: Fungi  are  organisms  that  are  composed  of  a  fruiting  body  (mushroom)  and  tubular  
hyphae,  that  branches  out  into  complex  networks  called  mycelium.  Mushrooms  gain  
their nutriments and elements by excreting organic acids that solubilizes matter, which  
can then be absorbed. This  process can lead to  certain elements being accumulated in  
the  mushroom,  as  such  they  can  be  considered  to  be  bioindicators.  Among  the  
extensively  studied  radionuclides  that  can  be  accumulated  in  mushrooms  are  Cs-137  
and  Sr-90.  However,  few  studies  have  investigated  the  accumulation  of  naturally  
occurring  radionuclides  from  the  uranium  and  thorium  decay  series.  Furthermore,  
studies  of  chelates  and ligands on the  uptake  and distribution  of  radionuclides is  also  
lacking. As for decontaminating mushrooms prior to consumption, previous studies that  
have investigated various cooking effects on the metal content in mushrooms have seen  
both  an  increase  and  decrease  in  metal  concentrations  following  cooking.  Stir-frying  
with butter, which is a common cooking procedure in Sweden, has to our knowledge,  
not been studied extensively.

Method: Black  Pearl,  pink-  and grey  oyster,  and lion’s  mane mushroom were  included  in  this  
study.  The  substrates  of  the  kits  were  spiked  with  solutions  of  naturally  occurring  
radionuclides  containing  U-238,  U-235,  U-234  and  Po-210  (among  others),  and  
solutions of Mn-54 and Zn-65. The mushrooms with Mn-54 and Zn-65 were analysed  
with  gamma  spectrometry,  and  those  with  naturally  occurring  radionuclides  were  
analysed  by  alpha  spectrometry.  The  activity  concentration  in  the  substrates  were  
determined  by  the  substrate  weight  and  amount  of  activity  added.  The  uptake,  
distribution and transfer  of  radionuclides  in  mushrooms were  calculated.  To study the  
effects  of  chelates  and  ligands,  the  substrate  of  lion's  mane  was  added  with  sodium  
carbonate, and Black Pearl was added with EDTA. As a means of studying the cooking  
effects  on  U-238,  U-234 and Po-210 content,  grey  oyster  mushrooms were  purchased  
from  a  local  supermarket  and  stir-fried  in  butter  and  a  little  salt.  The  samples  were  
analysed by alpha spectrometry and the annual ingestion effective dose of cooked and  
uncooked samples were calculated.

Results: The results showed that Black Pearl had a higher uptake of Mn-54 and Zn-65 in the cap 
than stalk, and that there was no difference in transfer coefficients between Mn-54 and Zn-
65. For pink oysters, the uptake of Mn-54 was higher than Zn-65 in the first harvests, but 
similar in the second harvest, and the activity concentrations in fruiting bodies were higher 
than the  substrate.  For grey oysters,  there  was  an accumulation  of  Po-210 in cap and  
uranium isotopes in stalk. For lion’s mane, the uptake of uranium isotopes were much  
higher than for grey oysters. Sodium carbonate could be effective in increasing the uptake 
of  uranium in  lion’s  mane,  however,  there  was  likely  a  negative  effect  on  mushroom  
growth. The results also showed that there was a considerable variability in radionuclide  
uptake between the mushrooms, between and within growing kits. The cooking effects on 
the  activity  concentration  of  uranium isotopes  and  Po-210 were  seen  to  decrease  and  
increase, respectively.
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1. Introduction

1.1 Mycelium and fungi
Fungi are eukaryotic organisms that play a crucial role in the balance of ecosystems, primarily in the
decomposition of organic matter. Fungi consists of branched, tubular hyphae that are enclosed by rigid
cell walls composed of chitin. The hyphae branches out into networks called mycelium (see Figure 1),
which grows by utilizing nutriments present in the environment. Mushrooms are the fruiting body of
fungi,  and are responsible for the dissemination of spores as part of their reproductive cycle. The
mycelium of fungi lack chlorophyll, which consequently, makes them unable to utilize carbon dioxide
for growth (unlike plants). Instead, fungi have to solubilize organic and inorganic matter in substrates
in order to obtain the required nutrients for survival and growth [1, 2].

The cultivation of mushrooms is in many ways a sensitive process. They are considerably affected by
substrate pH and moisture, temperature, light, bacterial contaminants, and other strands of fungi. Most
mushrooms are unable to grow in alkaline environments, and instead have a preference for slightly
acidic soil. However, the pH preference varies widely between mushroom species (pH between 4 – 9),
which is a contributing factor to fungi thriving in many different environments. Mushrooms prefer
substrates that are sufficiently moist to allow the mycelium to efficiently transport nutrients and water.
When  the  substrate  is  too  moist,  oxygen  transfer  is  limited,  and  if  the  substrate  is  too  dry,  the
mushroom is unable to properly solubilize and transport nutrients [1, 3].
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Figure  1:  Mushrooms  growing  on  substrate.  The  fruiting  bodies
(mushrooms) are shown to the right,  and the branching out  mycelium
extending over the substrate (a white covering on the substrate) is shown
to the left



1.2 Uptake of metals
The mycelium is responsible for the absorption and distribution of elements to the fruiting body of the
fungus. Fungal cells in the mycelium can excrete organic acids, such as di- and tricarboxylic acids,
that lowers the pH of the substrate, causing elements to solubilize. This allows the mycelium to bind
the elements and distribute them throughout the fruiting body [4, 5]. This can in some cases result in a
concentration of metals in the fruiting bodies that exceeds the concentration in the substrate itself.
Thus,  certain  mushrooms  are  considered  to  be  bio-accumulators  of  different  elements  and  are
important  in  environmental  studies  of  trace  elements,  since they can  act  as  indicators  for  certain
pollutants.  Among  the  most  widely  studied  radionuclides  in  mushroom  are  the  anthropogenic
radionuclides Cs-137 and Sr-90, which have been measured after radiological accidents such as the
nuclear power plant accidents in Chernobyl and Fukushima [6–12]. 

The  uptake,  distribution  and  transfer  of  naturally  occurring  radionuclides  from  the  uranium  and
thorium series are largely unexplored for mushrooms. It has been shown that different radionuclides
would accumulate in different parts of mushrooms. For instance, according to a study by Baeza et al.
2006 [13], thorium and uranium isotopes tend to accumulate in cap of Pleurotus eryngii, whereas Ra-
226  tend  to  accumulate  in  gill  and  stalk  instead.  The  proportion  of  uptake  was  different  when
compared to  Tricholoma equestre, which had a higher proportional uptake of uranium and thorium
isotopes in stalk than P. eryngii.

There can be a considerable variability of element contents in mushrooms: between species, inter-
species, the composition of the substrate, and harvesting stages (availability of elements can change
over time). The maturity and age of the fruiting bodies likely play a lesser role, however, younger
fruiting bodies can have higher trace minerals due to the mycelial transport of elements during early
growth  stages.  The first  emerging mushrooms could likely contain  higher  element  concentrations
compared  to  consequent  mushrooms  growing  on  the  same  site,  which  is  likely  due  to  a  higher
availability of elements in the substrate with the first harvests [4, 13].

1.3 Chelates and ligands
Chelates and ligands (molecules with at least one donor atom) are molecules that can bind certain
metals and modify their  solubility and mobility in the medium. A chelate is  a complex molecule
whose ligands are bound to a single central metal atom, often a transition metal, in a cyclic or ring
structure through two or more separate coordinate covalent bonds  [14, 15]. One extensively studied
(synthetic) chelate is ethylenediaminetetraacetic acid (EDTA) which has been used extensively in the
medical treatment of lead poisoning, where it can bind to lead in the body and increases its excretion
rate [16].

Since mushrooms can have a high uptake of certain elements, the properties of chelates and ligands
and their effect on the mobility of elements are interesting to study in connection with the uptake in
mushrooms. However, studies where chelates and ligands have been used to investigate the uptake of
radionuclides in plants or mushrooms are limited. To our knowledge, only one study has investigated
the uptake of metals in fungi through the addition of a chelate. Cen et al. 2012 reported that EDTA
applied  to  the  soil  after  fructification  increased  the  metal  concentration  in  the  fruiting  bodies  of
Coprinus comatus [17].

Among ligands present in the natural environment, carbonates (CO3
-2) are among the most important

due to their high abundance. For aqueous systems with a pH above 6, the predominant species of
actinides  (uranium  and  thorium)  are  found  as  carbonate  complexes.  Carbonate  complexes  make
uranium and thorium very soluble and mobile in water. The solubility of uranium minerals increases
by two to three orders  of  magnitude,  in  the  form of  an anionic  carbonate  complex [18].  To our
knowledge, no studies have investigated the effects of carbonates on the uptake and distribution of
radionuclides in fungi.
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1.4 Dose coefficients
Radionuclides  from the  uranium-  and  thorium decay  series  contain  some  of  the  most  radiotoxic
elements, and the activity concentration of radionuclides from this decay series varies widely with
geographical location and food source [19, 20]. Po-210 is one of the most radiotoxic element, more so
than  the  actinides.  According  to  the  International  Atomic  Energy  Agency  (IAEA),  the  bulk
contributors of ionizing radiation in food comes from Po-210, Pb-210 and Ra-228 [21]. However, in
mushrooms, only three metals are regulated by the Swedish National Food Agency: Pb, Cs-137 and
Cd [22]. 

According to the Swedish Public Health Agency, it is estimated that the average person consumes
between  2  and  2.5  kg  of  mushrooms  every  year.  The  Swedish  National  Food  Agency  does  not
recommend a higher consumption due to the presence of possible carcinogenic compounds such as
phenylhydrazine which may constitute long-term harm when consumed in large quantities  [22, 23].
While  activity  concentration  constraints  exist  for  Cs-137  in  mushrooms,  none  do  for  naturally
occurring radionuclides, despite Po-210 being readily accumulated in mushrooms [24].

The annual ingestion effective dose (Sv/Bq) following intake of food containing radionuclides can be
calculated with the ingestion dose coefficient,  which relates  the  committed effective dose (Sv) to
ingested  radionuclides  (Bq).  The  dose  is  calculated  over  the  duration  in  which  the  ingestion  of
radionuclides occurs, which is 50 years for adults and 70 years for children.

Dose  coefficients  for  members  of  the  public  from ICRP publication  119  [25] of  some naturally
occurring and anthropogenic radionuclides are listed in Table 1. The dose coefficients are higher for
children and adolescents than adults, due to differences in excretion rates, body and organ masses, and
intestinal absorption. 

Table  1: Selected radionuclides and their corresponding ingestion dose coefficients (Sv/Bq)
for  members  of  the  public,  in  this  case  5  year  old  and adults.  Values  taken  from ICRP
publication 119

5 years Adult

Mn-54 1.9E-09 7.1E-10

Zn-65 9.7E-09 3.9E-09

Sr-90 4.7E-08 2.8E-08

Cs-137 9.60E-09 1.30E-08

Po-210 4.40E-06 1.20E-06

U-234 8.80E-08 4.90E-08

U-235 8.50E-08 4.70E-08

U-238 8.00E-08 4.50E-08
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As seen in Table 1, Po-210 has the highest dose coefficients (and lowest half life of those listed), and
that makes it especially radiotoxic due to the rapid emission of alpha particles. Only a few micrograms
of ingested Po-210 is enough to be fatal [26].

1.5 Cooking effects
Previous studies have shown that there are several cooking methods that can be used to remove metals
(and radionuclides) from mushrooms  [27].  Methods such as blanching,  pickling and boiling have
resulted in significant reductions of metals in mushrooms, with varying amounts depending on the
method used [4, 28–31]. Cooking can result in the disruption of cells and tissues in mushrooms, which
could be followed by the excretion of some accumulated metals. Cooking is therefore a potentially
viable  way  of  decontaminating  mushrooms.  Only  a  few  studies  have  investigated  the  release  of
radionuclides during cooking, and only for a few species of edible mushrooms.

1.6 Aims
In summary, there exist several knowledge gaps regarding the uptake and distribution of radionuclides
in mushrooms and their caps and stalks, how the uptake and distribution is affected by chelates and
ligands, and the potential release of radionuclides during cooking. Therefore, the purpose of this pilot
study was to explore these topics for the radionuclides Mn-54, Zn-65, U-238, U-235, U-234 and Po-
210 for several types of edible mushrooms, by using commercially available mushroom growing kits
in a controlled laboratory environment.

2. Method

2.1 Growing kits
Growing kits  of  grey-  and pink  oyster,  lion's  mane,  and  Black  Pearl,  of  which  was  a  hybrid  of
Pleurotus ostreatus and Pleurotus eryngii, were used in this study [32, 33]. The growing kits had only
mycelium present in the substrate. Some of the growing kits had an identical type of substrate, which
was  either  straw  or  fine  woodchips.  Black  Pearl,  lion’s  mane,  and  pink  oyster  had  a  substrate
composition of fine woodchips, and grey oyster had a substrate of straw. Whenever possible, caps and
stalks were analysed separately to study the distribution of radionuclides.

The growing kits with mycelium present were placed in a controlled laboratory environment with a
constant temperature. The grown mushrooms were harvested when no further signs of growth were to
be seen, or when they were naturally disconnected from the substrate due to their heavy weight.

The cultivation procedure was obtained from the manufacturer  following each kit.  The procedure
included ensuring that mycelium were growing in the substrate, and that the mycelium were exposed
to sufficient  amounts  of  light  and oxygen by indenting openings in  the  kits.  Daily watering was
required to keep the substrate, mycelium and mushrooms moist. 

2.2 Uptake coefficients
Since few to no studies have included the addition of naturally occurring radionuclides and gamma-
emitting Mn and Zn, two solutions of these radionuclides were used to spike the growing kits.  One 50
mL solution contained naturally occurring radionuclides from the uranium and thorium series, and the
other  50  mL solution  contained  both  Mn-54  and  Zn-65.  The  activity  concentration  of  naturally
occurring radionuclides U-238, U-234,  Po-210, and U-235 were 86.2 kBq/kg,  91.4 kBq/kg,  187.5
kBq/kg,  and 6.1 kBq/kg,  respectively.  The activity  concentration of  Mn-54 and Zn-65 were 0.37
MBq/kg and 0.29 MBq/kg, respectively. Both types of radionuclide solutions had a pH of about 1 to
maintain the metals  and radionuclides  in  ion form,  and to avoid the formation of aggregates.  An
overview of the experimental setup and amounts of solutions can be seen in Table 2. 
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Black Pearl and lion’s mane were used to study the uptake, distribution and transfer of radionuclides
following the addition of EDTA and sodium carbonate, respectively. The effect on uptake, distribution
and transfer  of  radionuclides  in  lion’s  mane mushroom was compared to  a  kit  where  no sodium
carbonate was added. The total amount of EDTA added to the Black Pearl substrate, was 100 mL of
0.5 M solution, and for lion’s mane substrate, 100 mL of 3 M solution of sodium carbonate was added.
The  solutions  were  added  to  the  substrates  immediately  after  the  application  of  the  radionuclide
solutions.

Due to the large scope of this study, radionuclides marked in bold, see Table 2, were included in the
methodology and results, although several other solutions were also originally added to the mushroom
growing kits. Since Mn-54 and Zn-65 have not been studied in mushrooms, pink oysters and Black
Pearl were used to determine their uptake and distributions, and in order to determine the uptake and
distribution of naturally occurring radionuclides, grey oysters and lion's mane were used.

Table 2: The solutions used. Lion’s mane were included in two experiments, one with only the
addition of naturally occurring radionuclides (I), and another with the addition of sodium
carbonate (II). The values in bold indicate the results (radionuclides) that will be shown in
this study

Pink oyster Grey oyster Lion’s mane (I) Lion’s mane (II) Black Pearl

Naturally 
occurring 
radionuclides

50.00 g 50.00 g 50.00 g 30.00 g N/A

Mn-54 and Zn-65 9.00 g 9.00 g 9.00 g 9.00 g 9.00 g

Chelate or ligand N/A N/A N/A 3 M NaCO3 0.5 M EDTA

All of the solutions in Table 2 were added to the substrates in the first days of cultivation by evenly
applying the solutions through injection across the exposed substrate surfaces, in order to obtain an
even distribution of radionuclides in the surface. A spacing of around 2 cm and injection depth of
around 1 cm were used. Sodium carbonate and EDTA were applied to the substrates immediately after
the application of the radionuclides.

2.3 Cooking effects
To  study  the  cooking  effects  on  the  retained  activity  concentration  of  naturally  occurring
radionuclides, grey oysters were stir-fried with butter and a teaspoon of salt. Stir-frying with butter
was  the  chosen  method since  previous  studies  had  not  used  this  method.  The  grey  oysters  were
purchased from a local supermarket, with the country of origin being Sweden. The cooking was done
in a way to reflect ordinary cooking practices. No radionuclides were added to these mushrooms,
however, their natural content of radionuclides were high enough to quantify before and after cooking.

About 80 g of grey oysters were sliced into about 1 cm thick pieces and were then stir-fried without
separation of cap and stalk in about 30 g of butter for about 15 minutes, on medium heat. A small
tablespoon of salt was added during the cooking to simulate a common frying procedure as close as
possible. After about 15 minutes of frying, the stir-fried mushrooms were set to cool on a paper towel
and absorb the excess butter.

The  annual  ingestion  effective  dose  of  the  cooked  and  uncooked  grey  oysters  were  calculated
according to Equation (1) [34]
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Ding=∑
r

(Cr×ec ,r)×Iing (1)

where  Ding was the effective dose per year (Sv/y) from ingested grey oysters ,  Cr was the activity
concentration (Bq/kg) of radionuclide  r in the grey oysters,  Iing was the ingestion rate (2.5 kg/y) as
stated by the Swedish Public Health Agency, and ec,r was the ingestion dose coefficient of radionuclide
r present in the grey oysters (Sv/Bq) with values taken from ICRP 119.

2.4 Gamma spectrometry
A  gamma  spectrometer,  ORTEC  GEM50P4  with  a  relative  efficiency  of  52  %  and  an  energy
resolution of 1.65 keV at 1.33 MeV, was used for determining the activity concentrations of Mn-54
and Zn-65. The spectrometer was calibrated using a gamma cocktail traceable to National Institute of
Standards and Technology (NIST). Gamma-emitters in the interval of 59 – 2734 keV (Am-241 – Y-
88) were used for the calibration. The uncertainty of the efficiency calibration was 2.5 % (1 sigma) ,
whereas  the  uncertainty  of  the  energy  calibration  was  considered  negligible.  This  comprised  the
minimum uncertainty for results obtained with gamma spectrometry. About 5 – 50 g samples were
used. The samples were packed in 35 mL or 60 mL cylindrical polypropylene containers and then
measured for about 1 – 2 days or until the uncertainty of the peak areas were 0.1 % or less.

The gamma spectra were analysed with the GammaVision (v. 7.02.01) software. Efficiency files and
corrections for true coincidence summing were obtained and performed by the software EFFTRAN
[35]. In order to take into consideration attenuation of photons in the mushrooms themselves,  the
composition of the mushrooms were assumed to be about 90 % water, 5 % beta-glucan (C6H10O5) [36],
and 5 % chitin (C8H13O5N)  [37]. The activity concentration of Mn-54 and Zn-65 in substrate were
calculated  through  the  added  activity  of  the  radionuclide  solution  and  the  substrate  weight.  The
activity concentrations of Mn-54 and Zn-65 were decay corrected to the time of harvest.

2.5 Radiochemical procedure
The radiochemical  procedure used in this study was based on the works of Lehto and Hou  [18].
Around 4 g of wet weight mushrooms were used for alpha spectrometry.  A small amount of each
harvested  mushroom cap  and  stalk  was  dried  to  assess  the  moisture  content,  which  allowed  the
calculation of their corresponding dry weights. Radionuclides that were of interest were U-238, U-234,
Po-210, and U-235. Tracer solutions of about 87 mBq of U-232 and Po-209, respectively, were added
to the mushroom samples in a teflon container prior to the digestion procedure, in order to account for
losses of radionuclides due to the radiochemical procedure. The uncertainty (1 sigma) in the activity of
the added tracers  was 0.5 % and 1.2 % for  U-232 and Po-209,  respectively.  This  comprised the
minimum uncertainty for results obtained with alpha spectrometry. 

After the addition of both U-232 and Po-209 tracers, the mushroom samples were digested through
concentrated hydrochloric acid (37 %) and concentrated nitric acid (70 %) in a microwave digestion
system (ETHOS EASY, Milestone Srl) operating according to the manufacturer manual [38].  Some
drops of hydrogen peroxide (60 %) were added to the digested solute, after the microwave digestion,
to break down any remaining organic compounds.

Radionuclides  were  concentrated through precipitation  with  iron  hydroxides  by  adding FeCl3 and
increasing the pH with ammonium hydroxide (35 %) to about 9. The samples were then centrifuged
and the supernatant discarded. Concentrated nitric acid was added to the samples in order to dissolve
the precipitate.

Separation funnels of glass were used for separating the solutions containing different radionuclides.
This was done with the use of tributyl phosphate (TBP) and triisooctylamine (TiOA), which were used
to separate uranium and thorium from polonium in 4 M nitric acid. The samples were added to the
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funnels containing TBP and TiOA, and were then put on a shaker for several minutes. The aqueous
phase contained polonium, which was eluted at this stage. The organic phase contained uranium and
thorium,  in  which  thorium was eluted with  3 M hydrochloric  acid  and uranium was  eluted with
distilled water.

Discs for uranium and thorium samples were prepared according to SPA01 revision 1.2 from Eichrom
Technologies,  LCC  [39],  by utilizing  micro  co-precipitation  with  CeF3 (cerium(III)  fluoride).  For
polonium, copper discs were used in a process of spontaneous deposition on a heating plate.

2.5.1 Alpha spectrometry
To measure the activity concentrations of alpha-emitters, an Alpha Ensemble® with ion implanted
silicon charged particle detector was used. The activity concentration Aα was calculated with Equation
(2):

Aα=
N

N tr

×A tr (2)

where N was the gross area counts of the alpha emission peak from the studied isotope,  Ntr was the
gross emission peak of the tracer, and Atr was the added activity of the tracer.

The discs containing the radionuclides of interest were measured for about 2 days. 

The activity concentration of uranium and polonium isotopes in the substrates were calculated through
the  added  activity  of  the  radionuclide  solution  and  the  substrate  weight.  This  was  then  used  to
calculate the transfer coefficients.

2.6 Transfer coefficients
The transfer of radionuclides from substrate to the fruiting body of mushrooms for alpha- or gamma
emitting radionuclides, TCr, was calculated according to Equation (3) [40]:

TCr=
AM , r

AS, r

(3)

where AM,r was the activity concentration Bq/kg of radionuclide r in the mushrooms, and AS,r was the
remaining activity concentrations in the whole substrate S.

The activity concentrations in the substrates containing naturally occurring radionuclides, and Mn-54
and Zn-65 were calculated through the added activity of the radionuclide solutions and the substrate
weights. This was then used to calculate the transfer coefficients. The activity concentration of Mn-54
and Zn-65 were decay corrected to the time of harvest.

3. Results
All relevant radionuclides in tap water and butter were below the MDA (minimum detectable activity),
or otherwise not detected. The MDA was about 1 mBq/kg or less for uranium and polonium isotopes
in  tap  water,  and  correspondingly,  less  than  7  Bq/kg  in  butter  (although  radionuclides  were  not
detected in the spectra). The higher MDA for butter was due to the relatively small sample size used.
Thus, the contribution of radionuclides from the tap water and butter used for cooking and watering in
this study were considered negligible. 
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3.1 Growing kits
The weight of the substrates for pink oyster, lion's mane and Black Pearl were about 1400 g, and grey
oyster was 1317 g. The weight of the substrates and the added activity (Bq) were used to calculate the
transfer coefficients.

Black  Pearl  grew relatively  fast  after  the  substrate  was  exposed to  tap  water  and  light,  and  the
mushrooms were harvested six days after cultivation when no further sign of growth were seen. A
month later,  a third mushroom grew from the kit  and was also harvested. These two harvests are
referred to as H1 and H2.

Pink- and grey oysters were harvested 17 and 14 days, respectively, after cultivation. A second set of
pink oysters emerged 10 days after the first set, and was harvested 1 week after the first harvests.

Lion's mane were harvested 17 days after cultivation, and for the second kit (where sodium carbonate
was added), the mushroom was harvested 22 days after cultivation.

3.2 Uptake and distribution of radionuclides

3.2.1 Black Pearl
The mushrooms harvested from the Black Pearl kit are seen in Figure  2. The first harvest provided
with two large mushrooms, H1:A and H1:B, and the second harvest provided only one mushroom
(H2), which differed both in size and shape. The cap and stalk for each mushroom were measured
separately by gamma spectrometry, and the activity concentration of Mn-54 and Zn-65 are seen in
Figure 3. The activity concentration of Mn-54 was about 33 % higher than Zn-65 in H1:A and H1:B,
whereas Zn-65 was much higher than Mn-54 in H2.

8

Figure  2: Black Pearl H1 (left) and H2 (right) of the same kit but different
harvesting dates



The distribution of Mn-54 and Zn-65 in cap and stalk is shown in Figure 4. For H1:A, both Mn-54 and
Zn-65 were about 33 % higher in cap than stalk. For H1:B, Mn-54 and Zn-65 were 85 % and 90 %
higher in cap than stalk, respectively. For H2, there were no differences in the activity concentration of
Zn-65 in cap and stalk (ratio about 1), however, the activity concentration of Mn-54 was about 80 %
less in the cap of H2.
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Figure 3: Activity concentration kBq/kg of Mn-54 (blue) and Zn-65 (red) for the
Black Pearl mushrooms H1 and H2
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Transfer coefficients of Mn-54 and Zn-65 from substrate to cap and stalk for Black Pearl H1 and H2
are seen in Figure 5. In general, the transfer from substrate to cap and stalk were relatively similar for
both  Mn-54 and Zn-65.  However,  the  mushroom harvested  at  a  later  date,  H2,  showed a  much
different preference, where the transfer of Zn-65 was much higher than Mn-54.

The activity concentrations of Mn-54 and Zn-65 in substrate were decay corrected to the time of
harvest, which was 57.3 kBq/kg and 40.6 kBq/kg, respectively, for H1, and 52.6 kBq/kg and 36.3
kBq/kg, respectively, for H2.
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Figure  4: The ratio of activity concentration of Mn-54 (blue) and Zn-65
(red) in cap to stalk of Black Pearl of H1 and H2
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3.2.2 Pink oyster
The fruiting bodies of the pink oysters were small and grew close to the substrate, and there was no
clear  distinction  between cap  and stalk,  thus,  the  whole  fruiting bodies  were analysed.  The  pink
oysters grew in three separate groups labelled as H1:A, H1:B and H2, where H2 was the second
harvest  pink oyster  which started to  grow 10 days after  the  first  two,  see  Figure  6.  The activity
concentrations of Mn-54 and Zn-65 in the mushrooms are seen in Figure 7. 

The activity concentration of Mn-54 was higher than Zn-65 in all harvested mushrooms (similarly to
the first harvest of Black Pearl). There was an intervariability in the activity concentrations of Mn-54
and Zn-65, between the mushrooms. For H1:A and H1:B, the activity concentration was about twice
as high, while only 30 % higher for H2. It should be noted that the activity concentration of Mn-54 in
the solution used to spike the kits contained about 30 % higher activity than Zn-65.
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Figure 5: Transfer coefficients of Mn-54 (blue) and Zn-65 (red) for Black Pearl as the ratio of
activity concentration in substrate to cap or stalk. Values above 1 indicate a higher activity
concentration in the mushroom part than substrate

H1A: cap H1B: cap H2: cap H1A: stalk H1B: stalk H2: stalk
0

0,5

1

1,5

2

2,5

3

3,5

4

Mn-54

Zn-65

T
ra

n
sf

e
r 

co
e

ffi
ci

e
n

ts
 fo

r 
B

la
ck

 P
e

a
rl



12

Figure 6: Three groups of pink oyster mushrooms that were analysed. Note
their different colours and shapes. H2 was harvested at a later date, shown to
the right

Figure 7: Activity concentration kBq/kg of Mn-54 (blue) and Zn-65 (red) in the pink
oysters H1 and H2
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Transfer coefficients of Mn-54 and Zn-65 for substrate to whole pink oysters are shown in Figure 8.
The results indicated that uptake of Mn-54 and Zn-65 was higher in the pink oysters than the substrate,
except for Zn-65 in H1:B which was about the same as substrate. The transfer coefficients of Mn-54
was considerably higher than Zn-65 in the mushrooms, except for H2 where there was no significant
difference between Mn-54 and Zn-65.

The activity concentration of Mn-54 and Zn-65 in substrate was decay corrected to the time of harvest,
which was about 259.8 kBq/kg for Mn-54 and 199.4 kBq/kg for Zn-65.

3.2.3 Grey oyster
In order to quantify the activity concentrations of naturally occurring radionuclides already present in
the substrate, and what is taken up by the mushrooms, a control group of grey oysters was included
where  only  tap  water  was  added  to  the  growing  kit.  For  the  mushrooms  (see  Figure  9)  where
radionuclides were added, the activity concentration in the substrate was calculated based on the added
activity and substrate weight. However, for the control, the activity concentrations were quantified
with alpha spectrometry.

Activity  concentrations  of  U-238,  U-234  and  Po-210  for  grey  oysters  and  their  corresponding
substrates  are  seen in  Figure  10. The results  indicated  that  the  activity  concentration of  uranium
isotopes were higher in stalk than cap, whereas Po-210 was higher in cap than stalk.
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Figure  8: Transfer coefficients of Mn-54 (blue) and Zn-65 (red) for pink oysters as the
ratio  of  activity  concentration  in  substrate  to  whole  fruiting  bodies.  Values  above  1
indicate a higher activity concentration in the fruiting bodies than substrate
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Figure  9: Spiked grey oyster mushrooms growing
on substrate of straw



The mother-daughter ratio for U-234 and Po-210 with U-238 are shown in Figure 11. The ratio of U-
234 and U-238 was around 1 in all parts. Po-210 was found to be higher than U-238 in all groups.  An
important  note  is  that  the  values  shown for  substrate  were  from dividing  the added radionuclide
solution with the substrate weight, and the solution had considerably more Po-210 than other isotopes.
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Figure 10: Activity concentration Bq/kg of U-238 (blue), U-234 (red) and Po-210 (yellow) in
grey oysters spiked with naturally occurring radionuclides, and for a kit (control) where only
tap water was added. Activity concentration of U-238 in control: cap was below MDA
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The transfer coefficients of U-238, U-234 and Po-210 in grey oyster are shown in Figure 12. Transfer
coefficients  of  the  grey  oyster  control  group were  higher  than  grey  oysters  with  added naturally
occurring radionuclides. For the grey oysters with added naturally occurring radionuclides, the transfer
coefficient  of Po-210 was higher in cap, whereas U-238 and U-234 were higher in stalk. For the
control groups, Po-210 was also higher in cap whereas there was no difference between U-234 in cap
and stalk. 
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Figure  11: Ratios of U-234 and Po-210 to U-238 in grey oysters. Values above 1
indicated a lower uptake of U-238 than U-234 or Po-210 
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The wet weight to dry weight correction factors were 2.8 for cap and 2.4 for stalk.  The dry weight
corrected  transfer  coefficients  of  U-238,  U-234 and Po-210 in cap  were  0.007,  0.006 and 0.015,
respectively. For stalk, the values were 0.008, 0.007 and 0.005. U-234 and Po-210 in cap of the control
group were 0.5 and 0.4, respectively, and for stalk of the control group, the values of U-238, U-234,
and Po-210 were 0.4, 0.3 and 0.2, respectively.

3.2.4 Lion's mane
For  both  growing  kits  (with  and  without  sodium  carbonate),  the  mushrooms  started  to  grow
simultaneously. The kit without sodium carbonate had two mushrooms growing (A and B), which
grew relatively large. While for the kit with sodium carbonate, only one mushroom grew (C) and its
size was much smaller. The mushrooms stopped growing about one month after cultivation, and were
harvested at the same time, see Figure 13. The lion's manes were analysed whole rather than divided in
cap and stalk, because there was no clear distinction between the two parts.

The activity concentrations of U-238,  U-234,  and U-235 of the lion's  mane mushrooms and their
corresponding  substrates  are  seen  in  Figure  14.   The  highest  activity  concentrations  of  uranium
isotopes were found in A, then C, and lastly, in B. Lion's mane C had a higher activity concentration
than B, despite the smaller activity concentration in its substrate (only 30 g of solution was added,
compared to 50 g for A and B).
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Figure  12: Transfer coefficients of U-238 (blue), U-234 (orange) and Po-210 (yellow) for
grey oysters as the ratio of activity concentration in substrate to cap or stalk. Values above 1
indicate a higher activity concentration in the mushroom part than substrate
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The transfer coefficients of U-238, U-234, and U-235 for substrate to whole fruiting body lion’s mane
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Figure  13:  Growing  kits  for  lion's  mane  mushroom  where  similar
radionuclides were added to both kits. The kit to the right (C) also received
a solution of 100 mL of 3 M sodium carbonate during time of cultivation.
Note the much smaller size of C, all of them were cultivated at the same time

Figure 14: Activity concentration Bq/kg of U-238 (blue), U-234 (red) and U-235 (orange) in
lion’s mane mushrooms
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are shown in Figure 15. The transfer coefficients were considerably higher in lion's mane A compared
to B and C. Lion's mane C, with sodium carbonate, had higher transfer coefficients than B.

The wet weight to dry weight correction factors were 3.7 for the whole fruiting body. The dry weight
corrected transfer coefficients of U-238, U-235, and U-234 were 3.2, 2.3, and 3.0, for lion's mane A.
Correspondingly, the values were 0.24, 0.19, and 0.22 for lion's mane B, and 0.35, 0.26, and 0.32 for
lion's mane C, respectively.

3.3 Cooking effects
Grey oysters that were purchased from the supermarket weighed 160 g (wet weight). These were split
into two groups of equal size (80 g each), in which one group was stir-fried with butter and a little salt
and then measured with the alpha spectrometer, and the other group was measured directly with the
alpha spectrometer as a control group. The activity concentrations of U-238, U-234 and Po-210 were
seen in Figure 16.
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Figure 15: Transfer coefficients of U-238 (blue), U-234 (red) and U-235 (orange) for lion's
manes as the ratio of activity  concentration  in  substrate  to whole fruiting bodies.  Values
above 1 indicate a higher activity concentration in the fruiting bodies than substrate
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The results showed that there was a higher retainment of Po-210 than uranium after frying grey oysters
with butter and salt. The activity concentration of Po-210 in cooked grey oysters were about three
times higher than in uncooked grey oysters.

The annual ingestion effective dose per year following ingestion of 2.5 kg/y cooked and uncooked
grey oysters were calculated for 5 year old and adults, as seen in Table  3 and  4, respectively. The
results indicated that Po-210 had the largest contribution to the annual effective dose.

It  can be mentioned that thorium isotopes were also analysed, but  the activity were below MDA.
Radium isotopes were, however, not analysed.

Table 3: Annual ingestion effective dose (µSv/y) in 5 year old for cooked and uncooked grey
oysters

U-238 U-234 Po-210

Cooked 0.01 ± 0.001 0.01 ± 0.001 37.3 ± 2.6

Uncooked 0.08 ± 0.004 0.08 ± 0.005 11.2 ± 1.2
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Figure  16: Cooked and uncooked grey oysters, a comparison of activity concentrations in
Bq/kg
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Table  4: Annual  ingestion effective dose (µSv/y)  in adults  for cooked and uncooked grey
oysters

U-238 U-234 Po-210

Cooked 0.01 ± 0.001 0.006 ± 0.001 10.2 ± 0.71

Uncooked 0.05 ± 0.002 0.05 ± 0.003 3.1 ± 0.3

4. Discussion

4.1 Uptake and distribution of radionuclides

4.1.1 Black Pearl
The higher uptake of Mn-54 and Zn-65 in the mushroom from the first harvest, which were, 33 % and
38 % for H1:A and H1:B, respectively, reflects the relation found in the added radionuclide solution,
which  had  about  40  %  higher  Mn-54  than  Zn-65.  Thus,  it  would  seem  that  the  first  emerging
mushrooms had no particular preference for either of the elements. However, a month later, the second
harvest, H2, showed a different uptake where Zn-65 was much more preferred. This could be due to a
change  in  chemical  properties  of  Mn-54 and Zn-65,  causing  Zn-65 to become increasingly more
mobile, or Mn-54 less mobile, or, the dissociation of EDTA which increased the bioavailability of Zn-
65. If the latter, a higher Zn-65 uptake would also be observed if the experiment was repeated without
the addition of EDTA. However, an observation was that 100 mL of 0.5 M EDTA seemed to have no
negative effects on the mushrooms, since they grew rapidly in size. In contrast, 3 M sodium carbonate
was likely harmful to the lion's mane mushrooms. It would be interesting to study how the uptake of
radionuclides would be without EDTA, and to study the distribution and uptake of radionuclides with
further harvests, in order to see if there is a change in the chemical properties of Mn-54 and Zn-65.
Due to delays in production of these kits and time constraints,  an experiment with no addition of
EDTA could not be made in this study.

Black Pearl H2 deviated from H1 in several ways. It was deformed and was growing on the stalk of
H1. This could have affected the uptake of Mn-54 and Zn-65. An interesting observation was the
higher uptake of Zn-65, which could have been due to a lower availability of Mn-54 following growth
of H1:A and H1:B. The higher uptake of Mn-54 relative to Zn-65 in H1:A and H1:B could have been
due to a higher availability of Mn-54 in the substrate.

There was a higher accumulation of Mn-54 and Zn-65 in cap than stalk of H1:A and H1:B. The higher
accumulation in cap than stalk was in agreement with a study by Vetter et al. 2005, who studied the
same mushroom species (P. ostreatus) and reported that the uptake of stable Manganese and Zinc
were about 1.5 and 2.1 times higher in cap than stalk [41]. The difference in transfer coefficients of
Mn-54 and Zn-65 in H1 were relatively small. Comparing the mushrooms, H1:A had higher transfer
coefficients of Mn-54 and Zn-65 than H1:B, due to the higher activity concentration of both Mn-54
and Zn-65 in H1:A. For H2, the transfer coefficients of Zn-65 were considerably higher than Mn-54.

4.1.2 Pink oyster
An observation that  was made was the pink oysters had considerably different  appearances.  Pink
oyster H1:B had the most natural appearance and the lowest uptake of Mn-54 and Zn-65 compared to
pink oysters H1:A and H2, which had deformed appearances and much higher uptakes. Factors such
as light exposure, oxygen, watering and more were the same for the mushrooms, since they grew in
the same kit. It was thus likely that the radionuclide solution affected their appearances. In contrast,
the  first  harvest  of  Black  Pearl  had  similar  uptake  of  radionuclides  and  were  also  similar  in
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appearance, whereas Black Pearl H2 was deformed and had a considerably different uptake. There
could have been an inhomogeneous distribution of mycelial networks or radionuclide solution in the
pink oyster substrate, which could explain why pink oyster H1:B had the lowest uptake. The latter
case was unlikely since we took great care in applying the solution evenly, however, we could not
exclude  the  possibility  of  the  radionuclide  solution  accumulating  in  pores  within  the  substrate.
Nevertheless, our results showed that the mycelial networks did not distribute nutrients equally over
the substrate, and that uptake in one group of pink oysters can not represent uptake in other pink oyster
groups. 

The uptake of Mn-54 was higher than Zn-65 in all pink oysters, and the activity concentration of Mn-
54 was about  30  % higher  than  Zn-65 in the  substrate.  The higher  availability  of  Mn-54 in the
substrate could explain the higher uptake of Mn-54, however, this would not explain why pink oysters
H1:A and H1:B had activity concentrations of Mn-54 that were well above 30 %. According to Kalac
2019, trace element content in pink oysters from unpolluted soil is < 25 mg/kg for Mn, and 75 – 100
mg/kg dry weight for Zn. This indicates that pink oysters have a preferential uptake of Zn, compared
to Mn [4]. Our results, however, showed the opposite; the uptake and transfer coefficients of Mn-54
were higher than Zn-65, except for pink oyster H2 where no difference in transfer coefficients were to
be seen.

It was not clear why pink oyster H2 had similar transfer coefficients of Mn-54 and Zn-65. It grew near
H1:A, which had the highest uptake of Mn-54. The high uptake of Mn-54 in H1:A might have lowered
its availability in that part of the substrate, and thus the availability of Mn-54 might have decreased
and caused H2 to have a more even uptake. This would however need to be investigated further.

The ability of Manganese to form anionic complexes, and to complex with organic ligands such as
carboxylic acids excreted from mycelium, may contribute to an increased Mn-54 mobility – even in
the alkaline pH range. In contrast, Zn-65 is heavily immobilized by alkaline environments and due to
complexing with phosphorus and clays [42]. The differences observed between pink oyster and Black
Pearl are more likely related to the species, since both pink oysters and Black Pearl had the same
substrate  compositions  and  the  addition  of  the  same  solutions  of  Mn-54  and  Zn-65,  except  that
naturally occurring radionuclides were not added to Black Pearl. We could not exclude the possibility
that Mn-54 uptake was higher than Zn-65 in pink oysters because of its slower growth relative to
Black  Pearl,  which  likely  allowed  time  for  the  substrate  pH  to  increase  due  to  watering,  and
consequently led to increased immobilization of Zn-65.

An  important  note  was  that  the  substrate  of  pink  oysters  also  contained  a  solution  of  naturally
occurring radionuclides, although only Mn-54 and Zn-65 were measured for in this study. The solution
consisted  of digested  granite  rocks,  which  contained  various  elements such  as  iron.  Oxides  and
hydroxides of Fe can bind with Zn-65 in some soils, reducing its mobility [42]. Thus, the contents of
the solution itself might have had an effect on the uptake of Mn-54 and Zn-65.

4.1.3 Grey oyster
The uptake of U-238 and U-234 was higher in stalk than cap of grey oysters, while Po-210 was higher
in cap, as seen in Figure 10. A study by Baeza et al. 2006 reported that the uptake of U-238 and U-234
was higher in stalk of Pleurotus eryngii and Tricholoma equestre [13], whereas a study by Szymańska
et  al.  2020 reported that  the  difference in  cap and stalk for  U-238 and U-234 were insignificant
between  species  [43],  however,  their  uncertainties  were  high  for  many  mushrooms.  Due  to  the
variability in the reports, the increased uptake of U-238 and U-234 in stalk of grey oysters could be a
species dependent effect.

A study by Szymańska et al., 2019 reported that the activity concentration of Po-210 in hazel bolete
(Leccinellum pseudoscabrum) was, on average, higher in cap than stalk [44]. Two studies, Szymańska
and Strumińska-Parulska 2020, and Strumińska-Parulska et al. 2017, reported that uptake of Po-210
would vary significantly in cap and stalk between mushroom species – some species had a higher
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uptake of Po-210 in stalk than cap [20, 45]. A study by Skwarzec and Jakusik 2003, reported that the
uptake of Po-210 was a factor of 1 – 1.6 higher in cap than stalk for  Boletales and Agaricales [46]. In
summary, there was a reported variability of Po-210 in cap and stalk, thus the higher uptake of Po-210
in cap could have also been a species dependent effect.

The ratio U-234/U-238 in cap and stalk was about 1 which was to be expected, since the chemical
properties are similar between the two isotopes. The ratio Po-210/U-238 was above 1 for all parts,
higher for cap than stalk, and higher than the ratio in substrate and radionuclide solution. The results
indicated that grey oysters would accumulate Po-210, largely in cap than stalk, which could be likely
since organisms are known to accumulate Po-210 [24].

The transfer coefficients expressed in wet weight for U-238, U-234 and Po-210 were below 0.01 for
both cap and stalk, and were above 0.01 for the control group. The results showed that the control
group had a higher transfer of uranium and polonium isotopes. The transfer coefficients were lower in
the spiked grey oysters, since they had an activity concentration of 40 Bq/kg or less compared to the
substrate, which was in the order of kBq/kg.

The transfer coefficients of U-238 and U-234, expressed in dry weight, were about 0.007 for cap and
about 0.008 in stalk. For cap of the control group, U-234 and Po-210 were about 0.5. For stalk of the
control group, U-238 and U-234 were about 0.4, and Po-210 was 0.2. A study by Baeza and Guillén,
2006,  reported  dry  weight  transfer  coefficients  averaged at  0.24  and 0.23  for  U-234 and U-238,
respectively,  in  different  mushroom species,  and a  study by Tuo et  al.  2017 reported dry weight
transfer coefficients in the range of 0.05 – 0.13 for U-238 [12, 47]. This coincided with the results of
the  control  groups,  however,  the  group  where  naturally  occurring  radionuclides  were  added,  the
coefficients were a factor 10 smaller.

For Po-210, the transfer coefficients, expressed in wet weight, were around 0.005 and 0.002 for cap
and stalk,  respectively,  and about  0.14,  and 0.09,  respectively,  for  the control  group.  A study by
Szymańska and Strumińska-Parulska 2020, reported that the wet weight transfer coefficients of Po-
210 in different mushroom species was, on average, about 0.02 for soil to stalk, and 0.013 for soil to
whole body [45]. This was in agreement with our control group, which could indicate that substrate
composition, temperature, water, light exposure etc. likely did not affect the uptake of radionuclides.

4.1.4 Lion's mane
The uptake of U-238, U-234, and U-235 in lion's mane A was considerably higher than B and C. This
could  have  been  due  to  an  inhomogeneous  distribution  of  radionuclides  or  mycelial  networks.
Compared to  grey oyster,  the  lion's  mane mushrooms had activity  concentrations  in  the  order  of
kBq/kg, despite the identical activity concentrations in substrates. One possible explanation was the
different  substrates.  The  straw substrate  of  grey  oysters  was  considerably  more  porous  than  fine
woodchips  and  consequently,  could  have  had  a  lower  adsorption  of  radionuclides.  This  became
problematic with watering,  since excess water (containing radionuclides) would accumulate at  the
bottom of the kit.

The transfer coefficients, expressed in dry weight, of U-238, U-234, and U-235 in lion’s mane A, were
3.2, 3.0, and 2.3, respectively. Correspondingly for lion’s mane B, they were 0.24, 0.19, and 0.22, and
for lion's mane C, 0.35, 0.26, and 0.32.  The transfer coefficients of lion’s mane B and C coincided
with dry weight transfer coefficients from Baeza and Guillén, 2006, and Tuo et al. 2017, however,
lion's mane was not included in their studies. No study to our knowledge has looked into the uptake of
radionuclides in lion's mane mushrooms.  The results indicated that lion's mane would accumulate a
considerable  amount  of  naturally  occurring  radionuclides,  and  could  be  a  feasible  species  for
decontamination purposes.

For the kit with sodium carbonate, there were some challenges. Lion’s mane C grew smaller in size
than A and B, which could have been due to effects of sodium carbonate on mycelial growth. Sodium

23



carbonate  forms  water,  sodium  chloride  and  carbon  dioxide  when  reacting  with,  for  example,
hydrochloric acid. The high concentrations of sodium chloride and carbon dioxide in the substrate
could have had a negative effect on mycelial growth. In future experiments, less than 100 mL of 3 M
sodium carbonate should be used, since the amount was likely high enough inhibit the fruiting process.

Lion's mane C had only 30.00 g of solution containing naturally occurring radionuclides. Despite this,
its uptake and transfer coefficients of uranium isotopes were higher than lion's mane B, which had
50.00 g of the solution. This could indicate that sodium carbonate was effective in increasing the
uptake  of  uranium isotopes,  by  increased  mobility  of  uranium isotopes  in  the  form of  carbonate
complexes. The uptake and transfer coefficients were, however, still much lower compared to lion's
mane A.

4.2 Cooking effects
The activity concentration of Po-210 was found to be higher after frying grey oysters with butter,
compared to uncooked grey oysters. In contrast to our results, a study by Strumińska-Parulska et al.
2020 found that the activity concentration of Po-210 in several mushroom species decreased after stir-
frying in oil, measured by dry weight [48]. Their study found the effects of cooking on Po-210 to be
independent of species.

The decrease of U-238 and U-234 in this study could have indicated that they were excreted during
cooking, and the increase in Po-210 could have been due to Po-210 being either more incorporated or
strongly bound to fungal cells.  We expected that frying grey oysters at medium temperature would
have resulted in considerable losses of Po-210 due to its volatility, but this effect was not observed.
According to Thakur and Ward, 2020 [49], the volatility effects of Po-210 can be seen at temperatures
as low as 50 ℃, with significant losses at 100 ℃ and above, which we did not observe.

The different results obtained by Strumińska-Parulska et al. 2020, could have been attributed to their
cooking method. Sir-frying in oil would have exposed the entire mushrooms to high temperature, since
it would be completely submerged. Furthermore, the thickness of the stir-fried mushrooms could also
be one variable that affects the retainment. If thinner slices of mushrooms are stir-fried, then it is likely
that a higher fraction is released since a larger fraction is exposed to the oil directly. The thickness of
the mushroom was not stated in the references.

For a 5 year old, consuming the cooked grey oysters would have incurred an annual effective dose of
about 37.3 µSv/y compared to 11.4 µSv/y from uncooked, assuming an average annual intake of 2.5
kg mushrooms as stated by the Swedish Public Health Agency. Correspondingly, for adults the annual
effective dose would be about 10.2 µSv/y and 3.2 µSv/y. Adults had a lower annual effective dose
than 5 year old, due to lower dose coefficients, which is determined by a variety of physiological
factors  [25].  The  annual  effective  dose  primarily  stemmed  from  Po-210,  due  to  its  high  dose
coefficients and retainment.  This dose comparison assumes that  an identical  cooking procedure is
followed, where e.g. the excess butter is disposed of. It should be noted that consuming 2.5 kg of stir-
fried grey oysters in a year corresponds to about 8 kg of uncooked grey oysters. Thus, if 2.5 kg of raw
grey oysters were stir-fried, the resulting dose, compared to uncooked, would be less as long as the
excess butter (containing uranium) is disposed, even if much of Po-210 is retained.

There was a possibility that frying with butter and salt was not an adequate method for reducing the
activity concentration of Po-210, and that another cooking method such as boiling in water or stir-
frying in oil would have reduced the annual effective dose from Po-210. It would be interesting to test
other mushrooms with this cooking procedure and also to test other cooking procedures in order to
identify which method would result in the highest dose reduction.
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4.3 Future perspectives
The pH of the radioactive solutions used in this pilot study were below 1, which could have had
negative effects on the mycelium (growth, shape, etc) and its uptake and distribution of radionuclides.
This could have explained the low number of cultivated mushrooms for the spiked substrates. It would
be interesting to  further  study this  by using solutions  of  different  pH,  or  by just  using a  neutral
solution. The challenge of acidity could have been solved by neutralizing the solution with bases, or
by diluting with distilled water,  which might  have reduced the dissociation of  sodium carbonate.
However,  a higher  pH would result  in creation of aggregates and this would further  increase the
challenges in maintaining a homogenous distribution in the substrate.

To confirm our observations for uptake, distribution and transfer of radionuclides in the mushrooms,
the use of a different method such as X-ray fluorescence (XRF) or inductively coupled plasma mass
spectrometry  (ICP-MS)  could  be  useful  for  studying  stable  isotopes.  In  addition,  using  different
substrates for the mushrooms could show if the substrate composition would affect the results.

5. Conclusion
This pilot study investigated the uptake and distribution of Mn-54, Zn-65, U-238, U-234, U-238, and
Po-210  in  Black  Pearl,  pink-  and  grey  oysters  and  lion's  mane  mushroom,  the  retainment  of
radionuclides following a cooking procedure, and the effects of sodium carbonate and EDTA. It was
found that:

I. Black  Pearl  had  an  uptake  of  Mn-54  and  Zn-65  that  was  higher  in  fruiting  bodies  than
substrate, which indicated a considerable accumulation. Furthermore, a higher accumulation
in cap than stalk was seen, and there was no differences in transfer coefficients between Mn-
54 and Zn-65, except for the second harvest.

II. Pink  oysters  had  an  uptake  of  Mn-54  that  was  higher  than  Zn-65,  and  the  activity
concentration of Mn-54 and Zn-65 was higher in the fruiting bodies than substrate, which
indicated that they were considerable accumulators.

III. Grey oysters had a higher accumulation of Po-210 in cap than stalk, whereas uranium was
higher  in  stalk.  The  transfer  coefficients  of  uranium  were  low,  which  could  have  been
attributed to the substrate composition. 

IV. Lion's mane was able to accumulate high activity concentrations of uranium isotopes, much
more than grey oysters.  Sodium carbonate was likely effective in increasing the uptake of
uranium, however, the amount added likely had negative effects on mushroom growth. 

V. For all  mushroom kits,  there was a considerable variability in the uptake of radionuclides
when comparing mushrooms within the same kits,  thus several  growing kits for the same
experimental setup should be used for future studies.

VI. Frying grey oysters with butter and salt resulted in a decrease in uranium content, however,
Po-210 was largely retained.
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