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ABSTRACT

Potentially toxic elements (PTEs) loaded with fungal fruiting bodies consumption may lead to human health reper-
cussions. This study was conducted to examine the PTE (Cu, Fe, Mn, Zn) concentrations in rhizospheres (10 cm) and in
the dry matter of mushrooms collected from the Czech Republic, where wild mushroom harvesting is highly popular.
Non-carcinogenic human health risk assessments were also performed. The results showed that Fe was the domi-
nant element in both soils and mushroom fruiting bodies, followed by Mn, Zn, and Cu. Species-specific accumulation
patterns were observed across the study sites, with higher element concentrations generally detected in mushrooms
collected from roadside environments compared with the control locality. Differences in accumulation capacity were
observed among mushroom species, indicating species-dependent uptake of potentially toxic elements. The non-car-
cinogenic health effects were highest in the rhizosphere of Svihov dam D1 (100%) and lowest in the rhizosphere of
Ledenice (18.3%). The most affected area was Svihov dam D1, followed by Humpolec D1 and Ledenice. It was conclud-
ed that rhizosphere contamination of edible mushrooms could cause non-carcinogenic health issues, which could be
avoided by avoiding areas in risk zones, such as those near highways or heavily trafficked roads.

Keywords: potentially toxic elements, mushrooms, food chain, bioconcentration, non-carcinogenic health risks
assessment

ABSTRAKT

Konzumace plodnic hub zatizenych potencialné toxickymi prvky (PTE) mGzZe predstavovat riziko pro lidské zdravi.
Cilem této studie bylo stanovit koncentrace PTE (Cu, Fe, Mn a Zn) v rhizosférické ptidé (0-10 cm) a v susiné plodnic
hub sbiranych v Ceské republice, kde je sbér hub Siroce rozsiten. Soucasti prace bylo hodnoceni nekarcinogenniho
zdravotniho rizika. Vysledky ukazaly, Ze Zelezo (Fe) bylo dominantnim prvkem v padé i plodnicich, nasledované Mn,
Zn a Cu. Byly zjistény druhové podminéné rozdily v akumulaci prvkd mezi lokalitami, pficemz vyssi koncentrace byly
obecné zaznamendany u hub z lokalit v blizkosti komunikaci oproti kontrolni lokalité. Rozdily v akumulac¢ni schopno-
sti byly potvrzeny napriklad u druh( Agaricus campestris (pecarka polni), Amanita rubescens (muchomurka rtzovka) a
Xerocomellus chrysenteron (suchohfib Zlutomasy). Nejvyssi nekarcinogenni toxicita byla zjisténa v rhizosfére lokality
Svihov - D1 (100 %), nejnizi v lokalité Ledenice (18,3 %). Nejvice zatizenou oblasti byla lokalita Svihov - D1, nasle-
dovana Humpolec - D1 a Ledenicemi. Kontaminace rhizosféry maze vést ke zvysenému prfenosu PTE do jedlych ¢asti
hub a predstavovat nekarcinogenni zdravotni riziko. Riziko Ize sniZit vyhybanim se sbéru hub v blizkosti dalnic a silné
frekventovanych komunikaci.

Klicova slova: potencialné toxické prvky, houby, potravni fetézec, biokoncentrace, hodnoceni nekarcinogenniho
zdravotniho rizika
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INTRODUCTION

The global community is increasingly concerned
about elevated levels of potentially toxic elements (PTEs)
in the environment due to their potential adverse effects
on human health (Garau et al., 2023). These elements,
including cadmium (Cd), which is classified as a Group 1
carcinogen, cobalt (Co), copper (Cu), iron (Fe), lead (Pb),
manganese (Mn), and zinc (Zn), are widely distributed in
soil, water, air, and food systems (Xing, 2022). They orig-
inate from both natural processes, such as volcanic erup-
tions and rock weathering, and anthropogenic sources,
including industrial operations, mining, agriculture, and
urbanisation (Kowalska et al., 2022). The Czech Repubilic,
located in Central Europe, has experienced substantial
PTE contamination due to its history of industrialisation,
mining activities, and emissions from coal-fired power
plants and metal smelters (Marschalko et al., 2020).

Mushrooms are nutritionally valuable foods rich in
protein, vitamins, minerals, and dietary fibre (Salami et
al., 2016; Trujillo et al., 2021; Fernandes et al., 2021). In
addition to their dietary value, some species contain bio-
active compounds with therapeutic properties (Grimm
et al., 2021). With the increasing awareness about the
nutritional values and associated benefits, the trends for
mushroom consumption are increasing worldwide, i.e.,
mushroom consumption was 1.0 kg per person in 1993
and 4.7 kg in 2013 per person and year (Royse et al.,
2017). For instance, as many as 72% of families collect
mushrooms at a yearly medium level of 7 kg per house-
hold in the Czech Republic (Kalag, 2013; Sisak, 1996).
Due to increasing demand, the mushroom market is es-
timated to be worth 63 billion USD (Chakrabarti et al.,
2019).

Mushrooms possess the distinctive capacity to take
up PTEs from the contaminated rhizosphere, as they
have a higher biomass production capacity (Asare et al.,
2023). Because some species serve as indicators of envi-
ronmental pollution, mushroom species exhibit varying
levels of PTE uptake depending on their ecological pref-
erences, anatomy, and physiology. Agaricus spp, Boletus
spp, and Laccaria spp, which are commonly consumed

mushrooms, have been shown to accumulate significant
amounts of Cu, Fe, Mn, Cd, and Pb (Ali and Nasution,
2019; Bayouli et al.,, 2021). This has raised concerns
about their safety for human consumption, particularly
when they are produced in polluted regions. Mushrooms
have profound cultural and economic significance in the
Czech Republic, shaping its cuisine, traditional customs,
and economy (Sisak, 1996; Prochazka et al., 2023). Al-
though mushrooms have both nutritional and cultural
importance, the accumulation of PTEs in them poses a
significant health hazard to those who eat them. Pro-
longed exposure to hazardous metals such as Cu, Fe, Cd,
Mn, and Zn may result in serious health problems, In the
present study, copper (Cu), iron (Fe), manganese (Mn),
and zinc (Zn) were selected because they are essential
trace elements commonly present in soils and biologi-
cal systems but may become toxic when accumulated at
elevated concentrations. These elements are frequent-
ly associated with traffic emissions, industrial activities,
and soil geochemistry, making them particularly relevant
for environmental and food-safety assessments in the
studied regions, such as neurological diseases, renal im-
pairment, developmental abnormalities, and heightened
susceptibility to cancer (Chakrabarti et al., 2019; Gwenzi
et al., 2021). Despite the cultural and dietary importance
of wild mushrooms in the Czech Republic, limited re-
gion-specific information is available linking rhizosphere
contamination, metal accumulation in fruiting bodies,
and associated human health risks. The scientific ques-
tion addressed in this study is whether environmental
contamination influences the accumulation of selected
PTEs in wild mushrooms and whether this accumulation
poses a measurable non-carcinogenic health risk to con-

sumers.

The objectives of this study were to (i) determine the
concentrations of Cu, Fe, Mn, and Zn in mushroom rhizo-
sphere soils and fruiting bodies, (ii) evaluate the transfer
of these elements using bioconcentration factors (BCFs),
and (jii) assess potential non-carcinogenic health risks
associated with mushroom consumption. It was hypoth-
esised that roadside environments would exhibit higher
PTE concentrations than the control locality, that mush-
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room species would differ in their accumulation capacity,
and that increased soil contamination would correspond
to elevated health-risk indices.

MATERIALS AND METHODS

Study sites

Nestled in the Czech Republic, the study sites, i.e.,
Ledenice (South Bohemia region), a control locality, and
the highway D1 near Humpolec and the Svihov dam
(Central Bohemian Region). Ledenice is situated roughly
10 kilometres southeast of Ceské Budéjovice (48.9733
N, 14.4809 E). The climate is humid continental, with
warm summers and cold, snowy winters. The area is lo-
cated at an elevation of around 450 meters above sea
level. The Svihov dam is located 122 kilometres north-
west of Ledenice and is a significant landmark in the
region. This impressive water, constructed on the Zeliv-
ka River, spans 142 hectares. The dam serves multiple
purposes, including flood control, water supply for the
Czech capital, Prague, and recreation. The locality near
the D1 highway, close to Humpolec town, is located ap-
proximately 100 km northwest of Ledenice (Figure 1).

Sampling and samples preparation

A total of 17 triplicated soil samples (n = 51) were col-
lected from the rhizospheres (0 - 10 cm) of the different
mushroom species, while mushrooms were also collect-
ed from the same sites belonging to other species. The
collected species included Amanita rubescens, Agaricus

campestris, Leccinum versipelle, Leccinum scabrum, Imleria

(a)

badia, Xerocomellus chrysenteron, Boletus edulis, Suillus
grevillei, and Chlorophyllum rhacodes. Sampling was done
during the summer season of August 2023 - 2024. The
collected soil samples were sieved through a 2 mm sieve
to remove larger stones, debris, and wooden clogs, ov-
en-dried at 105 °C for 8 hours and used for further anal-
ysis. For mushroom sampling, only the fruiting bodies
were carefully collected by gently removing them from
the soil surface using a knife. The underground myceli-
um was not collected or disturbed (n = 51). The collected
mushroom samples were cleaned of dust and soil parti-
cles, sampled using a ceramic-blade knife, and then dried
at laboratory temperature. After that, the dried mush-
rooms were ground to a powder using a laboratory mill
and then used for further analysis.

Soil and mushroom sample analysis

For assessing PTEs content in both soil and mushroom
samples, 0.5 g of each sample with 10 ml of concentrat-
ed nitric acid (p.p.) was digested using a microwave re-
action system MARS 5 (CEM Corporation, Matthews,
North Carolina, USA). After 25 minutes of digestion time
for cooling, the samples were filtered using 1.2 um mi-
crofiber filters, then filled to 50 ml. The filtrate was then
used to determine PTEs (Cu, Fe, Mn, and Zn) using an
atomic absorption spectrophotometer (AAS) iCE 3500
series (Thermo Fisher Scientific, Cambridge, United
Kingdom) operated in flame atomisation mode (Zeeshan
et al., 2023). Deionised ultrapure water was produced by

the Simplicity system (Millipore SAS, Molsheim, France).

(b)

Figure 1. Map of soil and mushroom sampling locations in the Czech Republic, showing (a) sampling sites near the D1 Highway to
Humpolec, and (b) a schematic map of sample collection sites in Ledenice
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Bioconcentration factor (BCF)

The bioconcentration factor (BCF) is an indicator of
the concentration of contaminants in the surrounding
environment relative to their concentration in humans,
animals, or edible parts above ground. The BCF for this
study was calculated through the following formula
(Garg et al., 2014):

BCF=C /C

mushroom soil

where C and C_, are PTE concentrations (in dry

mushroom

matter) in mushroom and soil (mg kg?).

Human health risks assessment

A human health risk assessment (HRA) was devel-
oped to highlight the importance of selecting low-im-
pact localities for mushrooming, focusing on heavy met-
al concentrations in mushroom bodies and topsoil. HRA
was conducted following the LCIA principles and the
harmonised life cycle impact assessment (LCIA) method
Environmental footprint 3.1 / Characterisation mod-
el (Andreasi et al., 2023), an integrated method in the
SimaPro Craft 10.2.0.0 (SimaPro, 2025), via the impact
category of Human toxicity, non-cancer inorganics (HT-
NCi) expressed in CTUh (Comparative Toxic Unit for hu-
mans). The impact level reflects the Human toxicity and
non-cancerous inorganic effects of anthropogenic Zinc
concentrations in the fruiting body and in the subsoil be-
neath it. For the expression, the following characterisa-
tion factor was employed: component: soil, substance:
Zinc (l1), Compartment: soil, Subcompartment: industri-
al, CAS number: 023713-49-7, characterisation factor:
1.4458E¢ CTUh kg* Zinc (Il). The results were related to
one kilogram of dry matter (DM) of the fruiting body or
subsoil under the fruiting body (CTUh per kg DM).

Statistical analysis and data representation tools

All data were statistically analysed using MS Excel
(Microsoft Corp., USA) and OriginPro 2024 (OriginLab
Corp., USA). Descriptive statistics (mean, minimum,
maximum, and standard deviation) were calculated. Dif-
ferences among sampling sites were evaluated using

one-way analysis of variance (ANOVA), and statistical

significance was determined at P < 0.05. Pearson’s cor-
relation analysis was performed to assess relationships
between PTE concentrations in soil and mushroom sam-
ples, and corresponding p-values were calculated. Princi-
pal component analysis (PCA) was conducted to identify
patterns and associations among elements and sampling
locations.

RESULTS

Potentially toxic element concentration in the rhizosphere
of the mushroom species

Considerable variation in PTE concentrations was
observed among rhizosphere soils and sampling sites
(Table 1). Overall, the highest concentrations were gen-
erally recorded at the Svihov dam D1 and Humpolec D1
sites, while Ledenice exhibited lower levels. Copper con-
centrations ranged from 4 to 60 mg/kg, with the high-
est values detected in the rhizosphere of Leccinum ver-
sipelle at Humpolec D1. Iron showed the greatest overall
abundance among the analysed elements, reaching a
maximum of 42,700 mg/kg at Svihov dam D1. Manga-
nese ranged from 6 to 1,330 mg/kg, with elevated levels
mainly observed at impacted roadside sites. Zinc con-
centrations varied between 43 and 238 mg/kg, with
the highest values recorded at Svihov dam D1. One-way
ANOVA revealed significant differences (P < 0.05) in PTE
concentrations among the three sampling sites, particu-
larly for Fe and Mn, indicating spatial variability related

to site characteristics.

Potentially toxic elements' concentration in edible

mushrooms

The analysis revealed notable variations in Cu con-
tents among the studied species. Among the mushroom
species, Agaricus campestris exhibited the highest Cu
content (66 mg/kg) in samples belonging to the Svihov
dam D1 area, followed by Chlorophyllum rhacodes (63
mg/kg) in the same area, while Leccinum versipelle (60
mg/kg) in the Ledenice area. Conversely, the lowest Cu
content among the species examined was found in Lecci-
num versipelle (9.0 mg/kg), collected from the Humpolec

D1 area.
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Table 1. The contents of PTEs in the rhizosphere of the mushroom samples

Cu Fe Mn Zn
Sites Species
(mg/kg of DM)
Ledenice Xerocomellus chrysenteron 9.0+0.96 5,650 + 24 6.0+0.21 55+24
Chlorophyllum rhacodes 400+0.17 5,310 £ 45 872 +24 71+£125
Suillus grevillei 20.0+13 335+223 144 £ 213 93.0+4.7
Amanita rubescens 7.00 +0.12 6,160 = 34 884 £ 24.6 44045
Imleria badia 4.00 £ 0.64 3,730 £ 56 490+ 214 440+4.6
Leccinum scabrum 9.00+0.78 6,820 + 104 130+21.5 53.0+5.5
Agaricus campestris 9.00 + 0.41 10,300 £ 212 320+ 235 620+9.3
Boletus edulis 6.00 +0.52 5610 £ 121 175+£10.5 430+ 6.8
Leccinum versipelle 8.00+0.36 8,260 + 423 380 + 103 52.0+4.6
Humpolec D1 Leccinum versipelle 60.0+ 3.6 39,600 + 306 1,330+ 12.5 136+ 114
Leccinum scabrum 28015 21,500 =422 456 +23.5 98.0+12.5
Amanita rubescens 21.0+0.79 19,200 + 303 222 +10.6 102+1.1
Imleria badia 19.0+1.3 18,400 + 124 225+125 107 £ 16.4
Xerocomellus chrysenteron 18.0 £ 0.89 18,300 + 343 180 + 1.09 103 +11.45
Svihov dam D1 Agaricus campestris 15.0+1.2 42,700 + 436 1,110 £ 101 238 + 32.3
Amanita rubescens 1401 32,500 =457 844 + 453 137 +12.6
Chlorophyllum rhacodes 250+2.2 30,700 + 436 557 +23.5 207 +46.7
Mean 16.12 16,184.0 490.18 96.67
Min 3.50 355.0 6.14 42.70
Max 59.50 42,669.0 1334.0 237.80
SD 13.43 13,247 387.01 56.79
Skew. 2.03 0.74 0.77 1.24
Kurtosis 4.42 -0.71 -0.52 0.75

The data are presented as average values of three replicate measurements + standard deviation.

The Fe content was the highest among all the PTEs
in this study; the maximum Fe was found in Imleria badia
in the Humpolec D1 area at 1,887 mg/kg. Minimum Fe
contents were found in the same area in Xerocomellus
chrysenteron species, i.e., 137 mg/kg. The Mn content

ranged from 6 - 267 mg/kg. The maximum Mn content
(267 mg/kg) was found in Xerocomellus chrysenteron in
the Ledenice area, while the minimum (7 mg/kg) was
recorded in the same species in the Humpolec D1 area
(Table 2).
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Table 2. PTEs in edible mushroom species

Cu Fe Mn Zn
Sites Species
(mg/kg of DM)
Ledenice Xerocomellus chrysenteron 260+1.1 577 +225 267 +20.2 920+5.6
Chlorophyllum rhacodes 55.0+23 173 +13.5 73.0+224 123+11.4
Suillus grevillei 20.0+13 335+21.2 144 £ 20.2 93.0+3.6
Amanita rubescens 210+ 1.6 424 +32.6 129 +23.5 62.0+£34
Imleria badia 18.0+1.8 203 + 54.6 110 £20.3 142+ 35
Leccinum scabrum 11.0+0.98 236 + 103 80.0+11.5 91.0+4.4
Agaricus campestris 47.0+34 1,370 £ 111 55.0+7.5 88.0+8.2
Boletus edulis 270+14 255+120 66.0+x94 93.0+5.7
Leccinum versipelle 60.0+2.5 868 + 116 146 +12.4 135+ 3.5
Humpolec D1 Leccinum versipelle 9.00£0.98 178 +12.5 8.00 £0.98 59.0+20.3
Leccinum scabrum 120+1.1 601 £ 16.6 33.0£25 106 +11.4
Amanita rubescens 34.0+£25 1,890 + 103 26.0+£25 105+ 12.6
Imleria badia 27.0+3.1 1,890 + 123 270+ 15 117 £15.3
Xerocomellus chrysenteron 29.0+1.3 137 +18.7 7.00 +0.89 113 +104
Svihov dam D1 Agaricus campestris 66.0+3.6 1,910 £ 135 57.0+9.8 118 £ 4.6
Amanita rubescens 21.0+£13 4,030 £ 456 128 £ 6.9 155+ 115
Chlorophyllum rhacodes 63.0 £ 3.50 1,610 £ 165 37.0+6.9 106 + 11.5
Mean 32.13 981.27 81.88 105.78
Min 9.30 137.0 6.50 59.0
Max 66.40 4,026.0 266.90 155.0
SD 18.93 1,033.10 66.48 2541
Skew. 0.65 1.59 1.23 -0.02
Kurtosis -0.95 2.29 1.43 -0.28

The data are presented as average values of three replicate measurements + standard deviation.

Similarly, Zn content ranged from 59 to 155 mg/kg. in the Humpolec D1 area. Overall, Fe had the highest
The maximum Zn contents (155 mg/kg) were found in  content in soil (42,700 mg /kg) and in mushrooms (1887
Amanita rubescens species in the Svihov dam D1 area, mg/kg) among all the PTEs studied (Table 2).
while the minimum Zn contents (59 mg/kg) were found
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Bioconcentration factors of PTEs

The BCF is used to measure the extent of PTE ac-
cumulation in mushrooms relative to their concentration
in the surrounding environment, such as soil. It is con-
sidered an essential indicator of PTE toxicity in mush-
rooms. It has four classes: BCF < 100, BCF = 100 - 1000,
BCF = 1000 - 5000, and BCF > 5,000, ranging from
low to very high health risks. It was recorded that BCF
ranged from O to 43.5, indicating lower health risks. The
Fe in Leccinum versipelle had the minimum (0) BCF, while
Mn in Xerocomellus chrysenteron had the maximum BCF
(43.5), indicating the maximum BCF from the studied
metals and mushroom species (Table 3).

Table 3. Bioconcentration factors from the area studied

Health risks assessment

Results revealed substantial variation across mush-
room species and collection sites (Figure 2). The highest
soil contamination was found under field mushrooms
from Svihov (3.44 x 10*° CTUh), while the lowest was
recorded for blushing amanita and bay bolete from
Ledenice (6.30 x 10™*" and 6.32 x 10™" CTUh, respec-
tively). Regarding mushroom body contamination, the
Amanita rubescens from Svihov exhibited the highest
toxicity (2.24 x 10™° CTUh), followed by the bay bo-
lete from Ledenice (2.05 x 107™*° CTUh). In contrast, the
lowest value was observed in Amanita rubescens from
Ledenice (8.89 x 10™** CTUh).

BCFs
Sites Mushroom species
Cu Fe Mn Zn
Ledenice Xerocomellus chrysenteron 2.83 0.10 43.5 1.67
Chlorophyllum rhacodes 12.8 0.03 0.08 1.73
Suillus grevillea 1.00 1.00 1.00 1.00
Amanita rubescens 3.29 0.07 0.15 1.41
Imleria badia 5.00 0.05 0.22 3.24
Leccinum scabrum 121 0.03 0.62 1.74
Agaricus campestris 5.48 0.13 0.17 143
Boletus edulis 4.70 0.05 0.38 217
Leccinum versipelle 7.77 0.11 0.39 2.59
Leccinum versipelle 0.16 0.00 0.01 043
Leccinum scabrum 043 0.03 0.07 1.08
Humpolec D1 Amanita rubescens 1.64 0.10 0.12 1.03
Imleria badia 1.40 0.10 0.12 1.10
Xerocomellus chrysenteron 1.61 0.01 0.04 1.10
Agaricus campestris 4.31 0.04 0.05 0.49
Svihov dam D1 Amanita rubescens 1.54 0.12 0.15 1.13
Chlorophyllum rhacodes 2.52 0.05 0.07 0.51
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Bay bolete (D1;
Humpolec)
Red cracking bolete  3,5E-10 )
fiEdenice) 3E-10 Bay bolete (Ledenice)
2,5E-10
Red cracking bolete (D1; 2E-10 Birch bolete (D1;

Humpolec) 1/5E-1(

Parasol mushroom
(Ledenice)

Parasol mushroom (D1;
Svihov)

Field mushroom
(Ledenice)

Humpolec)

Birch bolete (Ledenice)

Blushing amanita (D1;
Svihov)

Blushing amanita
(Ledenice)

Field mushroom (D1;
Svihov)

Fruiting Body (CTUh)

Subsoil (CTUh)

Figure 2. Human toxicity (non-cancer, inorganics) in soils and mushroo[n bodies from various wild mushroom species collected at
three locations in the Czech Republic (D1; Humpolec, Ledenice, and Svihov), expressed in Comparative Toxic Units for humans
(CTUh) using the Environmental Footprint 3.1 (adapted) characterisation method

Interestingly, certain mushrooms, such as bay bolete
from Ledenice, showed high bioaccumulation despite
low soil toxicity. In contrast, others, such as the field
mushroom from Svihov showed moderate accumulation
despite high soil contamination, indicating species-spe-
cific differences in inorganic uptake efficiency.

Pearson's correlation

Pearson'’s correlation analysis was conducted to eval-
uate the relationships among PTE concentrations in both
rhizosphere soils and mushroom tissues (Figure 3). In
soils (Figure 3a), Cu did not show significant correlations
with Fe, Mn, or Zn. However, Fe exhibited significant
positive correlations with Mn (r = 0.82, P < 0.05) and Zn
(r=0.91, P < 0.05).

In mushroom samples (Figure 3b), stronger inter-el-
ement relationships were observed. Cu and Fe showed
significant positive correlations with Mn (r = 0.99 and r =
0.89, respectively, P < 0.05)and Zn (r = 0.71 and r = 0.86,
respectively, P < 0.05). Additionally, Mn and Zn were sig-
nificantly correlated (r = 0.71, P < 0.05).

Principal component analysis

The principal component analysis of the parameters,
i.e., PTEs in soil samples, indicated that the first principal
component explained 42.7% and showed a positive cor-
relation with all PTEs. The second principal component
explained 25.7% of the total variance and showed a cor-
relation with other PTEs, with other PTEs with loading
factors of 1.85 (Figure 4a, b).
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(A)
Cu Cu ‘
Fe 0.34 Fe ,
Mn 0.68 Mn
- =0.40 = =0.20
- =0.60 ~ -0.40
Zn 0.40 0.82 0.46 Zn Bl oso--os0
- -1.0 =-0.80
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Figure 3. Pearson correlation matrices showing relationships among PTE concentrations in (a) rhizosphere soils and (b) mushroom
fruiting bodies collected from the study area (Pearson correlation coefficients (r) are displayed; statistically significant correlations
are indicated at P < 0.05)
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Figure 4. Principal component analysis (PCA) of PTE concentrations across sampling sites: (a) PCA biplot for rhizosphere soils, (b)
scree plot for soil PCA, (c) PCA biplot for mushroom fruiting bodies, and (d) scree plot for mushroom PCA (Percentage variance

explained by each principal component is indicated)

The principal component analysis of mushroom spe-
cies and sites showed that the first principal component
accounted for 69.9% and was positively correlated with
all PTEs. The second principal component explained
14.6% of the total variance and showed correlations with

Mn and Fe, with loading factors of 1.50 and 2.85 (Figure
4c, d). The analysis results show that there were signifi-
cant influences from the sites and their correlation that

could impact them.
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DISCUSSION

The concentrations of PTEs in the rhizosphere and
mushroom species

This study assessed PTEs (Cu, Fe, Mn, and Zn) in the
rhizospheres of different mushroom species and their
edible portions to evaluate human health risks associ-
ated with mushroom consumption, with a focus on the
regions of Ledenice, Humpolec, and the Svihov dam in
the Czech Republic. The acceptable range of Fe in soils
is 2-300 mg/kg (Chandrasekara et al., 2024). The mark-
edly higher Fe concentration observed at Svihov dam
D1 (42,700 mg/kg) suggests combined effects of natu-
ral geochemical background and anthropogenic inputs,
including traffic emissions, brake wear, and atmospheric
deposition (Aftabtalab et al., 2022; Krachler and Kra-
chler, 2021). Chandrasekara et al. (2024) reported sim-
ilar higher contents of Fe in Sri Lanka, i.e., 339 mg/kg in
paddy soils, while Skorbitowicz et al. (2021) reported up
to 4,605 mg/kg in roadside soils of Poland. Moreover,
industrial activities in nearby regions may also contribute
to higher Fe content in soils after atmospheric deposition
and accumulation (Simiele et al., 2020). The Fe content
of mushrooms growing in the respective areas was also
higher, i.e., 137 - 4,030 mg/kg, with the highest value in
Amanita rubescens from the Svihov dam D1 area. It is well
established that PTEs accumulate in mushrooms with
higher body mass ratios (Peters et al., 2018). Moreover,
higher PTEs in the soils are also a factor that increas-
es PTE uptake by mushrooms (Shojaei et al., 2021). The
higher Fe in the mushrooms could be due to similar rea-
sons, as Fe content was found to be high in the study ar-
eas, as reported by Oyetayo et al. (2021), who reported
up to 417.6 mg/100 g of mushrooms. In another study,
Gatgowska and Pietrzak-Fiec¢ko (2020) reported up to
58.90 mg/kg Fe in Cantharellus cibarius species.

Copper concentrations reached 59.5 mg/kg in the
Humpolec D1 region, exceeding the commonly recom-
mended threshold of 20 mg/kg for uncontaminated soils
(Caetano et al., 2016). This elevation may be associated
with brake pad abrasion and vehicular emissions (Shab-
bir et al., 2020), indicating the influence of traffic-related
contamination. Fagnano et al. (2020) reported Cu con-

tents up to 217 mg/kg in soils of Naples, Italy. Similarly,
Saleem et al. (2020) reported 2,153 mg/kg Cu in Hubei,
China. Similar to Cu in soil, mushroom species also con-
tained higher levels of Cu. Ronda et al. (2022) reported
up to 52.59 mg/kg in Russula emetica mushroom species
in Polish forest soils. The Mn content in the rhizosphere
ranged from 6.0 to 1,330 mg/kg, with the highest con-
tent found in the Humpolec D1 region. This region is
near the highway, and traffic-related sources include Mn
in brake materials, diesel particulate matter, and infra-
structure corrosion (Shukla et al., 2021). Its concentra-
tion should be 1.0 mg/kg in soil (Rashed et al., 2023),
but Mn concentrations were much higher (1,334 mg/kg)
in the study area. Similar results were previously report-
ed by Monjardin et al. (2022), who found Mn contents
up to 34,000 mg/kg in soils after flooding near a mining
area. Wang et al. (2020) reported Mn concentrations up
to 70.96 mg/kg in soils from Tianjin, China, due to road
traffic and particulate matter. With higher Mn content in
soils, the mushroom species also accumulated Mn, with
7 - 267 mg/kg Mn detected; Xerocomellus chrysenteron
had the highest Mn content in the Ledenice area. Similar
concentrations were reported by Sithole et al. (2022) in
Pleurotus ostreatus species, i.e., 40.12 mg/kg in South Af-
rica. The Zn content was also found to range from 43 to
238 mg/kg in the study area. Zn contents in soils should
be within the range of 150 - 300 mg/kg (Rahman et al.,
2021), but concentrations of 238 mg/kg in the Svihov
dam D1 area indicate moderate Zn toxicity in the rhizo-
sphere. Similar results were reported by Rahman et al.
(2021), i.e., 329.70 mg/kg near roadside areas in Dhaka,
Bangladesh, and 122.40 mg/kg in Hamedan, Iran (Hos-
seini et al., 2020). The Zn in mushroom species ranged
between 59 and 155 mg/kg, which is also higher than
the recommended Zn in the edible portion of the mush-
rooms. These higher Zn contents are transferred from
the soil, and these higher Zn levels in mushrooms have
previously been reported by Sithole et al. (2022), who
detected 77.65 mg/kg Zn in Pleurotus ostreatus. Haro et
al. (2020) also reported that Zn concentrations in Grana-
da, Spain, were 363 mg/kg in Tricholoma equestre, a
mushroom species.
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Although BCF values were generally below 100, indi-
cating low to moderate accumulation potential, elevat-
ed soil concentrations at roadside sites contributed to
higher calculated non-carcinogenic toxicity values. The
highest Mn BCF (43.5) corresponded with increased haz-
ard indices at impacted sites, demonstrating that even
moderate bioconcentration can contribute to measur-
able exposure risks when environmental concentrations
are elevated.

Human non-carcinogenic health effects

The human non-carcinogenic effects from mushroom
consumption were higher in soils than in mushrooms. It
was noted that the non-carcinogenic probability was the
highest through the rhizosphere of Agaricus campestris
from the Svihov dam D1 location, followed by the rhi-
zosphere of Chlorophyllum rhacodes of the same area. In
contrast, minimum with the rhizosphere of Boletus edulis
from the Ledenice area, concluding that higher Zn con-
centration in rhizospheres can cause greater non-car-
cinogenic effects on humans. However, it was not at
levels that would cause HNCT, but it could be toxic if
its concentration continues to increase in the affected

areas.

Public health and environmental implications

From a public health perspective, these findings
suggest that mushroom harvesting should preferential-
ly occur in areas distant from highways and industrial
sources. Regular monitoring of roadside soils and wild
mushrooms may help prevent long-term exposure, and
public awareness regarding contamination risks could

support safer foraging practices in the Czech Republic.

CONCLUSIONS

This study evaluated the concentrations of potential-
ly toxic elements (Cu, Fe, Mn, and Zn) in the rhizosphere
soils and fruiting bodies of wild mushrooms to assess po-
tential non-carcinogenic human health risks associated
with their consumption. Iron was the dominant element
in soils, reaching up to 42,700 mg/kg, followed by Mn,

Zn, and Cu. Elevated concentrations were also detected

in mushroom tissues, with species-specific accumulation
patterns observed. Agaricus campestris showed the high-
est Cu concentration, Amanita rubescens accumulated
the highest Fe and Zn levels, and Xerocomellus chrysen-
teron exhibited the highest Mn concentration. Non-car-
cinogenic toxicity values were highest at the Svihov
dam D1 site and lowest at the control site in Ledenice,
indicating increased exposure potential in roadside en-
vironments. Overall, Svihov dam D1 represented the
most impacted locality, followed by Humpolec D1, while
Ledenice showed comparatively lower contamination

levels.
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