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Abstract

Mushrooms exhibit a high ability to accumulate potentially toxic elements. The legal regula-
tions in force in the European Union countries do not define the maximum content of ele-
ments in dried wild-grown mushrooms. This study presents the content of mercury (Hg),
lead (Pb), cadmium (Cd) and arsenic (As) determined in dried wild-grown mushrooms (Bole-
tus edulis and Xerocomus badius) available for sale. Moreover, the health risk associated
with their consumption is assessed. The inductively coupled plasma mass spectrometry
(Cd, Pb, As) and atomic absorption spectrometry (Hg) were used. The mean Hg, Cd, Pb
and As concentration in Boletus edulis was 3.039+1.092, 1.983+1.145, 1.156+1.049 and
0.897+0.469 mg/kg and in Xerocomus badius 0.102+0.020, 1.154+0.596, 0.928+1.810 and
0.278+0.108 mg/kg, respectively. The maximum value of the hazard index (HI) showed that
the consumption of a standard portion of dried Boletus edulis may have negative conse-
quences for health and corresponded to 76.2%, 34.1%, 33% and 4.3% of the maximum
daily doses of Hg, Cd, Pb and As, respectively. The results indicate that the content of toxic
elements in dried wild-grown mushrooms should be monitored. The issue constitutes a legal
niche where unfavourable EU regulations may pose a threat to food safety and consumer
health.

1. Introduction

The impact of environmental pollution on human health is a common topic that has aroused
interest for many decades, and the issue of food safety seems to be of particular importance.
Food products should not only provide nutrients but should also be of appropriate health qual-
ity. Consumers should be confident that the products allowed for sale are completely safe and
their consumption will not cause adverse health effects.
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Poland is one of the largest exporters of mushrooms in Europe, growing about 300,000 tons
of cultivated and forest mushrooms annually [1]. Picking forest mushrooms is a Polish autum-
nal tradition and the most popular method of their processing is drying. According to Statistics
Poland, in the last decade, the volume of forest mushrooms sold has fluctuated from 2,599
tons (in 2015) to 7,302 tons (in 2017). In 2018, 159 tons of the king boletus and 864 tons of the
chanterelle have been exported from Poland [2]. Mushrooms are offered for sale to retail cus-
tomers in large-format chains, which makes them widely available. The sales are also boosted
by mass media campaigns promoting a healthy diet based on products of natural origin.

The fruits of the forest floor have been appreciated for centuries as a source of food which
has nutritional and health-promoting properties. Due to their specific aroma and taste, mush-
rooms are a valued product, used in cuisines throughout the world. They are regarded as a
functional food as they contain highly nutritious proteins, a composition of vitamins and min-
erals, and because they are low in fat [3]. Moreover, they provide relatively little energy and are
considered to be a source of dietary fiber, mostly in insoluble form, and polyunsaturated fatty
acids [4]. Wild-grown mushrooms contain minerals essential for humans, such as potassium,
phosphorus, magnesium, calcium, sodium, zinc, copper, manganese, nickel, selenium, and
cobalt, in varying concentrations, depending on the species [5]. The content of biologically
active compounds in mushrooms makes them beneficial to humans. They might have the
potential to prevent malignant diseases, hypercholesterolemia, diabetes, hypertension, inflam-
mation, liver dysfunction, viral and bacterial infections or cardiovascular diseases [6-9].

The development of industry and transport, as well as improper waste management con-
tribute to significant amounts of pollution, among which toxic trace elements are of crucial
importance. Mushrooms have a strong capacity to absorb potentially toxic trace elements
from soils, including mercury (Hg), lead (Pb), cadmium (Cd), arsenic (As), accumulate them
in their bodies and their concentrations in mushrooms can exceed the levels found in crops,
fruit and vegetables [10-12].

The most important sources of soil pollution with toxic metals are industrial and transport
emissions, agriculture, surface runoff from roads and waste storage. These trace elements have
a harmful effect on human health, the strength of which depends on the age at which exposure
occurred and its duration. Toxic elements can accumulate in organs and tissues, which is con-
ditioned by their rapid absorption and slow excretion from the human body. Therefore, the
health effects of regular consumption of products containing heavy metals may become mani-
fest after many years [13]. Pb has a highly toxic influence, stemming from its action on the
immune, nervous, urinary and cardiovascular systems. The main pathomechanism is associ-
ated with the induction of oxidative stress, leading to generation of reactive oxygen species. Pb
exposure causes a number of chromosomal mutations, disorders in DNA repair and, in conse-
quence, initiation of carcinogenesis [14]. Another toxic element, Cd, according to IARC
(International Agency for Research on Cancer), belongs to group 1 of human carcinogens and
the relationship between Cd exposure and tumour development has been confirmed in cancers
of the kidney, liver, stomach, urinary bladder, prostate, pancreas and breast [15]. Similarly to
Pb, Cd induces oxidative stress and irreversible damage to DNA because Cd exerts an inhibi-
tory effect in the process of attaching repair proteins to damaged nucleotides. Moreover, expo-
sure to Cd causes pathological changes to the bones, as well as the cardiovascular, urinary and
endocrine systems [16]. As is also classified as a human carcinogen and exposure to its com-
pounds is associated with malignant diseases of the skin, lungs and urinary bladder [15].
Moreover, chronic exposure to As causes chromosomal aberrations, oxidative stress,
impairment of DNA repair and disruption of growth factor synthesis. The above-mentioned
processes lead to the development of lung and liver diseases, neurological disorders, hyperten-
sion, anaemia, diabetes and ischemic heart disease [17, 18]. Hg is one of the most toxic
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elements on the periodic table, and methylmercury, due to its ability to accumulate in the
human body, has a negative effect on the liver and the nervous, reproduction and cardiovascu-
lar systems [19]. This element easily crosses the blood-brain barrier, causing neurological dis-
turbances. Exposure to Hg is associated with the development of amyotrophic lateral sclerosis,
multiple sclerosis, Parkinson’s and Alzheimer’s diseases [20, 21]. Furthermore, Hg exposure
may cause dysfunction of the cardiovascular, endocrine, reproductive and urinary systems
[22,23].

Most of the existing studies have been conducted on fresh mushrooms, while the popularity
of dried products, which are available in all seasons, is steadily increasing. Moreover, the dry-
ing process does not cause loss of mushrooms’ nutritional value, but this also applies to the
potentially toxic element contamination [24]. The regulations which are currently in force in
the European Union countries define the maximum permissible content of Cd and Hg only in
fresh mushrooms, in the case of Pb only in fresh cultivated mushrooms, while in the case of
As, the maximum permissible content in mushrooms is not specified [25-30]. No legal regula-
tions exist that define the maximum content of toxic elements in dried wild-grown mush-
rooms. The highest permissible levels of Pb for Agaricus bisporus (common mushroom),
Pleurotus ostreatus (oyster mushroom), Lentinula edodes (shiitake mushroom) are established
at 0.30 mg / kg of fresh matter. For the same species of fungi, the maximum level of Cd is also
set: 0.20 mg / kg of fresh matter. For other mushroom species, the maximum level of Cd is 1.0
mg / kg. All the indicated maximum levels apply after washing of the mushrooms and separat-
ing the edible part. If certain maximum levels are applied to dried foodstuffs, changes in the
concentration of contamination due to drying processes should be considered [25]. In the
European Union, the legal maximum residue levels (MRLs) for Hg compounds (sum of Hg
compounds expressed as Hg) is 0.05 mg / kg for cultivated fungi and 0.5 mg / kg for wild
fungi, except for the boletus (Boletus edulis) with the MRL of 0.9 mg / kg. These levels apply to
the entire product after removal of soil or substrate [30]. Therefore, it is worth asking the ques-
tion about the safety of the consumption of natural products in the form of dried wild
mushrooms.

This study aimed to update information on the content of toxic trace elements (Hg, Pb, Cd
and As) accumulated in dried wild-grown mushrooms available for sale, indicating the safety
or risk associated with their consumption.

2. Materials and methods
2.1. Materials

The material for research consisted of 80 samples of dried edible mushrooms, belonging to the
most often consumed species in Poland: Boletus edulis (40 samples) and Xerocomus badius (40
samples). The mushrooms were purchased in 5 European chains of supermarkets, with 4-10
samples from separate batches for each species. According to the producers, they had been
harvested in 2018-2019. All purchased mushrooms had been produced by Polish companies,
and in most cases Poland was indicated as the country of origin of the mushrooms. The char-
acteristics of studied samples of mushrooms is presented in Table 1.

2.2. Sample preparation procedure

The mushroom samples were powdered using mechanical homogenizer (IKA Ultra-Turrax
T18 digital, Staufen, Germany) and stored in polypropylene containers at -20°C until analysis.
The determination of mercury concentration was performed directly in homogenized dried
samples (0.05-0.1 g). To determine the concentration of Pb, Cd and As, powdered mushrooms
(0.2-0.3 g) were mineralized with concentrated (69%) nitric acid (Tracepur, Merck,
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Table 1. Characteristics of studied samples of mushrooms.

Species
Xerocomus badius
Xerocomus badius
Xerocomus badius
Xerocomus badius
Xerocomus badius
Xerocomus badius
Boletus edulis
Boletus edulis
Boletus edulis
Boletus edulis
Boletus edulis

Boletus edulis

Supermarket/City Company Number of batches
Auchan/Biatystok PolGrzyb 5
Auchan/Bialystok Tagros Polska 5
Kaufland/Bialystok JamPol 10
Lidl/Biatystok Nasza Chata 10
Carrefour/Bialystok RunoPol

Tesco/Bialystok RunoPol

Auchan/Bialystok PolGrzyb

Auchan/Biatystok Tagros Polska

Kaufland/Biatystok JamPol 10
Lidl/Biatystok Nasza Chata 10
Carrefour/Bialystok RunoPol 5
Tesco/Bialystok RunoPol 5

https://doi.org/10.1371/journal.pone.0252834.t001

Darmstadt, Germany), using a closed-loop microwave system (Speedwave, Berghof, K6nigssee
Germany) according to procedure described previously [31]. The mineralisation process
included four steps with different temperatures (1= 170°C, 2™- 190°C, 3"~ 210°C, 4™-
50°C) and pressure (1%~ 20 atm, 274_ 30 atm, 3"~ 40 atm, 4™~ 40 atm) for 10, 10, 10 and 18
min, respectively.

2.3. Determination of mercury concentration

Hg was determined using a Single-Purpose Atomic Absorption Spectrometer AMA-254
(AMA 254, Leco, Czech Republic). The procedure was performed according to manufacturer’s
recommendations. The mushroom samples were placed in a cuvette in the analyzer

chamber, dried and then burned at 600°C in an oxygen atmosphere, the Hg vapors being
trapped by a gold amalgamator. The released Hg was measured in the following conditions:
drying time- 60 s, decomposition time- 150 s, waiting time- 65 s. The limit of detection for
Hg was 0.003 ng/sample. The concentrations of Hg in the samples were presented as pg /kg of
dried mushrooms.

2.4. Determination of lead, cadmium and arsenic concentrations

Pb, Cd and As contents were determined by inductively coupled plasma mass spectrometry
(ICP-MS) (NexION 300 D ICP-MS, PerkinElmer, USA) with kinetic energy discrimination
chamber (KED) (in the case of As determination, this mode uses collisions and kinetic energy
discrimination to correct polyatomic interferences), or using the standard method (in the case
of Pb and Cd). The instrumental conditions are presented in Table 2. The limit of detection
(3.3 times the standard deviation of the regression line divided by the slope of the calibration
curve) was 0.16 ug/kg for Pb, 0.017 pg/kg for Cd and 0.019 pg/kg for As. The concentration of
Pb, Cd and As in the samples were presented as pg/kg of dried mushrooms.

2.5. Accuracy check of the methods

Quality control was performed by analyzing certified reference material CS-M-3 Dried Mush-

room Powder (Institute of Nuclear Chemistry and Technology, Poland). The certified material
was subjected to the same pretreatment and analysis procedure as the studied samples. The ref-
erence material was analyzed every tenth studied sample. The certified content was 2.849+104

mg/kg of dried mass for Hg, 1.863+0.108 mg/kg of dried mass for Pb, 1.229+0.11 mg/kg of
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Table 2. ICP-MS conditions for As, Pb, Cd determination.

Parameter Analytical conditions
As Pb Cd
Mode KED Standard Standard
Mass (amu) 74.9216 205.975 109.903
206.976 110.904
207.977 112.905
113.904
Dwell Time per amu (ms) 50
Integration Time (ms) 1000
Detector Calibration Mode Dual
Replicates 5
Internal Standard 50 pg/L of indium in 2% HNO;

KED-kinetic energy discrimination.

https://doi.org/10.1371/journal.pone.0252834.1002

dried mass for Cd and 0.651+0.026 mg/kg of dried mass for As. All the results of quality con-
trol analysis were in the reference range provided by the manufacturer of the certified refer-
ence material. The recovery figures for the analytical methods used in estimation of Hg, Pb,
Cd and As were 104%, 107%, 97.5% and 105%, respectively. The precision values of the meth-
ods for determination of Hg, Pb, Cd and As were 3.2%, 2.6%, 3.5% and 3.7%, respectively.

2.6. Human health risk assessment

To assess the carcinogenic and non-carcinogenic human health risk associated with the con-
sumption of the studied mushrooms, the following indicators were calculated: EDI (Estimated
Daily Intake), THQ (Target Hazard Quotient), CR (Carcinogenic Risk), HI (Hazard Index).
Moreover, PTWI (Provisional Tolerable Weekly Intake) for Hg, PTMI (Provisional Tolerable
Monthly Intake) for Cd and BMDL (Benchmark Dose Lower Confidence Limit) for As and Pb
were used. The standard portion of fresh mushrooms consumed per person in Poland is 100 g
and dry mass in mushrooms constitutes about 10% [32, 33]. In calculations of the above-men-
tioned indicators, we assumed that the average weight of a person was 70 kg and the standard
portion of dried mushrooms consumed was 10g.

In 2011-2013, the Joint FAO/WHO Expert Committee on Food Additives (JECFA) estab-
lished that PTWT for Hg is 4 pug/kg/week, PTMI for Cd is 25 pg/kg/month, BMDL for As is
3 ug/kg/day (lung cancer), 5.2 pg/kg/day (bladder cancer), 5.4 ug/kg/day (skin cancer) and
BMDL for Pb is 0.5 pg/kg/day (neurotoxicity effect), 1.5 ug/kg/day (cardiovascular risk),
0.63 ug/kg/day (nephrotoxicity effect) [34-36]. On this basis, the tolerable daily intake of Hg,
Pb, Cd and As was set as 0.57 pg/kg/day, 0.5 ug/kg/day, 0.83 pg/kg/day and 3 pg/kg/day,
respectively.

The EDI is an index showing the transfer of elements to the human body through food con-
sumption. It depends on the concentration of a given element and the amount of food con-
sumed daily. EDI was determined according to the Eq (1):

EDI = FIRx C, (1)

where FIR is an average daily consumption of mushrooms by a person with an average body
weight of 70 kg. According to published data, FIR is estimated as 27g/day for fresh mush-
rooms, which means 2.7g/day for dried mushrooms [37]. C- is a mean concentration of a
given element in the studied sample.
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The THQ is an index determining the potential non-carcinogenic health risk resulting
from the consumption of contaminated food. It depends on the frequency and duration of
exposure to toxic elements, daily food consumption, oral reference doses of the elements, body
weight, the value of average exposure and the elements’ concentrations. If THQ>1, food con-
sumption is perceived as hazardous to health, but if THQ<, a health risk is unlikely to occur
[38]. THQ was determined according to the Eq (2):

THQ = 10~* x (Efr x EDtot x FIR x C)/(RfDo x BWa x ATn), (2)

where Efr is exposure frequency (365 days per year), EDtot is exposure duration (70 years—as
estimated average life expectancy [39]), FIR is the calculated average daily consumption of
dried mushrooms (2.7 g/day) [37], C is the average concentration of the toxic elements in the
sample (mg/kg), RfDo is the oral reference dose specific for every element (Hg- 0.0003 mg/kg/
day, Pb- 0.0035 mg/kg/day, Cd- 0.001 mg/kg/day and As- 0.0003 mg/kg/day [40], BWa is the
average body weight (70 kg) and ATn is the average exposure in a year (365 days/year x 70
years).

The CR is an index determining the potential carcinogenic health risk resulting from the
intake of carcinogens. The tolerable risk is when the value of CR is below 10"*[41]. The CR
was calculated according to the following Eq (3):

CR = 10" x (Efr x EDtot x EDI x CSf)/ATn, (3)

where CSf is the oral slope factor for carcinogens, amounting to: 1.5 for As, 0.0085 for Pb and
6.3 mg/kg-day for Cd [42].

The HI index is the sum of hazard quotients for Pb, Cd and As and was calculated accord-
ing to the Eq (4):

HI =37, THQs, (4)

where, THQs is the target hazard quotient estimated for individual elements. The HI value
above 1 is considered unsafe for human health [43].

2.7. Statistical analysis

Statistical analysis was performed using Statistica software 13.0 (Statsoft, Krakow, Poland).
The normality of the data was verified by means of the Shapiro-Wilk test and the Kolgo-
morov-Smirnov test. No criterion of normality was observed, therefore to calculate significant
differences, the Kruskal-Wallis and Mann-Whitney U tests were performed. Differences were
considered significant when p<0.05.

3. Results and discussion
3.1. The concentrations of Cd, Pb, As and Hg in dried mushrooms

The concentrations of Cd, Pb, As and Hg determined in dried mushrooms are presented in
Table 3.

Comparing the results of this research with the literature reports, it can be suggests that the
content of toxic elements varies across mushroom species. Statistical analysis showed a signifi-
cantly higher concentration of all the tested toxic elements in Boletus edulis compared to the
values obtained in the samples of Xerocomus badius. In the case of Xerocomus badius, the
concentration values of the analysed elements, arranged from the lowest to the highest, proved
to be: Hg <As <Pb <Cd. The contents of heavy metals in Boletus edulis were different: As
<Pb <Cd <Hg.
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Table 3. Concentrations of Cd, Pb, As and Hg in dried mushrooms (mg/kg).

Mushroom species

Boletus edulis n = 40

‘ Xerocomus badius n = 40

Boletus edulis vs Xerocomus badius

Cd content

mean 1.983 1.154 p<0.001
median 1.638 0.975

min. 0.551 0.486

max. 5.212 2.750

SD 1.145 0.596

Q 1.241 0.699

Qs 2.602 1.378

Pb content

mean 1.156 0.928 p<0.05
median 0.794 0.486

min. 0.327 0.228

max. 4.700 1.167

SD 1.049 1.810

Q 0.591 0.339

Qs 1.167 0.857

As content

mean 0.897 0.278 p<0.001
median 0.745 0.243

min. 0.433 0.096

max. 2.449 0.578

SD 0.469 0.108

Q 0.623 0.204

Qs 0.958 0.350

Hg content

mean 3.039 0.102 p<0.001
median 2.944 0.100

min. 1.201 0.058

max. 5.394 0.163

SD 1.092 0.020

Q 2.159 0.089

Qs 3.773 0.109

n- number of samples; SD-standard deviation; Cd-cadmium; Pb-lead; As- arsenic; Hg-mercury; Q;-lower quartile; Qs;-upper quartile, p<0.05- statistically significant

value.

https://doi.org/10.1371/journal.pone.0252834.t1003

The analysis of Cd content in the tested dried mushrooms showed that the highest concen-
trations were found in Boletus edulis. In Xerocomus badius, the median Cd concentration was
0.975 mg/kg. On the other hand, the concentration of Cd in Boletus edulis was 1.638 mg/kg,
which is a value higher by almost 170% compared to the amount found in Xerocomus badius.
This difference is statistically significant and the obtained valuesindicate an increased accumu-
lation of Cd by the species Boletus edulis. The obtained results are consistent with data pre-
sented by other researchers. Chiocchetti et al. found that Cd concentration in samples of dried
mushrooms was 1.310 + 0.052 mg/kg and that in cooked mushrooms it decreased to
0.756 + 0.029 mg/kg [44]. In forest mushrooms collected in the area of Wysoczyzna Siedlecka,
the concentration of Cd was found to be 0.746 mg/kg in the dry matter of Xerocomus badius
and an almost 2.5 times higher concentration of this element was detected in Boletus edulis
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(1.840 mg/kg) [45]. On the other hand, Giannaccini et al. found a concentration of Cd in Bole-
tus edulis reaching even 3.400 mg/kg dry weight, which is more than twice the value obtained
in the studies carried out in this research [11]. The highest Cd concentration in Xerocomus
badius described in the literature, reaching the value of 333 mg/kg dry weight, was found in
mushrooms collected from a polluted area near a smelter in Lhota (Czech Republic) [46].

In Xerocomus badius, the median Pb concentration was 0.486 mg/kg. On the other hand,
the concentration of Pb in Boletus edulis was 1.6 times higher (0.794 mg/kg). The demon-
strated increase in the concentration of Pb in Boletus edulis is statistically significant in
comparison with the value obtained in Xerocomus badius, which proves increased accumula-
tion of Pb by the former species. In their studies, Adamiak et al. obtained an over 2 times
lower Pb content in Xerocoums badius (0.234 mg/kg) and 1.5 times lower in Boletus edulis
(0.513 mg/kg) [45]. Research carried out in Spain on samples of dried Boletus edulis showed
even lower values of Pb level (0.094 mg/kg) [44]. On the other hand, Giannaccini et al. found
that the median concentration of Pb in the dry matter of Boletus edulis was very high, reaching
even 2.800 mg/kg [11].

The median As concentration in Xerocomus badius was 0.243 mg/kg-more than 3 times as
low as that found in Boletus edulis (0.745 mg/kg). The difference in As content between these
two species of mushrooms was statistically significant. Also, Adamiak et al. did not find any
tendency of the fruiting bodies of Boletus edulis to excessively accumulate As compounds in
their structure. However, consistent with the presented results, As content in Xerocomus
badius was lower (0.182 mg/kg) than in Boletus edulis (0.282 mg/kg). However, a high content
of this element, reaching the value of 0.791 mg/kg, was recorded in dried red-cappet bolete
[45]. On the other hand, Chiocchetti et al. reported a very low As concentration in Boletus edu-
lis, amounting to only 0.094 mg/kg [44]. The range of average As concentrations found in
dried fruiting bodies of Boletus edulis from Europe was 0.1-1.1 mg/kg, while in mushrooms
harvested in Mexico, As value was 7 times higher [47, 48].

The content of Hg in Xerocomus badius was the lowest of all the heavy metals tested and its
median was 0.100 mg/kg. On the other hand, the highest Hg concentration was found in Boletus
edulis, reaching 2.944 mg/kg. The amount of Hg in Boletus edulis is therefore almost 30 times
higher than in Xerocomus badius, and the difference is statistically significant. Hg is actively accu-
mulated by many species of mushrooms and its content in these products is a subject of research
in many countries. Reported Hg concentrations in Boletus edulis from Poland, Italy and Spain are
high and amount to 1.2 + 1.4 mg/kg to 7.6 + 3.1 mg/kg (range 0.02-14.0 mg/kg dry weight) in
caps and 1.2 + 0.7 mg/kg to 8.4 + 7.4 mg/kg (range 0.05-22 mg/kg dry weight) in whole fruiting
bodies [11, 49, 50]. The maximum Hg content in Boletus edulis from the Swigtokrzyskie Moun-
tains area was as high as 14 mg/kg of dry mass [47]. Such a high content of Hg in Boletus edulis
was not recorded by Adamiak et al. The level of Hg found in this species of mushrooms was only
3 times higher (0.416 mg/kg) than that found in Xerocomus badius (0.133 mg/kg) [45]. On the
other hand, in dried Boletus edulis, Chioccheti et al. found twice as high Hg concentrations, reach-
ing 0.953 mg/kg [44]. It has been reported that concentration of Hg in mushrooms varied signifi-
cantly depending on the species and fruiting bodies of Boletus edulis is characterized by a
relatively high bioconcentration factors (BCF) value [51]. Extremely high Hg values in Boletus
edulis (32 + 19 mg/kg of dry mass) were detected in mushrooms from areas located in the vicinity
of a mercury smelter and a copper smelter in Slovakia [52].

3.2. Health risk assessment

The presence of Cd, Pb, As and Hg in food is not desirable because prolonged exposure may
have a toxic effect, causing the development of many disorders, including malignant diseases.
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Table 4. Estimated Daily Intake (EDI), Target Hazard Quotient (THQ), Carcinogenic Risk (CR) and Hazard Index for Cd, Pb, As and Hg, resulting from the con-
sumption of dried mushrooms by a person with an average body weight of 70 kg.

mean concentration

min

mean concentration

mean concentration
min

max

mean concentration
min

max

Hazard Index (Cd, Pb, AS)

mean concentration
min

max

Boletus edulis
Cd

EDI (mg/day)
5.35E-03
1.49E-03
1.41E-02

Pb

EDI (mg/day)
3.12E-03
8.84E-04
1.27E-02

As

EDI (mg/day)
2.42E-03
1.17E-03
6.61E-03

Hg

EDI (mg/day)
8.21E-03
3.25E-03
1.46E-02

5.95E-01
3.02E-01
1.10E+00

Xerocomus badius

THQ CR EDI (mg/day) THQ CR
7.65E-02 3.37E-05 3.12E-03 4.45E-02 1.96E-05
2.13E-02 9.38E-06 1.31E-03 1.87E-02 8.27E-06
2.01E-01 8.87E-05 7.43E-03 1.06E-01 4.68E-05
THQ CR EDI (mg/day) THQ CR
1.27E-02 2.65E-08 2.51E-03 1.03E-02 2.13E-08
3.61E-03 7.51E-09 6.17E-04 2.52E-03 5.24E-09
5.18E-02 1.08E-07 3.15E-02 1.29E-01 2.68E-07
THQ CR EDI (mg/day) THQ CR
1.15E-01 3.64E-06 7.53E-04 3.59E-02 1.13E-06
5.57E-02 1.76E-06 2.60E-04 1.24E-02 3.89E-07
3.15E-01 9.92E-06 1.56E-03 7.43E-02 2.34E-06
THQ CR EDI (mg/day) THQ CR
3.91E-01 - 2.76E-04 1.31E-02 -
1.55E-01 - 1.59E-04 7.57E-03 -
6.94E-01 - 4.42E-04 2.11E-02 -

1.04E-01

5.33E-02

2.16E-01

Tolerable daily intake: Hg = 0.57 ug/kg/day, Pb = 0.5 ug/kg/day; Cd = 0.83ug/kg/day, As = 3ug/kg/day.
Reference values: THQ<1; CR<10™*% HI<I.

https://doi.org/10.1371/journal.pone.0252834.t1004

The potential health risk resulting from the consumption of a standard portion of dried mush-
rooms was estimated based on EDI, THQ, CR and HI values, presented in Table 4.

The EDI of Cd for Boletus edulis and Xerocomus badius was 5.35E-03 mg/day and
3.12E-03 mg/day respectively, while the values for Pb were similar for both mushroom species
(3.12E-03 mg/day for Boletus edulis and 2.51E-03 mg/day for Xerocomus badius). The values
of the EDI of As in Boletus edulis (2.42E-03 mg/day) was higher than in Xerocomus badius
(7.53E-04 mg/day). Also EDI of Hg was much higher for Boletus edulis (8.21E-03 mg/day)
than for the other mushroom species (2.76E-04 mg/day).

The THQ index for the consumption of 2.7 g of dried mushrooms was calculated for a per-
son with an average body weight of 70 kg. The value of THQ in ascending order in Boletus edu-
lis was as follows: Cd (7.65E-02) < Pb (1.27E-02) < Hg (3.91E-01) < As (1.15E-01). The THQ
indexes for Xerocomus badius were lower than for Boletus edulis: 3.59E-02 for As, 4.45E-02 for
Cd, 1.03E-02 for Pb and 1.31E-02 for Hg. The THQ values for both mushroom species and for
all the studied elements were below 1, which means there is no potential non-carcinogenic
health risk associated with the consumption of these mushrooms.

The CR index of Cd ranged from 3.37E-05 for Boletus edulis to 1.96E-05 for Xerocomus
badius, while the cancer risk of Pb was much lower (2.65E-08 for Boletus edulis and 2.13E-08
for Xerocomus badius). The cancer risk resulting from the ingestion of As was also similar in
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Table 5. Estimated contribution (%) in a daily toxic dose resulting from the consumption of a standard portion (10 g) of dried mushrooms by a person with an aver-

age body weight of 70 kg.

mean concen-tration

min

mean concentration

mean concentration
min

max

mean concentration
min

max

TI-tolerable intake.

https://doi.org/10.1371/journal.pone.0252834.t1005

Boletus edulis
As

lung cancer
4.274

2.064
11.665

Pb
neurotoxicity
33.049
9.350
134.292

Cd

% T1
34.135
9.495
89.709

Hg

% TI
76.170
30.123
135.188

bladder cancer skin cancer

Xerocomus badius

lung cancer bladder cancer skin cancer
4.274 2.466 1.328 1.328 0.766
2.064 1.191 0.458 0.458 0.264
11.665 6.730 2.753 2.753 1.588
cardiovascular diseases nephrotoxicity neurotoxicity cardiovascular diseases nephrotoxicity
33.049 26.229 26.539 26.539 21.063
9.350 7.420 6.525 6.525 5.179
134.292 106.581 333.570 333.570 264.738
19.875
8.367
47.339
nephrotoxicity % TI nephrotoxicity
72.361 2.559 2.431
28.617 1.476 1.402
128.429 4.104 3.899

both mushroom species (3.64E-06 for Boletus edulis and 1.13E-06 for Xerocomus badius). The
carcinogenic risk resulting from Hg consumption was not determined because Hg is not con-
sidered a direct carcinogen. The USEPA claims that CR<10~° is not significant for human
health. CR between 107° to 10~* is tolerable for consumers and CR>10"* is not acceptable and
is associated with increased risk of cancer [53]. None of the studied mushrooms exceeded the
CR index by more than 107 so there is no increased risk of malignant diseases resulting from
the consumption of the studied dried mushrooms.

The HI reflects the risk for human health resulting from the accumulation of different toxic
elements. The HI index had the following values: 5.95E-01 for Boletus edulis and 1.04E-01 for
Xerocomus badius. When the HI is above 1, it indicates a significant health risk. It is noticeable
that the maximum value of HI in Boletus edulis reached 1.10E+00, which means that the con-
sumption of these mushrooms could have negative consequences for human health.

The toxicological risk of consuming a standard portion of dried mushrooms expressed as a
% of the daily reference dose of each element, calculated for a person weighing 70 kg is pre-
sented in Table 5.

The consumption of 10 g of dried Boletus edulis provided 76% of the daily dose of Hg,
reaching the maximum value of more than 135%, whereas the range for Xerocomus badius was
much lower (1.4-4.1%). The percent of the daily dose of Cd was 1.5 times higher for Boletus
edulis (range 9.5%-89.7%) than for Xerocomus badius (8.3-47.3%). The mean values of the
daily dose of Pb in the case of Boletus edulis were equal to 33% of the doses causing neurotoxic-
ity and increased risk of cardiovascular disease and 26% of the dose associated with nephrotox-
icity. It is noticeable that for some samples of Boletus edulis, the daily doses of Pb were 134%
for neurotoxicity and risk of cardiovascular disease and 106% for nephrotoxicity. The mean
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values of the daily dose of Xerocomus badius were lower (26% for neurotoxicity and risk of car-
diovascular disease, 21% for nephrotoxicity) but the maximum values reached even 333% of
the daily dose. The lowest values for both mushroom species concerned the daily doses of As
(2.4-4.2% for Boletus edulis and 0.76-1.33% for Xerocomus badius).

3.3. The need for monitoring and clarifying legal regulations

Due to the toxicity of the tested substances, their presence in food products such as fungi is
obviously undesirable. At the same time, an inconsistent approach to the presence of certain
metals in mushrooms can be observed. As already mentioned, no permissible limits of As in
mushrooms have been defined. In the case of lead, the European Union’s approach is quite
conservative (standards have been indicated for only 3 species: Agaricus bisporus, Pleurotus
ostreatus and Lentinula edodes). The level of Cd is specified for all fungi, although it is diversi-
fied (for the three above-mentioned species, the standards are much stricter than for other
fungi). The concentration levels are also defined for Hg compounds, but differentiation has
been made for cultivated mushrooms (stricter standards) and wild mushrooms (here the
acceptable level for Boletus edulis has been further increased). Commission Regulation (EU)
2018/73 states that, due to the fact that, inter alia, Hg compounds are low in cultivated and
wild fungi and, given the available data on their consumption in the Union, their overall con-
tribution to dietary exposure is considered low and poses no risk to consumer health [30]. The
established MRLs are considered provisional and will be reviewed in the light of information
available within 10 years from the date of the Regulation’s publication. It was also noted that,
in the case of Hg compounds, residues occur as a result of environmental pollution.

Considering the fact that the tested mushroom species are available for sale in large-scale
chains operating in Europe supranationally (in more than one country), the range of negative
effects of consuming these products is significant. The researchers addressed inquiries to rep-
resentatives of the commercial networks where the mushrooms used for this study were pur-
chased. They were asked what criteria for selecting suppliers of dried mushrooms were taken
into account by a given network, whether the place of origin (type of cultivation, environment)
of dried mushrooms was considered, whether the network conducted its own research on
dried mushrooms offered (and if so, by what methods) and whether it verified information
received from suppliers as regards the quality of dried mushrooms and their suitability for
consumption. Unfortunately, none of the 5 networks provided a substantive answer to the
questions (only one replied that this information was its trade secret). It seems that with such
data at their disposal, networks could treat them as an asset and leverage them for commercial
purposes, but there is no certainty here.

Law should minimize the risk of introducing products that may pose a threat to consumer
health, especially in such a broad market as the EU. It is worth noting that before joining the
European Union, Poland had stricter standards for the content of Hg, Pb and Zn in all edible
mushrooms. The permissible metal content pertained to products in trade. In 2001, for unpro-
cessed mushrooms, the standards were: Pb- 0.50 mg / kg, Cd- 0.15 mg / kg, Hg- 0.05 mg / kg,
As-0.20 mg / kg, and for dried mushrooms: Pb- 2.0 mg / kg, Cd- 1.0 mg / kg, Hg- 0.50 mg / kg,
As-0.50 mg / kg [54]. In 2003 (i.e. a year before Poland’s accession to the EU), the limits for lead
in mushrooms and fresh mushroom preparations were restricted-the permissible values were
0.30 mg / kg [55].

On the basis of the above findings, we recommend that EU institutions monitor the situa-
tion related to contamination of edible mushrooms with heavy metals and consider clarifying
the permissible standards of contamination in all edible mushrooms. Determining and pro-
posing precise standards in this area requires separate and appropriately extended research.
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4. Conclusions

The present study provides new data on the content of potentially toxic elements that, to the
best of the author’s knowledge, are not referenced in the literature. The research showed that
the content of all the tested toxic elements were lower in Xerocomus badius than in Boletus
edulis. Estimation of health risk indexes showed that the consumption of dried mushrooms
(especially Boletus edulis) can be associated with risk to human health resulting from intake of
Hg, Cd and Pb. Finally, the results indicate that the content of toxic elements in dried wild-
grown mushrooms should be monitored. The collected data justify the view that the European
Union and individual Member States should clarify their regulations in order to define the
maximum levels of Hg, Cd and Pb in edible mushrooms.

Supporting information

S1 Fig. Concentrations of Cd, Pb, As and Hg in dried mushrooms (pg/kg).
(DOCX)

S1 Dataset.
(XLSX)

Author Contributions

Conceptualization: Karolina Orywal, Katarzyna Socha, Piotr Kaczynski, Maciej Perkowski.
Formal analysis: Patryk Nowakowski.

Investigation: Karolina Orywal, Katarzyna Socha, Patryk Nowakowski, Piotr Kaczynski.
Methodology: Karolina Orywal, Katarzyna Socha.

Project administration: Katarzyna Socha, Barbara Mroczko, Maciej Perkowski.
Resources: Wojciech Zon, Bozena Lozowicka, Maciej Perkowski.

Supervision: Karolina Orywal, Katarzyna Socha, Maciej Perkowski.

Writing - original draft: Karolina Orywal, Wojciech Zon.

Writing - review & editing: Katarzyna Socha.

References

1. Szumigaj-Tarnowska J, Slusarski C, Ulinski Z. Pathogenicity of Mycogone Perniciosa isolates collected
on polish mushroom farms. J. Hortic. Res. 2015; 23: 87-92.

2. Statistics Poland. Statistical Yearbook of Forestry. (Warsaw 2019).

Kala¢ P. A review of chemical composition and nutritional value of wild-growing and cultivated mush-
rooms. J. Sci. Food Agric. 2013; 93: 209—-218. https://doi.org/10.1002/jsfa.5960 PMID: 23172575

4. ReisFS, Barros L, Martins A, Ferreira IC. Chemical composition and nutritional value of the most widely
appreciated cultivated mushrooms: an interspecies comparative study. Food Chem. Toxicol. 2012; 50:
191-197. https://doi.org/10.1016/).fct.2011.10.056 PMID: 22056333

5. Falandysz J, Kunito T, Kubota R, Bielawski L, Frankowska A, Falandysz J, et al. Multivariate characteri-
zation of elements accumulated in King Bolete Boletus edulis mushroom at lowland and high mountain
regions. J. Environ, Sci. Heal. A. 2008; 43: 1692—1699. https://doi.org/10.1080/10934520802330206
PMID: 18988107

6. Jayachandran M, Xiao J, Xu BA critical review on health promoting benefits of edible mushrooms
through gut microbiota. Int. J. Mol. Sci. 2017; 18: 1934. https://doi.org/10.3390/ijms18091934 PMID:
28885559

PLOS ONE | https://doi.org/10.1371/journal.pone.0252834  June 23, 2021 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252834.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252834.s002
https://doi.org/10.1002/jsfa.5960
http://www.ncbi.nlm.nih.gov/pubmed/23172575
https://doi.org/10.1016/j.fct.2011.10.056
http://www.ncbi.nlm.nih.gov/pubmed/22056333
https://doi.org/10.1080/10934520802330206
http://www.ncbi.nlm.nih.gov/pubmed/18988107
https://doi.org/10.3390/ijms18091934
http://www.ncbi.nlm.nih.gov/pubmed/28885559
https://doi.org/10.1371/journal.pone.0252834

PLOS ONE

Toxic trace elements in dried mushrooms

10.

11.

12

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Kobayashi M, Kawashima H, Takemori K, Ito H, Murai A, Masuda S et al. Ternatin, a cyclic peptide iso-
lated from mushroom, and its derivative suppress hyperglycemia and hepatic fatty acid synthesis in
spontaneously diabetic KK-A(y) mice. Biochem. Biophys. Res. Co. 2012; 427: 299-304.

Smina TP, Nitha B, Devasagayam TP, Janardhanan KK. Ganoderma lucidum total triterpenes induce
apoptosis in MCF-7 cells and attenuate DMBA induced mammary and skin carcinomas in experimental
animals. Mutat. Res. 2017; 813: 45-51. https://doi.org/10.1016/j.mrgentox.2016.11.010 PMID:
28010928

Wu YS, Ho SY, Nan FH. Ganoderma lucidum 31,3/1,6 glucan as an immunomodulator in inflammation
induced by a high-cholesterol diet. BMC Complem. Altern. M. 2016; 16: 500. https://doi.org/10.1016/j.
mrgentox.2016.11.010 PMID: 28010928

Falandysz J, Frankowska A, Jarzynska G, Dryzatowska A, Kojta AK, Zhang D. Survey on composition
and bioconcentration potential of 12 metallic elements in King Bolete (Boletus edulis) mushroom that
emerget at 11 spatially distant sites. J. Environ, Sci. Heal. B. 2011; 46: 231-246. https://doi.org/10.
1080/03601234.2011.540528 PMID: 21442539

Giannaccini G, Betti L, Palego L, Mascia G, Schmid L, Lanza M, et al. The trace elements content of
top-soil and wild edible mushroom samples collected in Tuscany, Italy. Environ. Monit. Assess. 2012;
184: 7679-7685. https://doi.org/10.1007/s10661-012-2520-5 PMID: 22371035

ZhuF, QuL, Fan W, Qiao M, Hao H, Wang X. Assessment of heavy metals in some wild edible mush-
rooms collected from Yunnan Province, China. Environ. Monit. Assess. 2011; 179: 191-199. https:/
doi.org/10.1007/s10661-010-1728-5 PMID: 20976551

Navaro Silvera SA, Rohan TE. Trace elements and cancer risk: a review of the epidemiologic evidence.
Cancer Cause. Control. 2007; 18: 7-27; https://doi.org/10.1007/s10552-006-0057-z PMID: 17186419

Krzywy |, Krzywy E, Pastuszak-Gabinowska M, Brodkiewicz A. Lead- is there something to be afraid
of? Ann. Acad. Med. Stetin. 2010; 56: 118—128. PMID: 21469290

IARC. IARC monographs on the evaluation of carcinogenic risks to humans. International Agency for
Research on Cancer. 2020.

Bernhof R. A. Cadmium toxicity and treatment. Sci. World J. 2013; 3: 394652; https://doi.org/10.1155/
2013/394652 PMID: 23844395

Baker BA, Cassano VA, Murray C, ACOEM Task Force on Arsenic Exposure. Arsenic exposure,
assessment, toxicity, diagnosis, and management: guidance for occupational and environmental physi-
cians. J. Occup. Environ. Med. 2018; 60: €634-e639; https://doi.org/10.1097/JOM.
0000000000001485 PMID: 30358658

WHO. Exposure to Arsenic: A Major Public Health Concern. Geneva, Switzerland: WHO. 2010.

Bonsignore M, Andolfi N, Barra M, Madeddu A, Tisano F, Ingallinella V, et al. Assessment of mercury
exposure in human populations: a status report from Augusta Bay (southern ltaly). Environ. Res. 2016;
218: 176-185. https://doi.org/10.1016/j.envres.2016.01.016 PMID: 26806294

Kabhrizi F, Salimi A, Noorbakhsh F, Faizi M, Mehri F, Naserzadeh P, et al. Repeated administration of
mercury intensifies brain damage in multiple sclerosis through mitochondrial dysfunction. Iran. J.
Pharm. Res. 2016; 15: 834-841. PMID: 28243280

Siblerud R, Mutter J, Moore E, Naumann J, Walach H. A hypothesis and evidence that mercury may be
an etiological factor in Alzheimer’s disease. Int. J. Environ. Res. Public Health. 2019; 16: 5152; https://
doi.org/10.3390/ijerph16245152 PMID: 31861093

Azevedo BF, Furieri LB, Peganha FM, Wiggers GA, Vassallo PF, Simdes MR, et al. Toxic effects of
mercury on the cardiovascular and central nervous system. J. Biomed. Biotechnol. 2012; 949048.
https://doi.org/10.1155/2012/949048 PMID: 22811600

Georgescu B, Georgescu C, Daraban S, Bouaru A, Pascalau S. Heavy metals acting as endocrine dis-
rupters. J Anim. Sci. Biotechnol. 2011; 44: 89-93.

Reid T, Munyanyi M, Mduluza T. Effect of cooking and preservation on nutritional and phytochemical
composition of the mushroom Amanita zambiana. Food Sci. Nutr. 2016; 5: 538-544; https://doi.org/10.
1002/fsn3.428 PMID: 28572939

Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels for certain
contaminants in foodstuffs (Text with EEA relevance; Dz.U. L 364 z 20.12.2006 s.5). 2006.

Commission Regulation (EU) No 488/2014 of 12 May 2014 amending Regulation (EC) No 1881/2006
as regards maximum levels of cadmium in foodstuffs Text with EEA relevance. 2014.

Commission Regulation (EU) 2015/1005 of 25 June 2015 amending Regulation (EC) No 1881/2006 as
regards maximum levels of lead in certain foodstuffs (Text with EEA relevance). 2015.

Commission Regulation (EU) 2015/1006 of 25 June 2015 amending Regulation (EC) No 1881/2006 as
regards maximum levels of arsenic in certain foodstuffs (Text with EEA relevance). 2015.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252834  June 23, 2021 13/15


https://doi.org/10.1016/j.mrgentox.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/28010928
https://doi.org/10.1016/j.mrgentox.2016.11.010
https://doi.org/10.1016/j.mrgentox.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/28010928
https://doi.org/10.1080/03601234.2011.540528
https://doi.org/10.1080/03601234.2011.540528
http://www.ncbi.nlm.nih.gov/pubmed/21442539
https://doi.org/10.1007/s10661-012-2520-5
http://www.ncbi.nlm.nih.gov/pubmed/22371035
https://doi.org/10.1007/s10661-010-1728-5
https://doi.org/10.1007/s10661-010-1728-5
http://www.ncbi.nlm.nih.gov/pubmed/20976551
https://doi.org/10.1007/s10552-006-0057-z
http://www.ncbi.nlm.nih.gov/pubmed/17186419
http://www.ncbi.nlm.nih.gov/pubmed/21469290
https://doi.org/10.1155/2013/394652
https://doi.org/10.1155/2013/394652
http://www.ncbi.nlm.nih.gov/pubmed/23844395
https://doi.org/10.1097/JOM.0000000000001485
https://doi.org/10.1097/JOM.0000000000001485
http://www.ncbi.nlm.nih.gov/pubmed/30358658
https://doi.org/10.1016/j.envres.2016.01.016
http://www.ncbi.nlm.nih.gov/pubmed/26806294
http://www.ncbi.nlm.nih.gov/pubmed/28243280
https://doi.org/10.3390/ijerph16245152
https://doi.org/10.3390/ijerph16245152
http://www.ncbi.nlm.nih.gov/pubmed/31861093
https://doi.org/10.1155/2012/949048
http://www.ncbi.nlm.nih.gov/pubmed/22811600
https://doi.org/10.1002/fsn3.428
https://doi.org/10.1002/fsn3.428
http://www.ncbi.nlm.nih.gov/pubmed/28572939
https://doi.org/10.1371/journal.pone.0252834

PLOS ONE

Toxic trace elements in dried mushrooms

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Regulation (EC) No 396/2005 of 23 February 2005 on maximum residue levels of pesticides in or on
food and feed of plant and animal origin and amending Council Directive 91/414/EEC (Text with EEA
relevance). 2005.

Commission Regulation (EU) 2018/73 of 16 January 2018 amending Annexes Il and Ill to Regulation
(EC) No 396/2005 of the European Parliament and of the Council as regards maximum residue levels
for mercury compounds in or on certain products (Text with EEA relevance). 2018.

Bielecka J, Markiewicz-Zukowska R, Nowakowski P, Grabia M, Puscion-Jakubik A, Mielcarek K, et al.
Content of toxic elements in 12 groups of rice products available on Polish market: Human health risk
assessment. Foods 2020; 9: 1906; https://doi.org/10.3390/foods9121906 PMID: 33419259

Nikkarinen M, Mertanen E. Impact of geological origin on trace element composition of edible mush-
rooms. J. Food Compost. Anal. 2004; 16: 301-310.

Wojciechowska-Mazurek M, Mania M, Starska K, Rebeniak M, Kartowski K. Noxious elements in edible
mushrooms in Poland. Bromatol. Chem. Toksyk. 2011; 2: 143—-149.

WHO. Evaluation of certain contaminants in food. World Health Organ Tech Rep Ser:1 105, back cover.
2011.

WHO. Evaluation of certain food additive and contaminants. World Health Organ Tech Rep Ser: 1-226,
back cover. 2011.

WHO. Evaluation of certain food additives and contaminants. World Health Organ Tech Rep Ser: 1-75,
back cover. 2013.

Kala¢ P, Svoboda L. A review of trace element concentrations in edible mushrooms. Food Chem. 2000;
69: 273-81.

Yousefi M, Shemshadi G, Khorshidian N, Ghasemzadeh-Mohammadi V, Fakhri Y, Hosseini H et al.
Polycyclic aromatic hydrocarbons (PAHSs) content of edible vegetable oils in Iran: a risk assessment
study. Food Chem. Toxicol. 2018; 118: 480—489; https://doi.org/10.1016/j.fct.2018.05.063 PMID:
29857019

Roser M, Ortiz-Ospina E, Ritchie H. Life expectancy. 2013; Published online at OurWorldinData.org.
Retrieved from: ’https://ourworldindata.org/life-expectancy’ [Online Resource]

Kala¢ P. Chapter 4—Trace elements. in Pavel Kala¢ (ed.), Mineral Composition and Radioactivity of
Edible Mushrooms (Academic Press). 2019.

USEPA. Integrated Risk Information System (IRIS). In. Washington, DC, USA: United States Environ-
mental Protection Agency. 2010.

USEPA. Risk-based concentration table. In, edited by United States Environmental Protection Agency.
Washington, DC. 2000.

Ahmed ASS, Sultana S, Habib A, Ullah H, Musa N, Hossain MB, et al. Bioaccumulation of heavy metals
in some commercially important fishes from a tropical river estuary suggests higher potential health risk
in children than adults. PLoS One. 2019; 14: e0219336. https://doi.org/10.1371/journal.pone.0219336
PMID: 31622361

Chiocchetti GM, Latorre T, Clemente MJ, Jadan-Piedra C, Devesa V, Vélez D. Toxic trace elements in
dried mushrooms: effects of cooking and gastrointestinal digestion on food safety. Food Chem. 2020;
306: 125478; hitps://doi.org/10.1016/j.foodchem.2019.125478 PMID: 31610326

Adamiak EA, Kalembasa S, Kuziemska B. Contents of heavy metals in selected species of edible
mushrooms. Acta Agrophys. 2013; 20: 7-16.

Cejpkova J, Gryndler M, Hréelova H, Kotrba P, Randa Z, Synkova |, et al. Bioaccumulation of heavy
metals, metalloids, and chlorine in ectomycorrhizae from smelter-polluted area. Environ. Pollut. 2016;
218:176-185. https://doi.org/10.1016/j.envpol.2016.08.009 PMID: 27569718

Falandysz J, Chojnacka A, Frankowska A. Arsenic, cadmium, lead and mercury in king bolete Boletus
edulis and tolerance limits. Annals of the National Institute of Hygiene 2006; 57: 325-339. PMID:
17713195

Gas M|, Segovia N, Morton O, Cervantes ML, Godinez L, Pefia P, et al. 137 Cs and relationships with
major and trace elements in edible mushrooms from Mexico. Sci. Total Environ. 2000; 262: 73—89.
https://doi.org/10.1016/s0048-9697(00)00574-x PMID: 11059844

Cocchi L, Vescovi L, Petrini LE, Petrini O. Heavy metals in edible mushrooms in Italy. Food Chem.
2006; 98: 277—284. https://doi.org/10.1016/j.foodchem.2005.05.068

Falandysz J, Frankowska A, Mazur A. Mercury and its bioconcentration factors in King Bolete (Boletus
edulis). J. Environ. Sci. Heal. A. 2007; 42: 2089—2095.

Falandysz J, Bielawski L, Kannan K, Gucia M, Lipka K, Brzostowski A. Mercury in wild mushrooms and
underlying soil substrate from the great lakes land in Poland. J. Environ. Monit. 2002; 4:473-476.
https://doi.org/10.1039/b202946d PMID: 12195986

PLOS ONE | https://doi.org/10.1371/journal.pone.0252834  June 23, 2021 14/15


https://doi.org/10.3390/foods9121906
http://www.ncbi.nlm.nih.gov/pubmed/33419259
https://doi.org/10.1016/j.fct.2018.05.063
http://www.ncbi.nlm.nih.gov/pubmed/29857019
https://ourworldindata.org/life-expectancy
https://doi.org/10.1371/journal.pone.0219336
http://www.ncbi.nlm.nih.gov/pubmed/31622361
https://doi.org/10.1016/j.foodchem.2019.125478
http://www.ncbi.nlm.nih.gov/pubmed/31610326
https://doi.org/10.1016/j.envpol.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27569718
http://www.ncbi.nlm.nih.gov/pubmed/17713195
https://doi.org/10.1016/s0048-9697%2800%2900574-x
http://www.ncbi.nlm.nih.gov/pubmed/11059844
https://doi.org/10.1016/j.foodchem.2005.05.068
https://doi.org/10.1039/b202946d
http://www.ncbi.nlm.nih.gov/pubmed/12195986
https://doi.org/10.1371/journal.pone.0252834

PLOS ONE Toxic trace elements in dried mushrooms

52. Kalac P, Niznanska M, Bevilaqua D, Staskova |. Concentrations of mercury, copper, cadmium and lead
in fruiting bodies of edible mushrooms in the vicinity of a mercury and copper smelter. Sci. Total Environ.
1996; 177: 251-258; https://doi.org/10.1016/0048-9697(95)04850-2 PMID: 8584916

53. USEPA. U.S. Environmental Protection Agency, Supplemental Guidance for assessing susceptibility
from early-life exposure to carcinogens. 2016.

54. Journal of Laws 2001, no. 9, item. 72, Regulation of the Minister of Health of 27 December 2000 on the
list of permissible amounts of additives and other foreign substances added to foodstuffs or stimulants,
as well as contaminants that may be present in food centres or stimulants. 2001.

55. Journal of Laws 2003, no.37, item. 326., Regulation of the Minister of Health of 13 January 2003 on the
maximum levels of chemical and biological contaminants that may be present in food, food ingredients,
permitted additives, processing aids or on food. 2003.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252834  June 23, 2021 15/15


https://doi.org/10.1016/0048-9697%2895%2904850-2
http://www.ncbi.nlm.nih.gov/pubmed/8584916
https://doi.org/10.1371/journal.pone.0252834

