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A B S T R A C T

This study provides information on mercury (Hg) localization, speciation and ligand environment in edible
mushrooms: Boletus edulis, B. aereus and Scutiger pes-caprae collected at non-polluted and Hg polluted sites, by
LA-ICP-MS, SR-μ-XRF and Hg L3-edge XANES and EXAFS. Mushrooms (especially young ones) collected at Hg
polluted sites can contain more than 100 μg Hg g−1 of dry mass. Imaging of the element distribution shows that
Hg accumulates mainly in the spore-forming part (hymenium) of the cap. Removal of hymenium before con-
sumption can eliminate more than 50% of accumulated Hg.

Mercury is mainly coordinated to di-thiols (43–82%), followed by di-selenols (13–35%) and tetra-thiols
(12–20%). Mercury bioavailability, as determined by feeding the mushrooms to Spanish slugs (known metal
bioindicators owing to accumulation of metals in their digestive gland), ranged from 4% (S. pes-caprae) to 30%
(B. aereus), and decreased with increasing selenium (Se) levels in the mushrooms. Elevated Hg levels in
mushrooms fed to the slugs induced toxic effects, but these effects were counteracted with increasing Se con-
centrations in the mushrooms, pointing to a protective role of Se against Hg toxicity through HgSe complexation.
Nevertheless, consumption of the studied mushroom species from Hg polluted sites should be avoided.

1. Introduction

The fundamental role of fungi in ecosystems involves organic and
inorganic transformations and element cycling, rock and mineral
transformations, bio-weathering, fungal–clay interactions, metal-fungal
interactions, and mycogenic mineral formation (Falandysz and
Borovička, 2013). In addition to these important roles which support

maintaining equilibrium in ecosystems, the fruiting bodies of certain
fungal species, i.e., mushrooms, are edible, and thus an important nu-
tritional source for forest animals and humans. Wild-growing mush-
room consumption has been preferred to cultivated species in many
countries, especially in Europe, Asia and America (Choma et al., 2018;
Kalač, 2013).

Wild growing mushrooms contain several essential elements and
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various organic compounds such as proteins and amino acids, lipids,
carbohydrates, vitamins, phenolic compounds, pigments and flavor and
taste compounds (Choma et al., 2018; Kalač, 2013). Yet, mushrooms
can also accumulate hazardous metals (Hg, Cd, Pb, As) (Alonso et al.,
2000; Byrne et al., 1976; Kalač, 2010), and other elements (Se, Ag, Au,
Cs, Rb, V, Zn) (Byrne et al., 1976; Kalač, 2010), as well as radionuclides
(Falandysz et al., 2015a), especially when grown at polluted sites.

Boletus edulis Bull. (king bolete), Boletus aereus Bull. (bronze bolete
or queen bolete) and Scutiger (Albatrellus) pes-caprae (Pers.) Bondartsev
& Singer (goat's foot) are edible mushrooms which form mycorrhizal
associations with hardwoods and conifers. Mushrooms from the genus
Boletus spp. can accumulate significant amounts of mercury (Hg,
0.73–6.3 μg g−1 dry mass (DM)) (Falandysz, 2008; Kalač, 2013) com-
pared to other mushroom species, even in background environments
(Falandysz et al., 2014b; Falandysz and Borovička, 2013). Mercury is
considered to be largely in inorganic form (>80%–99%) (Falandysz
et al., 2014b; Miklavčič et al., 2013b), with only a minor portion (up to
5–8%) present as methylmercury (MeHg) (Rieder et al., 2011). Almost
no data exist on the bioavailability and toxicity of Hg complexes in
mushrooms and risks associated with their consumption. In our pre-
vious study on Hg speciation and ligand environment in plants and
mycorrhiza, X-ray absorption spectroscopy (XAS) analysis showed that
in plants Hg is mainly bound into di-thiolate complexes, while in my-
corrhiza tetra-thiolate complexes were detected, resembling Hg binding
to fungal metallothioneins (Kodre et al., 2017). Mercury can also bind
to amino groups of plant and fungal proteins (Kodre et al., 2017). In
mushroom hunting populations, elevated consumption levels (> 100 g
mushrooms/week) could lead to exposure to relatively high Hg levels
during mushroom hunting season, and as such potential toxicological
issues cannot be ignored.

Unlike the majority of edible mushrooms, Boletus spp., and espe-
cially S. pes-caprae, are known selenium (Se) accumulators (Falandysz,
2013, 2008; Kalač, 2013; Liu et al., 2016), with up to 50 and 370 μg Se
g−1 DM, respectively (Falandysz, 2013; Stijve et al., 1998). The phy-
siological role of Se in these fungi is not known, in particular since in
higher fungi, as well as in higher plants, the machinery for the synthesis
of selenoproteins was completely lost during evolution. Cysteine-con-
taining homologs of some selenoproteins are utilized instead (Lobanov
et al., 2009). However, Se may be taken up inadvertently via sulphate
transporters and incorporated into proteins instead of sulphur, leading
to synthesis of non-functional Se containing proteins. Despite no ap-
parent physiological role, there are several reports on their anti-
oxidative and protective action in plants (White, 2016). According to
research on mammals, Se may also protect against Hg induced stress
(Boening, 2000; Byrne et al., 1995; Cuvin-Aralar and Furness, 1991;
Spiller, 2018) through conversion of Hg2+ ions to insoluble HgSe
complexes (Falnoga et al., 2006; Zhang et al., 2014), or through im-
proved antioxidant activity (Zwolak and Zaporowska, 2012). Selenium
was shown to inhibit the uptake of MeHg as well as inorganic Hg in rice
when applied as soil fertilizer (Zhang et al., 2012). In marine mammals
and sea birds, a molecular mechanism that involves formation of an
insoluble, equimolar HgSe complex makes Hg biologically unavailable
and explains the protective role of Se (Thangavel et al., 1999; Zhang
et al., 2014; Zhao et al., 2013, 2004). A HgSe complexation process was
also proposed by Shanker et al. (1996), showing a lower Hg uptake in
the presence of selenite/selenate in hydroponically treated tomato and
radish plants.

Mushrooms are readily consumed by snails and slugs, from the cap
and gills or tubes all the way through the entire stipe (Ebenso et al.,
2013). Snails and slugs account for an important part of the herbivorous
and detrivorous fauna in numerous terrestrial ecosystems and are re-
levant ecological bioindicators of environmental pollution since they
accumulate metals from food in the digestive gland (hepatopancreas)
(Berger and Dallinger, 1993; Boshoff et al., 2015; Ebenso et al., 2013).
European legislation (European Directive, 2010/63/EU) has strongly
limited the use of test animals for scientific purposes (Barré-Sinoussi

and Montagutelli, 2015); however, in bioavailability and toxicity stu-
dies and testing, living organisms can hardly be replaced by artificial
chemical systems. With a persistent need for food security, in-
vertebrates, more specifically slugs, act as an excellent legislation-ex-
cluded link between lower (i.e. plants) and higher (i.e. birds, mammals)
trophic levels of food chains. Due to their susceptibility to environ-
mental changes they are the environmental bio-indicators of choice to
study metal accumulation, bioavailability and toxicity (Morley et al.,
2013; Vaufleury and Bispo, 2000).

Development of synchrotron-based spectroscopy techniques such as
X-ray Absorption Near Edge Structure (XANES) and Extended X-ray
Absorption Fine Structure (EXAFS) has opened new possibilities to
study the chemical speciation and ligand environment in biological
materials, without the use of extraction procedures that can alter the
“in-vivo” ligand state (Kodre et al., 2017; Vogel-Mikuš et al., 2010). The
aim of this study was to provide novel information on the localization
and chemical speciation of Hg in caps of B. aereus, B. edulis and S. pes-
caprae by LA-ICP-MS (Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry), μ-XRF (micro-X-ray Fluorescence Spectrometry) and
XANES/EXAFS. The bioavailability of Hg was investigated by feeding
mushrooms to Spanish slugs (Arion vulgaris L.), following a hypothesis
that in mushrooms with higher Se levels, lower Hg bioavailability,
bioaccumulation and toxicity in the slug's hepatopancreas will be ob-
served due to formation of insoluble HgSe complexes.

2. Materials and methods

2.1. Mushroom sampling

Mushrooms of young and/or mature B. edulis and B. aereus were
sampled in September 2014, 2015 and 2016 at non-polluted sites across
Slovenia with prevailing Dinaric silver fir-beech and oak forests
(Dragomer, 46°01′28.0″N 14°22′19.7″E, Litija, 46°03′50.0″N
14°47′32.7″E, Ilirska Bistrica, 45°34′44.0″N 14°16′18.9″E, Črna na
Koroškem, 46°27′50.8″N 14°50′30.6″E), and at a Hg-polluted area near
Idrija (46°00′43″N, 14°02′06″E). S. pes-caprae was sampled in suburbs
of Ljubljana (Dragomer, 46°01′28.0″N 14°22′19.7″E) in acidophilic
beech forests.

The fruiting bodies were roughly cleaned in the forest and im-
mediately transferred to the laboratory (University of Ljubljana,
Biotechnical faculty, Department of biology) for further treatment. The
fruiting bodies were rinsed with Milli-Q water and gently blotted with
paper towels. For LA-ICP-MS/μ-XRF analyses, 2 mm thick, flat slices
were prepared from the caps, wrapped in Al-foil, frozen in propane
cooled by liquid nitrogen, and freeze-dried for three days (Alpha 2–4,
Christ) (Vogel-Mikuš et al., 2014). The remaining cap and stipe were
also frozen and freeze-dried for bulk Hg and Se analysis.

2.2. Bulk elemental analysis

The freeze-dried mushrooms (caps and stipes separately) were
pulverized in a mortar with liquid nitrogen. The powder was analysed
by ICP-MS for Hg and Se after microwave-assisted acid digestion of
100mg aliquots in 3ml HNO3 (CEM MARS-X, USA) (Debeljak et al.,
2018). The digests were diluted to 5ml. One-ml aliquots were stabilized
by 750 μL of 38% HCl and 250 μL of 65% HNO3 and diluted with Milli-
Q water to 10ml. Ge, Ga, Y and Sc (5mg/L, Sigma, Aldrich) were used
as internal standards. Standard reference material NIST SRM 1573a
(tomato leaves) and Tuna fish BCR627 (Sigma-Aldrich) were used for
quality assurance and validation of the analytical procedures.

2.3. Laser ablation inductively coupled plasma mass spectrometry and μ-
XRF imaging

LA-ICP-MS analysis was performed at the National Institute of
Chemistry in Ljubljana (Slovenia), using a 193 nm ArF* excimer laser
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ablation system (Analyte G2, Teledyne Photon Machines Inc., Bozeman,
MT) coupled to a quadrupole ICP-MS instrument (Agilent 7900×,
Agilent Technologies, Santa Clara, CA). Ablation took place in a HelEx
2-volume ablation cell and the mass spectrometer was used in time-
resolved analysis mode, measuring one point per mass and acquiring
the elements of interest. Parallel line scans were made to construct
element maps using the following LA-ICP-MS conditions: fluence,
1.26 J cm−2; beam size, 50 μm (round mask); repetition rate, 10 Hz;
scanning speed, 100 μm s−1; duty cycle time, 0.5 s; measured nuclides,
82Se, 202Hg; dwell times (0.04 s and 0.016 s, respectively).

XRF imaging was performed at the XRF beamline of Synchrotron
Elettra, Trieste (Karydas et al., 2018). The energy was set at 13.5 keV.
X-ray fluorescence was detected by a silicon drift detector (SDD)
(Bruker Nano GmbH, XFlash 5030) with a 25mm2 effective crystal area
and a Super Light Element Window (SLEW; Bruker Nano GmbH),
placed on the incident beam horizontal plane, perpendicular to the
primary beam (Karydas et al., 2018). The samples were scanned with a
step size 200×100 μm and the counting time was 10 s per step.

The LA-ICP-MS element distribution maps were quantified ac-
cording to Zidar et al. (2016) and the μ-XRF maps were quantified
according to Kump and Vogel-Mikuš (2018).

2.4. X-ray absorption spectroscopy

The mushroom and slug samples were prepared for XAS analysis by
rapid freezing of the material in liquid nitrogen and subsequent freeze-
drying in order to concentrate the samples for their measurement in
fluorescence mode. The dried material was ground in a mortar with
liquid nitrogen, pressed into self-standing pellets, and stored in va-
cuum-sealed bags at 4 °C until analysis. In addition, pellets of different
Hg compounds were prepared: HgS, HgSe and Hg-phosphate, and most
notably, organic Hg complexes with histidine, cysteine, and cellulose as
reference standards for N-, S-, and O-ligand environments (Kodre et al.,
2017). For preparation of Hg with tetra-thiolate coordination Hg(S-R)4,
typically found in mycorrhiza, a dark-septate endophyte fungus was
grown in HgCl2-enriched medium as described in Kodre et al. (2017). In
this reference sample (labelled Hg-Fung), 64% of Hg is coordinated as
Hg(S-R)4, 24% as Hg(N-R)2 and 13% as Hg(S-R)2.

Hg L3-edge (12,284 eV) XANES and EXAFS spectra of mushroom
and slug samples and of standard reference compounds were measured
at liquid helium temperature in fluorescence detection mode at the
BM30B beamline of the ESRF synchrotron source in Grenoble, France,
using a He cryostat and a 30-segment germanium solid state detector to
collect the fluorescence signal. The cryo-mode was chosen to improve
the signal-to noise ratio and the resolution of interatomic distances
(Kodre et al., 2017; Nagy et al., 2011). An arsenic filter was placed in
front of the Ge detector to eliminate the elastic scattering peak and to
additionally improve the signal-to-noise ratio of the Hg Lα fluorescence
line. A Si(220) double crystal monochromator was used with energy
resolution of about 1.5 eV at 12 keV. Higher-order harmonics were ef-
fectively eliminated by the flat Rh-coated mirror installed downstream
of the monochromator. The intensity of the monochromatized beam
was monitored with three ionization detectors filled with argon
(220mbar, 754mbar, and 1600mbar) and helium to a total pressure of
2 bar. Samples were placed between the first pair of detectors, and the
reference tungsten metal foil between the posterior pair to obtain the
exact energy calibration (W L1 absorption edge: 12,098 eV). The ab-
solute energy reproducibility of the measured spectra was±0.02 eV.
The absorption spectra were measured within the interval from
−250 eV to 1000 eV relative to the edge. In the XANES region, equi-
distant energy steps of 0.3 eV were used, while in the EXAFS region
equidistant k-steps (Δk≈ 0.03 Å−1) were adopted, with an integration
time of 1s/step in transmission mode (reference compounds), and 4s/
step in fluorescence detection mode (mushroom and slug samples). The
spectra of two to ten identical runs were superimposed to improve the
signal-to-noise ratio and to check the stability and reproducibility of the

detection system.
Some of the XANES and EXAFS spectra for mushroom and reference

samples were recorded at the P64 beamline of PETRA III at DESY
(Hamburg, Germany). A Si(111) double crystal monochromator was
used with energy resolution of about 1.5 eV at 12 keV. Higher-order
harmonics were effectively eliminated by the flat Rh-coated mirror
installed downstream from the monochromator. The intensity of the
monochromatic X-ray beam was measured by two consecutive 5 cm
long ionization chambers, the first one filled with 20% of Kr and 80%
N2, and the second one filled with Kr, at 1 bar. The samples were
mounted on the sample holder placed after the first ionization detector.
For mushroom samples with low Hg concentration (< 50 μg g−1 dry
weight), the fluorescence detection mode was used, exploiting a large
area PIPS detector with 3 μmGa filter, to measure the intensity of the
Hg-Lα fluorescence line. The absorption spectra were measured in the
energy region from −150 eV to +1000 eV relative to the Hg L3-edge in
continuous scan mode. The scan duration was 300 s. The signal from
the detectors was integrated during scanning in the time domain to
obtain energy steps of 0.5 eV. Three to five repetitions were super-
imposed to improve the signal-to-noise ratio. Exact energy calibration
of the monochromator was obtained on the Se K-edge by absorption
measurements on the selenate reference compound (previously cali-
brated with the W L1 absorption edge).

Some samples were measured also at the XRF beamline of
Synchrotron Elettra, Trieste, in XANES fluorescence mode across the Hg
L3-edge, with the set-up as described in Karydas et al. (2018). X-ray
fluorescence was measured by a silicon drift detector (SDD) (Bruker
Nano GmbH, XFlash 5030) and the X-ray fluorescence signal was nor-
malized according to the signal from the beam monitoring system
(Karydas et al., 2018). Energy calibration was performed by measuring
the HgS reference compound previously measured at BM30b and cali-
brated according to the W L1 absorption edge. The counting time per
energy step (0.5 eV) was 30 s, while the energy range was from −50 eV
to 150 eV around the Hg L3-edge.

The analysis of XANES and EXAFS spectra was performed with the
DEMETER (IFEFFIT) program package (Ravel and Newville, 2005), in
combination with the FEFF6 program code (Rehr et al., 1992) for ab
initio calculation of photoelectron scattering paths.

2.5. Bioavailability of Hg and Se

Bioavailability was determined by feeding the mushrooms collected
at the Idrija and non-polluted sites to Spanish slugs (Arion vulgaris L.).
Slugs are known metal bioindicators owing to accumulation of metals
in their digestive gland, the hepatopancreas (Gimbert et al., 2016).
Slugs of comparable size were collected from a non-polluted area near
Ljubljana. The slugs in the control group were immediately sacrificed
and dissected. Muscle tissue and hepatopancreas were isolated, rapidly
frozen in liquid nitrogen, freeze-dried and analysed for background Hg
and Se concentrations by ICP-MS after acid digestion as described
above. For bioavailability experiments the slugs were placed into
plastic containers (φ=9 cm, volume 0.57 l) containing gypsum (4 cm)
and 1% of powdered charcoal (to retain moisture and prevent the
growth of microorganisms), and covered by a perforated plastic cover
(Fig. S1). The slugs were kept under controlled conditions (22 °C, 16/8
day/night period) and fed for 14 days with pellets pressed from aliquots
of 100mg of freeze-dried powdered mushroom material containing
various amounts of Hg and Se. The pellets (φ= 1 cm) were introduced
daily in small Petri dishes (φ=3.5 cm). The pots were moistened with
Milli-Q water and cleaned daily. At the end of the experiment the slugs
were sacrificed, their muscle tissue and hepatopancreas isolated and
analysed for Hg and Se contents by ICP-MS as previously described. The
bioaccumulation index (BI) was calculated as follows:

= Sslug
Sfeed

BIslug [%] *100
1
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where Sfeed is the Hg content [μg] in consumed feed, the product of Hg
concentration in the mushroom [μg g−1] and the amount of consumed
feed [g]), and Sslug is the Hg content [μg] in the slug's hepatopancreas
(HP) or muscles tissues (M), the product of Hg concentration [μg g−1]
in HP or M and dry biomass of HP or M [g]. M/HP Hg and Se con-
centration ratios were calculated as the ratios between Hg or Se M and
HP concentrations.

Malondialdehide (MDA) levels were measured in 80mg aliquots of
fresh HP tissues extracted with 2mL of 80% ethanol according to
Hodges et al. (1999), to determine the level of lipid peroxidation as an
indicator of membrane damage due to Hg toxicity.

2.6. Statistical analysis

In a one-way ANOVA test the effects of different slug exposures
were compared followed by Duncan's post hoc test (Statistica, Statsoft
7.0). Differences at p < 0.05 were considered significant. Two-way
clustering analysis based on Euclidian distances with a heat chart of “z
transformed” parameters obtained from ICP-MS and XANES/EXAFS
analysis was performed in the “R” project for statistical computing
(i386 3.4.3) (Singh et al., 2014).

3. Results and discussion

3.1. Accumulation and localization of Hg and Se in mushrooms

Boletus edulis, B. aereus and S. pes-caprae were sampled at different
non-polluted and Hg-polluted locations in Slovenia. In non-polluted
locations the highest Hg concentration of up to 93 μg g−1 DM was found
in young fruiting bodies of S. pes-caprae (Table 1), far above con-
centrations found in other mushroom species accumulating Hg in a
background environment (Falandysz, 2010; Falandysz et al., 2015b). S.
pes-caprae is otherwise known as selenium hyperaccumulator
(Falandysz, 2010; Stijve et al., 1998), with some evidence that Hg and
Se may be co-accumulated in a species-dependent way (Falandysz,
2010). In Boletus spp. from non-polluted locations, Hg concentrations of
up to 10 μg g−1 DM were detected, again in young fruiting bodies
(Table 1). The concentrations measured in mushrooms collected at non-
polluted sites are comparable to those from Italy, Poland and Spain
(Falandysz and Borovička, 2013), while in the Hg-contaminated region
of Idrija up to 10 times higher concentrations were found (Table 1),
with some specimens exceeding 100 μg Hg g−1 of DM.

For humans, the provisional tolerable weekly intake (PTWI) for
inorganic mercury is 4 μg kg−1 body weight (BW) and for MeHg
1.6 μg kg−1 BW (WHO/JECFA, 2007), i.e., 280 and 112 μg, respec-
tively, for a 70-kg person per week. Consumption of a portion of fresh
mushroom caps (100 g/week), containing 90% water, and originating
from a non-polluted environment, can thus contain 30–110 μg (Boletus
spp.) and 400–1000 μg Hg (Scutiger), the latter highly exceeding the

PTWI. A portion of Boletus spp. mushrooms from a Hg-contaminated
site can contain 440–1150 μg of Hg, exceeding the PTWI four times.
Picking and consummation of Boletus spp. mushrooms from Hg-polluted
sites should therefore be avoided.

Mushroom caps contained typically higher Hg concentrations than
stipes (Table 1), as reported previously (Falandysz, 2010). Localization
studies using LA-ICP-MS and μ-XRF (Fig. 1) revealed, however, that the
spore bearing part (hymenium) is the main Hg accumulation site in the
cap already in young fruiting bodies (Fig. S2). Hymenium is the most
metabolically active part of the sporocarp, providing nutrients for de-
veloping spores during sporulation (Gooday, 1982). Accumulation of
essential elements in this part thus enables normal enzyme functioning,
while accumulation of non-essential elements like Hg can be considered
as inadvertent, utilizing transport pathways of essential elements or
transporting to hymenium bound to organic compounds such as sul-
phur- or selenium-rich proteins. From a consumer's point of view, re-
moving hymenium from the collected mushroom caps can eliminate
more than 50% of Hg accumulated in the fruiting body.

Most of around 200 edible mushroom species (belonging to 21 fa-
milies and 56 genera) contain relatively low Se concentrations
(Falandysz and Borovička, 2013). Boletus spp. and Scutiger pes-caprae
are known to accumulate relatively high amounts of Se, which was
confirmed also in this study (Table 1). Selenium accumulated mainly in
the caps, with higher levels again observed in hymenium of mature
sporocarps. The same pattern was found also in young mushrooms of S.
pes-caprae (Fig. S2b), but less pronounced in young B. edulis (Fig. S2a).
As such the studied mushroom species could be a good source of dietary
Se. A portion of 100 g of fresh mushrooms per week containing 5 μg g−1

fresh mass (Boletus spp.) could cover 130% of the weekly Se re-
commended intake of 385 μg (Hartikainen, 2005). However, for Scu-
tiger, containing up to ten times more Se, care should be taken not to
induce Se toxicity. Similarly as in Boletus spp., a large portion of Se
could be removed by detaching the hymenium.

3.2. XAS analysis of mercury speciation and ligand environment in
mushrooms

Hg L3-edge XANES and EXAFS spectra were measured in selected
mushroom samples to examine a likely connection between Hg spe-
ciation or ligand environment with Hg bioavailability and toxicity. We
hypothesized that complexation of Hg with Se may lower the Hg
bioavailability and toxicity for mushroom consumers. However, in the
literature no direct evidence could be found for the presence of HgSe
complexes in higher fungi, despite several works on Hg and Se accu-
mulation in various mushroom species (Falandysz, 2013, 2008;
Falandysz et al., 2014a, 2014b; Falandysz and Drewnowska, 2015;
Falandysz and Frankowska, 2003).

The relative L3-shell contribution in the absorption spectra was
obtained by subtraction of the extrapolated best-fit linear function

Table 1
Mercury (Hg) and selenium (Se) concentrations in mushroom caps and stipes collected at non-polluted (NP) sites across Slovenia and a Hg-polluted site in Idrija,
measured by ICP-MS (mean ± standard error, n=2–5).

Hg (μg g−1 DM) Se (μg g−1 DM)

B. edulis NP Cap - mature (n= 5) 5.79 ± 1.36 47.5 ± 3.50
Stipe - mature (n= 5) 2.85 ± 0.64 29.4 ± 2.41
Cap - young (n= 4) 10.0 ± 3.49 44.7 ± 1.14

Hg polluted (Idrija) Cap - mature (n= 2) 69.0 ± 14.8 28.2 ± 10.9
Stipe - mature (n= 2) 14.7 ± 3.40 14.4 ± 1.90
Cap - young (n= 2) 103 ± 7.60 32.0 ± 3.40

B. aereus NP Cap - mature (n= 2) 5.55 ± 0.15 45.6 ± 10.5
Stipe - mature (n= 2) 2.59 ± 0.27 27.2 ± 5.05

Hg polluted (Idrija) Cap - mature (n= 2) 39.3 ± 5.65 9.65 ± 1.85
Stipe - mature (n= 2) 20.1 ± 2.0 10.0 ± 0.45

Scutiger pes-caprae NP Whole - mature (n= 2) 41.9 ± 2.25 246 ± 61.0
Whole - young (n=2) 92.6 ± 18.4 464 ± 12.2
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Fig. 1. a) Mercury and selenium localization in mature sporocarps of a) Boletus edulis, b) Boletus aereus and c) Scutiger pes-caprae. a, b – LA-ICP-MS, lateral resolution
50 μm×50 μm, c – μ-XRF, lateral resolution 200 μm×100 μm. Hy-hymenium. Coloured vertical bars represent concentration (μg g−1 DM). Image in the bottom
right corner represents colocalization between Hg (blue channel) and Se (red channel). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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determined in the pre-edge region (−150 eV to −30 eV), and by con-
ventional normalization, extrapolating the post-edge spline back-
ground, determined in the range from 100 eV to 250 eV (to set the Hg
L3-edge jump to 1). The spectra are plotted in Fig. 2a, together with a

selected set of XANES spectra of reference Hg complexes. The local
environment of the Hg atom bound to different organic or inorganic
ligands results in distinct L3-edge profiles. Hg in mushrooms is expected
to be coordinated with several ligands and therefore XANES spectra are

Fig. 2. a) Hg L3-edge XANES spectra of Hg reference compounds (blue line), mushrooms (red line) and slug hepatopancreas (green line). The spectra are displaced
vertically for clarity. HP- hepatopancreas, NP – non-polluted, B. ed. – Boletus edulis, B. ae. – Boletus aereus, Scut. – Scutiger pes-caprae. b) The Hg L3- XANES spectrum
measured on B. edulis cap (Idrija) sample. Blue line – experiment; red dashed line – best-fit linear combination with XANES profiles: 66% of fungal sample Fung, 21%
of Hg-cysteine and 13% of HgSe. c) Fourier transform magnitudes of the k weighted Hg L3-edge EXAFS spectra of the mushroom and slug hepatopancreas (HP)
samples (blue solid line), together with the best-fit EXAFS model (red dashed line). The spectra are displaced vertically for clarity. d) Fourier transform magnitudes of
the k weighted Hg L3-edge EXAFS spectrum measured on B. edulis cap (Idrija) sample (blue solid line), together with the best-fit EXAFS model (red dashed line), and
the contributions of individual neighbour shells: sulphur from di-thiolate Hg complex (green dash–dot line); sulphur from tetra-thiolate Hg complex (black dot line);
nitrogen (magenta dash–dot–dot line); selenium (cyan dash-dot line). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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expected to exhibit a linear combination of several profiles (Kodre
et al., 2017). Three candidates for Hg coordination were identified: Hg-
cysteine, Hg-Fung and HgSe, all with known Hg coordination (Kodre
et al., 2017). In Hg-cysteine, Hg is mainly coordinated to di-thiolate
(84% of Hg(S-R)2 and 16% Hg(N-R)2coordination) (Kodre et al., 2017),
while in Hg-Fung, the majority of Hg can be found in tetra-thiolate form
(fungus cultured in the presence of HgCl2 with 64% of Hg(S-R)4, 24% of
Hg(N-R)2 and 13% of Hg(S-R)2 coordination). The relative amounts of
individual reference Hg coordinations are obtained by linear combi-
nation fits (Fig. 2b). The results are presented in Table S1.

Two-dimensional clustering analysis based on Euclidian distances
was performed on “z-transformed” data to link the Hg ligand environ-
ment (Hg-cysteine, Hg-Fung and HgSe) to Hg and Se concentrations in
mushrooms collected in Hg-polluted and non-polluted environments
(Fig. 3a). The results show that increased Hg contents in mushrooms

promote Hg coordination to Hg-Fung and HgSe, while in non-polluted
environment more Hg is bound in a Hg-cysteine like coordination. As
mentioned before, Hg-Fung represents a model coordination similar to
tetra-thiolate complexes, as for example in metallothioneins. Sulphur-
rich proteins as metallothioneins and phytochelatins are synthesized as
a response to elevated metal concentrations and play an important role
in metal detoxification. Phytochelatins were recently detected in B.
edulis and their amount correlated with Cd, Zn, Cu and Hg sporocarp
contents (Collin-Hansen et al., 2007).

EXAFS analysis was performed to analyse local structures around Hg
atoms in the samples (Fig. 2c). The EXAFS model was built based on our
previous study (Kodre et al., 2017), comprising a linear combinations of
four Hg model neighbourhood environments: di-thiol ligands Hg(S-R)2,
tetra-thiol ligands Hg(S-R)4, di-amino ligands Hg(N-R)2, and di-selenol
ligands Hg(Se-R)2. In view of the short useful k-range of the spectra, cut
off at k ~9.5 Å−1 by Se K edge, a collective fitting of four spectra at a
time was adopted to produce statistically meaningful results: Varying
parameters are the relative frequencies (adding up to 1) and the dis-
tances R of the neighbours from the central Hg atom, while the widths
of the distribution σ2 of the neighbour distances are mostly fixed or
constrained. A good agreement between the model and the experi-
mental spectra is found in the k range from 2.5 Å−1 to 9 Å−1 and R
range from 1.0 Å to 3.0 Å (Fig. 2c). The list of best fit parameters is
given in Table 2. The contributions of the individual neighbour shells:
sulphur from di-tholate Hg complex, sulphur from tetra-tholate Hg
complex, nitrogen and selenium are illustrated in Fig. 2d for the case of
B. edulis cap (Idrija) sample.

The EXAFS results are in line with XANES analysis, pointing to an
increase in Hg tetra-thiolate and HgSe complexation in mushrooms
with higher Hg contents (Fig. 3b) as a response to Hg toxicity in Hg-
polluted environments. In non-polluted environments, Hg di-thiolate
complexes are more abundant. Boletus spp. mushrooms contain up to
1% of sulphur, while in other fungi and plants the sulphur concentra-
tion usually ranges from 0.1 to 0.5% (Kavčič et al., 2017). Sulphur
speciation studies by high resolution particle induced X-ray emission
spectrometry showed a relatively large proportion of thiols, presenting
inadvertent binding sites for metal ions as Hg2+ (Kavčič et al., 2017). In
addition, the presence of HgSe complexes was more frequently ob-
served in the Se hyperaccumulator S. pes-caprae (Table 2), suggesting
lower Hg bioavailability and toxicity related to this mushroom.

3.3. Mercury bioavailability and toxicity

Bioavailability and toxicity of Hg in mushrooms collected in Idrija
and in non-polluted environments was evaluated in feeding experi-
ments involving Spanish slugs as a model invertebrate species. A linear
correlation was observed between the mean Hg concentration in feed
(freeze-dried and pelletized parts of mushrooms, see Table 3), and the
mean Hg concentration in hepatopancreas (HP) (Fig. S3a), as already
observed in other studies (Boshoff et al., 2015; Gimbert et al., 2016).
The relation between Hg in feed and muscle tissue (M) was exponential,
with a deviation of the Hg concentration in muscle tissue of slugs fed
with B. aereus cap (3.19 μg g−1 DM) (Fig. S3a, Table 3). High Hg
bioavailability from B. aereus was also confirmed by the highest
bioaccumulation index (BI), calculated from the respective Hg contents
in feed and HP or M, and the highest M/HP concentration ratio
(Table 3). For B. aereus, Hg–BI–HP was 30.2% for HP and 5.2% for M,
while for B. edulis the ranges were 12.8–16.7% for HP and 0.79–1.85%
for M. The lowest values, however, were found for S. pes-caprae, cor-
relating with high Se levels and HgSe complexation as confirmed by
EXAFS (Table 2). Due to the very strong bonds within HgSe complexes,
Hg becomes less bioavailable and less toxic for the consumers. Ad-
ditionally, high Se levels in food may promote complexation, also
within the consumer's digestion system (the slug's hepatopancreas in
this case). The transport of Hg from the hepatopancreas to muscle tis-
sues is governed by the mobility of Hg species in the slug organism. The

Fig. 3. Two-way clustering analysis based on Euclidian distances on “z-trans-
formed” data shows the relationship between Hg ligand environment and Hg
and Se mushroom concentrations resulting from a) Hg L3-edge XANES and b)
Hg L3-edge EXAFS analysis. Hg-Conc, Hg concentration in the mushroom (μg
g−1); Se-Conc, Se concentration in the mushroom (μg g−1). Hg2S – Hg(S-R)2
coordination, Hg4S – Hg(S-R)4 coordination. For B. aereus only XANES was
recorded.
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most mobile Hg species in biological systems is MeHg (Rodrigues et al.,
2011), so the higher translocation yield from HP to M in slugs fed with
B. aereus may be attributed either to weaker Hg complexation in HP or
to a higher concentration of the highly mobile MeHg. Several studies
show that Hg accumulates in muscle tissues of invertebrates as well as
vertebrates, including fish and marine mammals, mainly as MeHg
(< 95%) (Miklavčič et al., 2013b; Rua-Ibarz et al., 2016; Sadhu et al.,
2015; Wagemann et al., 1998). The amount of MeHg found in mush-
rooms in the vicinity of the Idrija Hg mine can range up to 12%
(Miklavčič et al., 2013a). In a study performed in Switzerland, mush-
room MeHg contents ranged from 5 to 8%, but B. edulis, B. aereus and S.
pes-caprae were not included in the study (Rieder et al., 2011). XAS
analysis with a detection limit of ~5% for MeHg was not able to con-
firm its presence. However, as evident from XANES/EXAFS, there was a

difference in Hg complexation in HP of slugs fed by B. edulis or S. pes-
caprae. In slugs fed by B. edulis, the majority of Hg was in Hg-di-thiolate
form, while in those fed by S. pes-caprae almost 90% of Hg was present
as HgSe. Elevated mushroom Se levels apparently help to immobilize
Hg in the slug's digestive gland.

Slugs fed with mushrooms collected in Idrija exhibited lower muscle
tissue biomass at the end of the experiment compared to those fed with
mushrooms from non-polluted environments, indicating a cumulative
Hg-induced toxicity (Table 3). A reduced growth rate and impaired
reproduction were also reported in the Hg-exposed snail Cantareus as-
persus (Gimbert et al., 2016). Additionally, in our experiment the level
of lipid peroxidation was measured in the slug's digestive gland through
production of malondialdehyde. Results showed significantly increased
levels in slugs fed with mushrooms collected in Idrija (Fig. 4a), while

Table 2
Best-fit model parameters of Hg-L3 edge EXAFS spectra of the four mushroom and two slug hepatopancreas (HP) samples. The model comprises four Hg ligands
yielding the relative frequencies and bond radii (R); the widths of the distribution (σ2) of the bond radii are mostly fixed or constrained. The effective zero energy of
the photoelectron E0 is given, together with the quality-of-fit (r-factor). (*) - restricted to a common value, (**) - fixed values. S02 is set to 1.0. The uncertainty of the
last digit is given in parentheses. NP – non-polluted sites, Idrija – Hg polluted site.

B. edulis cap Idrija B. edulis cap NP B. edulis stalk NP S. pes-caprae whole
NP

Slug HP, fed with B.
edulis cap, Idrija

Slug HP, fed with
S. pes-caprae,
whole, NP

Di-thiolate Hg complex: Hg(S-R)2

rel. freq. (S1) 0.43[7] 0.82[6] 0.63[7] 0.54[6] 0.60[7] 0.12[6]
R (S1) [Å] 2.323[8] 2.323* 2.323* 2.323* 2.323* 2.323*
σ2 (S1) [10−4Å2] 13* 13* 13* 13* 27 27**
Tetra-thiolate Hg complex: Hg(S-R)4

rel. freq. (S2) 0.19[8] 0.0 0.12[9] 0.13[8] 0.20[9] 0.0
R (S2) [Å] 2.478[15] – 2.478* 2.478* 2.478* –
σ2 (S2) [10−4Å2] 85** – 85** 85** 27* –
Di-amino Hg complex with Hg(N-R)2 or Hg complex with two N in heterocyclic amines
rel. freq. (N) 0.13[10] 0.0 0.13[10] 0.0 0.0 0.0
R (N) [Å] 2.035** – 2.035** – – –
σ2 (N) [10−4Å2] 30** – 30** – – –
Di-selenol Hg complex: Hg(Se-R)2

rel. freq. (Se) 0.28[17] 0.19[11] 0.13[9] 0.35[18] 0.22[15] 0.89[11]
R (Se) [Å] 2.615[15] 2.615* 2.615* 2.615* 2.615* 2.615*
σ2 (Se) [10−4Å2] 84** 84** 84** 84** 84** 51
E0 [eV] 4.0* 4.0* 4.0* 4.0* 5.5 5.5**
r-factor 0.040 0.087 0.036 0.017 0.022 0.060

Table 3
Slug dry mass (DM) (hepatopancreas - HP, muscle tissues - M), Hg and Se concentrations (μg g−1 DM) and contents (μg) in feed: freeze-dried mushroom cap, stipe or
whole, collected in Hg polluted (Idrija) and non-polluted (NP) environments, and slug HP and M contents (μg organ1) after 14 days of feeding (mean ± standard
error, n= 4–6). HP and M contents are the products of respective DM and Hg or Se concentrations (n=4–6 per exposure). The letters next to the values represent
statistically significant differences (Duncan's test, p < 0.05).

Control B. aereus cap, Idrija B. edulis cap, Idrija B. edulis cap, NP B. edulis stipe, NP S. pes-caprae whole, NP

Slug DM HP (g) 0.068 ± 0.007 c 0.242 ± 0.026 a 0.110 ± 0.021 bc 0.139 ± 0.010 b 0.140 ± 0.050 b 0.102 ± 0.017 bc
M (g) 0.895 ± 0.076 b 0.560 ± 0.078 c 0.587 ± 0.088 c 1.367 ± 0.044 a 1.140 ± 0.092 a 0.781 ± 0.121 bc

MDA (mmol g−1) HP 4.25 ± 0.468 d 9.49 ± 0.445 a 8.93 ± 0.510 ab 7.84 ± 0.551 b 6.82 ± 0.441 c 6.41 ± 0.410 c
Hg Feed (μg g−1 DM) <0.05 56.0 ± 2.80 c 98.9 ± 4.95 d 7.85 ± 0.393 a 3.72 ± 0.186 a 30.0 ± 1.5 b

Feed (μg) < 0.05 33.6 ± 3.96 c 60.1 ± 4.92 a 18.9 ± 0.373 d 8.62 ± 0.478 e 44.1 ± 0.990 b
HP (μg g−1 DM) <0.05 42.2 ± 4.64 b 94.8 ± 9.13 a 18.0 ± 2.51 c 18.4 ± 6.12 c 18.0 ± 2.51 c
HP (μg organ1) < 0.05 10.3 ± 1.84 a 9.99 ± 1.02 a 2.42 ± 0.223 b 1.59 ± 0.449 c 1.71 ± 0.217 c
M (μg g−1 DM) <0.05 3.19 ± 0.33 a 1.90 ± 0.217 b 0.112 ± 0.042 c 0.129 ± 0.087 c 0.235 ± 0.102 c
M (μg organ1) < 0.05 1.79 ± 0.327 a 1.11 ± 0.191 a 0.150 ± 0.056 c 0.135 ± 0.091 c 0.197 ± 0.092 b
M/HP conc. ratio n.d. 0.075 0.020 0.006 0.007 0.013
BI–HP (%) n.d. 30.2% a 16.7% b 12.8% b 18.3% b 3.89% c
BI–M (%) n.d. 5.21% a 1.85% b 0.79% b 1.62% b 0.445% c

Se Feed (μg g−1 DM) <0.05 13.0 ± 0.650 a 13.9 ± 0.696 a 30.0 ± 1.50 b 14.0 ± 0.71 a 126 ± 6.30 c
Feed (μg) < 0.05 7.80 ± 0.441 8.46 ± 0.346 72.0 ± 0.636 32.6 ± 0.807 185 ± 1.86
HP (μg g−1 DM) 0.230 ± 0.048 a 4.64 ± 0.448 c 5.52 ± 0.231 c 28.1 ± 2.70 b 29.2 ± 5.36 b 87.1 ± 6.42 a
HP (μg organ1) 0.02 ± 0.01 c 1.15 ± 0.220 c 0.597 ± 0.089 c 3.79 ± 0.155 b 3.60 ± 0.601 b 8.47 ± 0.930 a
M (μg g−1 DM) 0.121 ± 0.010 d 1.45 ± 0.140 c 1.44 ± 0.110 c 8.48 ± 1.19 b 10.6 ± 0.650 b 13.0 ± 0.841 a
M (μg organ1) 0.11 ± 0.02 b 0.844 ± 0.194 b 0.852 ± 0.169 b 11.4 ± 1.39 a 11.9 ± 0.893 a 9.77 ± 1.11 a
M/HP conc. ratio 0.525 0.313 0.261 0.302 0.362 0.149
BI–HP (%) n.d. 14.4% a 7.2% bc 5.3% c 11.2% ab 4.6% c
BI–M (%) n.d. 10.5% bc 10.0% bc 15.9% b 36.9% a 5.3% c
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the slugs fed with mushrooms from non-polluted sites were less af-
fected, despite high Hg levels found in S. pes-caprae, pointing to a lower
Hg toxicity from this Se-hyperaccumulating mushroom.

3.4. Effects of selenium on mercury uptake and toxicity

As expected, the highest Se concentrations were found in S. pes-
caprae, followed by Boletus spp. from non-polluted sites and Boletus spp.
from Idrija (Table 1). Despite being co-localized (Fig. 1), there was no
correlation between Se and Hg concentrations in the analysed mush-
rooms. All collected species are known Se-accumulators, but relatively
lower Se levels were found in Boletus spp. mushrooms collected in Idrija
than in those from non-polluted sites, probably due to differences in soil
Se levels (Falandysz, 2013; Hartikainen, 2005; Slekovec and Goessler,
2005; White and Broadley, 2009). Certain areas are low in Se or even Se
deficient, resulting in subsequently lower Se contents in the organisms.
On the other hand high Hg levels in soil may inhibit Se uptake due to
HgSe complexation (Xu et al., 2019), but further studies are needed to
better understand the effects of Hg on Se uptake.

Selenium accumulated mainly in the slugs’ digestive glands, pro-
portional to the Se concentration in the mushrooms fed to the slugs
(Fig. S3b), but relatively more Se than Hg was translocated to the
muscle tissues (Table 3), pointing to a higher Se mobility compared to
Hg in the slug organism, in line with Se being an essential element for
animals (Zwolak and Zaporowska, 2012). The highest Se concentrations
were found in HP and M of slugs fed with S. pes-caprae (Table 3).
Se–BI–HP ranged from 4.6 to 14.4% and Se–BI–M from 5.3 to 36.9%.
The lowest Se–BI–M was calculated for slugs fed with S. pes-caprae,
pointing to a relatively low Se bioavailability in S. pes-caprae compared

to Boletus spp., as reported already by Slejkovec et al. (2000). The re-
lationship between Hg–BI–HP and Se contents (Fig. 4b) clearly in-
dicates that Se lowers the Hg bioavailability and toxicity in the mush-
room-slug food chain, confirming Se and Hg antagonism which is of
great importance for mushroom consumers. However, based on MDA
tests of slugs fed by mushrooms collected at Hg-contaminated sites and
calculated PTWI of Hg, consumption of these mushrooms should be
avoided.

4. Conclusions

• B. aereus and B. edulis accumulate significant amounts of Hg, espe-
cially at Hg-contaminated sites. S. pes-caprae accumulates significant
amounts of Hg also at non-polluted sites.
• Hg accumulates mainly in the mushroom's caps, more specifically in
the spore forming part, the hymenium. By removing the hymenium
from the mushroom caps before consumption, more than 50% of Hg
can be eliminated.
• Hg in examined mushrooms from non-polluted environments is
mainly bound to di-thiolate and di-selenol ligands, while at Hg
polluted sites the proportion of di-selenol and tetra-thiol ligands
increases. The used XANES/EXAFS methodology is not sensitive
enough to detect MeHg in the studied samples.
• Experiments with the Spanish slug show that Hg is present in
mushrooms in bioavailable form as it accumulates in the slug's he-
patopancreas (BI= 3.9–30.2%), and also in the muscle tissues
(BI= 0.45–5.2%), in the latter probably as MeHg.
• Complexation of Hg to Se was confirmed to decrease the Hg bioa-
vailability and toxicity for the consumers, yet suggesting that con-
sumption of the studied mushroom species should be avoided when
collected at Hg-contaminated sites.
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