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ARTICLE INFO ABSTRACT

Keywords: The health risk from thallium (TI) exposure through the consumption of edible wild mushrooms was investi-
Edible fungi gated. Eight popular wild Asian species were determined for Tl content in raw and stir-fried composite samples,
Health risk

using validated analytical methods and measurement by ICP-MS. Wet weight thallium concentrations, ranged
from 2.5 pg-kg ™! in stir-fried Butyriboletus roseoflavus and Scleroderma yunnanense to 20.0 pg-kg ™! in Termitomyces
eurrhizus (median and mean values were 2.7 and 7.9 pg-kg™). Stir-frying resulted in Tl enrichment (+13 to
+130%) compared to raw mushrooms because of biomass shrinkage and partial retention of metallic constitu-
ents. The non-carcinogenic health risk from Tl through consumption was estimated using both, the Hazard
Quotient (H; values >1 indicate a risk) as well as the Upper Intake (UI) level of 0.02 pg-kg™! bw per day. At the
same portion sizes of 100 g, fried samples of B. roseoflavus, C. cibarius, R. virescens and S. yunnanense showed
lower risk with H quotient values below 1.0. Conversely, B. bainiugan and T. eurrhizus showed high H values of
3.0 and 3.3. At larger portion size of 300 g (not unusual for some remote Asian ethnic communities), all species
showed H quotient values >1. This varying species-dependant risk was reflected when evaluated against the UI
level with B. bainiugan and T. eurrhizus, both exceeding the Ul-level by 1.6 times. In more remote communities
where foraged wild mushrooms constitute a significant dietary component, Tl could potentially be considered as
a toxicant when consumed in relatively larger amounts or if a particular species showed high concentrations.

Human exposure
Thallium ingestion

1. Introduction Viraraghavan, 2005; Verma et al., 2022). In laboratory tests using mice,

rats, dogs, rabbits, fish (several species), Daphnia, Gammarus sp. and

Thallium (T1) has been known since its discovery in 1861 and
metallic Tl and its salts have found many historical applications, mostly
as pesticides and even therapeutics. As far as is presently known, Tl has
no nutritional function in humans. On the contrary, its occurrence in
human tissues is known to provoke a range of toxic outcomes (Hoffman,
2003; Osorio-Rico et al., 2017). With increasing toxicological knowl-
edge and fatalities among humans from easy access to thallous sulphate
(T12SO4, which was used as a pesticide), episodes of wildlife poisoning as
well as high occupational risks, the production and use of this rodenti-
cide has been widely limited or entirely banned after 1975 (Peter &

* Corresponding authors.

bacteria (several species), exposure to the thallous ion (T1") was claimed
to be more toxic (Zitko, 1975) in comparison to other toxic ions such as
those of cadmium (Cd?*"), mercury (Hg?") or lead (Pb2"). Similarly,
acute and sub-acute toxicity studies on Tl salts showed more potent ef-
fects than analogous derivatives of Cd, Pb, Hg, nickel (Ni), copper (Cu)
or zinc (Zn) (Zitko, 1975). In biological systems, Tl occurs mainly as the
thallous (T1") cation, although the thermodynamically less stable thallic
(TI3*) cation in the form of TI(NOs); was determined to be 50,000 fold
more toxic to unicellular phytoplankton algae of the Chlorella sp. than
TINOg3 (Zitko, 1975). High toxicity and the corresponding elevated risk
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to health from exposure to Tl (T1") is reflected in the very low values of
the Reference Dose (RfD) proposed for this food contaminant (U.S. EPA,
2009).

In present times, TI is sourced through reclamation from flue dust,
sludges and residues resulting from the smelting and refining of copper,
zinc, lead, and other sulphides. The metal has found new applications in
the manufacture of fibre optics, electronic components and specialized
glass (mindat.org, 2025). The environmental pollution burden arises
from Tl emissions into air, soil and water from a range of anthropogenic
activities - nonferrous and other metal smelters, mine tailings, refineries,
cement plants and coal burning, which were identified as major sources,
and which complement the Tl load arising from natural geogenic sources
(Kellerhals et al., 2010; Wang et al., 2022; Li et al., 2025). Industrial
releases of thallium and the toxic consequences in human populations
have been receiving more attention in recent years after earlier neglect
(or from simply being classified as an emerging pollutant).

Human exposure to Tl is basically through the diet, and its occur-
rence level in drinking water and beverages should typically be very low
(Sherlock & Smart, 1986; Wyrzykowska et al., 2001; Filippini et al.,
2020). The emergence of Tl as a high-risk airborne soil contaminant that
can severely contaminate crops and other vegetation is gaining some
new perspectives (Liu et al., 2018; Migaszewski & Gatuszka, 2021), but
data on its occurrence in foods and dietary intake are scarce (Filippini
et al., 2020). Elevated exposure to Tl with serious health consequences
does occur through locally contaminated vegetables, food or drinking
water (Brockhaus et al., 1981; Aprea et al., 2020; Duan et al., 2020), and
even through the consumption of convenience foods (Choudhury et al.,
2025).

In unpolluted sites, the elemental composition of soil bedrock and
topsoil (including composition of soil solution, plant cover and specific
genetic features) constitute the complex forces that influence absorption
and sequestration of mineral compounds by fungal mycelia (Borovicka
& Randa, 2007; Falandysz & Borovicka, 2013). Some taxa of fungi
grown in contaminated forests show good potential to accumulate TI,
which was detected at levels of up to ~5000 pg-kg* dry weight (dw)
(Dmowski & Badurek, 2002). However, wider information on the
occurrence of Tl in the biodiverse global range of fungi is scarce
although there is some information on a small number of species
collected in Europe, e.g. Bakken & Olsen (1990), Falandysz et al. (2001),
Tyler (2005), Falandysz et al. (2007b); Falandysz et al. (2007a, 2008a);
Falandysz et al. (2007c); Falandysz et al. (2008b), Venturella et al.
(2014), Drewnowska et al. (2017), Falandysz et al. (2017c); Falandysz
etal. (2017d), Medyk et al. (2017), Alaimo et al. (2018, 2019), Pankavec
et al. (2019); Pankavec et al. (2021b); Pankavec et al. (2021a), Falan-
dysz et al. (2020), Falandysz (2022).

In the context of the present study, the occurrence of Tl in a few
species of edible wild fungi foraged in China has been reported in recent
years (Falandysz et al., 2017a; Falandysz et al., 2017b; Falandysz et al.,
2017e; Zhang et al., 2022). Additionally, the occurrence in other foods
and the risk to exposed humans have also been intensively studied at
sites in China where soils were substantially contaminated with T (Liu
et al.,, 2018; Ning et al., 2015). The regional terrain in the Yunnan
province of China is characterized by the richness and diversity of forest
mushrooms with >3000 taxa including 600 edible species and 321
species that are commonly traded at markets in Yunnan (Wu et al., 2016;
Yu et al., 2020). Wild mushrooms and particularly boletes are a popular
local organic food with reported mean annual ingestion rates of 20-24
kg per capita in some communities (Zhang et al., 2010). The region is
also rich in mineral resources and polymetallic soils (Lin et al., 2026;
Yang & Yang, 2010), which may influence the mineral composition of
soil mushrooms.

This study aimed to determine the extent of Tl contamination in wild
mushroom species that are popular and commonly found in Yunnan. As
mushrooms are not normally consumed raw, the study examined the
effect of the most popular local cooking method - stir-frying — on the Tl
content in prepared dishes, assessing the impact of the process itself.
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Additionally, human exposure through dietary intake of these mush-
room dishes and the associated (non-carcinogenic) health risk were also
studied through estimation of the hazard quotient (H).

2. Materials and methods
2.1. Fungal biomass: sampling and sample processing
The following species were included in the study (Table 1):

e Boletus bainiugan Dentinger (n = 22 fruiting bodies),

o Butyriboletus roseoflavus (H.B. Li & H.L. Wei) D. Arora & J.L. Frank (n
= 45):

Cantharellus cibarius Fr. (n = 131),

Laccaria vinaceoavellanea Hongo (n = 515),

Russula virescens (Schaeff.) Fr. (n = 33),

Scleroderma yunnanense Y. Wang (n = 47),

Termitomyces eurrhizus (Berk.) R. Heim (n = 36) and

Tricholoma matsutake) (S. Ito & S. Imai) Singer (n = 15).

The breakdown of the samples collected by species, sample sizes and
moisture content is given in Table S1 of the Supplementary Material
(SM). Samples (fruiting bodies) of all of the above species were pur-
chased fresh in the central food market on the same day in the city of
Yuxi (Yuxi prefecture) in the central region of Yunnan. At the laboratory,
the mushrooms were carefully cleaned of any foreign debris using a
nylon brush and/or ceramic knife. The individual fruiting bodies from
each species (shown as “n” in the listing above and in the SM) were
combined into a single pooled composite sample per species. For

Table 1
Thallium occurrence levels in raw and processed mushrooms on a wet (ww) and
dry weight (dw) basis, effect of processing (%).

Species and processing effect Tl (ug-kg ™)

(ww) (dw)
Boletus bainiugan
Fresh (raw) 7.7 £0.2 75+ 2
Stir-fried 18+1 45 + 3
Effect (%) +130 —40
Butyriboletus roseoflavus
Fresh (raw) 2.2+0.4 15+ 3
Stir-fried 2.5+ 0.5 6.1 +1.3
Effect (%) +14 -59
Cantharellus cibarius
Fresh (raw) 2.3 +0.2 14 +1
Stir-fried 2.6 +£0.2 5.7 + 0.4
Effect (%) +13 -59
Laccaria vinaceoavellanea
Fresh (raw) 6.6 + 0.2 57 +2
Stir-fried 12+0 29+1
Effect (%) +82 —-49
Russula virescens
Fresh (raw) 2.2+0.1 19+1
Stir-fried 2.6 +0.1 5.6+ 0.1
Effect (%) +18 -71
Scleroderma yunnanense
Fresh (raw) 1.8 +£ 0.2 11+1
Stir-fried 2.5+0.2 59+04
Effect (%) +39 —46
Termitomyces eurrhizus
Fresh (raw) 12+0 73 +1
Stir-fried 20 +2 39+4
Effect (%) +67 —47
Tricholoma matsutake
Fresh (raw) 2.0 +£0.2 19 +£2
Stir-fried 2.7 £0.2 5.8+ 0.7
Effect (%) +42 —69
Mean - stir-fried 79+7.6 -
Median - stir—fried 2.7 -
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analysis, either the whole fruiting body was used (C. cibarius and
L. vinaceoavellanea) or mushrooms were halved vertically to form a
reference (control) and an experimental (stir-fried) group (Falandysz
et al., 2025b). Where whole mushrooms were used, they were also
divided into reference and experimental pools. The traditional local
method of stir-frying (Hanc et al., 2025) was carried out on the exper-
imental samples, using equipment (a set of clean, standard sized wok
pans) from a local restaurant (located next to the Yuxi Normal Univer-
sity campus in the city of Yuxi). The products were fried using fresh
canola oil (200 mL per sample), drained from residual oil, cooled and
ground. Cross contamination between fried species in the restaurant was
avoided by cleaning between dishes (species). This was carried out be-
tween samples by rigorous cleaning of the wok followed by a final rinse
using superheated water. The ground materials were transferred to
capped plastic jars, deep-frozen and freeze-dried. The control/reference
pools were dried for 48 h using a commercial vegetable drier, pulverized
using a ceramic mortar and pestle and stored in unused polyethylene
bags in dry condition. All samples were additionally freeze-dried for 24
h prior to chemical analysis.

2.2. Thallium analysis/quantification

The validated analytical methodology for the determination of Tl in
mushrooms has been described before in detail (Pankavec et al., 2019;
Pankavec et al., 2021a). In brief, this involved digestion of ground
sample aliquots in 65% concentrated nitric acid under microwave power
and measurement by inductively coupled plasma — mass spectroscopy
(ICP-DRC-MS). A fuller description of the instrumental analysis pro-
cedure is given in the SM.

Analytical Quality Control (AQ/AC) measures are described in the
SM. These included the concurrent processing of procedural blanks and
the analysis of relevant reference and control materials. These included
vegetation and fungal matrices. Results for these were in agreement with
the certified/control values (SM). The background concentration of Tl
was not determined in the canola oil used for stir-frying as earlier studies
have shown that cooking oils contain negligible or undetectable levels of
TL. According to Llorent-Martinez et al. (2011) Tl (determined by ICP-
MS) was undetectable above the method limit of detection value of
1.5 pg-kg ™! in edible oils (virgin olive, olive, pomace-olive, sunflower,
corn and soybean) sourced in Spain (recoveries of spiked Tl added at 50
and 150 pg-kg ! to vegetable oils — olive, sunflower and corn oil — were
from 98 + 4% to 114 + 3%). More pertinently, the study by Loula et al.
(2016), showed that Tl did not transfer into rape seed (canola) oils and
was retained in the crushed meal, (i.e., it was not detected at the method
quantification limit of 0.02 pg-kg ™). Thallium occurrence in the retailed
canola oils was “negligible” (no values reported). For context, all studied
mushrooms showed T1 concentrations (wet or dry weight basis, Table 1)
that exceeded by 100-fold or more the referenced study (Loula et al.,
2016) method limit of quantification of 0.02 ug-kg™'. The Tl concen-
trations measured in the stir-fried mushrooms were not corrected for
weight changes due to any absorbed oil, which typically was 24-32%
(Falandysz et al., 2019a; Falandysz et al., 2019b; Falandysz et al.,
2025b), and which could have a diluting effect.

2.3. Assessment of health risk from dietary intake of mushrooms

The biodiversity of wild edible mushrooms is well known and at least
3000 species are known. It is also common knowledge that globally, they
can be cooked in several ways, but the question of the quantity
consumed by individuals in a meal and the frequency of consumption is
more open to debate. It is assumed that mushroom dishes eaten in a
single meal during a week (home or restaurant prepared) weigh from
about 100 g to 300 g, but can sometimes be as much as 500 g wet weight
(Chudzynski et al., 2011). In the present study region of Yunnan, a
maximum annual consumption of 20-24 kg wild mushrooms per capita
has been reported by Zhang et al. (2010) and was therefore used as the
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upper limit in this study. Logically, moderate annual consumption was
approximated to half this value (12 kg) and low consumption would lie
between a quarter and a tenth of the maximum value. Over the year, this
equates to 66, 33 and 16.5 to 6.6 g daily. It is notable that the lowest
value of daily consumption is close to the estimated average rate of 6.4 g
day ! per family member reported for Central and Eastern Europe
(Falandysz et al., 2004), equivalent to 7 kg of fresh mushrooms per year.

The noncarcinogenic health effects resulting from exposure to Tl
were assessed through the calculation of the hazard quotient (H; also
referred to as target hazard quotient). This value was estimated from the
available information on mushroom consumption rates (specifically for
Yunnan), concentration values of Tl in the studied species after stir-
frying and relevant data derived from toxicological studies, i.e. the
Reference Dose (RfD) and the tolerable Upper Intake (UI) level over a
week. Fruiting bodies of T. matsutake are an attractive culinary delicacy
in some Asian countries (Yu et al., 2020) and may be served raw (rela-
tively young specimens) but are consumed in relatively small quantities
because of the high price.

A tolerable weekly upper intake (UI) level for Tl exposure of 0.14
ng-kg™! body weight per week (0.02 pg-kg™! bw per day = 1.4 ug per
day for adult of 70 kg bw) was issued by the German Federal Institute for
Risk Assessment (BfR, 2004). However, there is no consensus chronic
RfD for thallium intake among major regulatory bodies like the EPA or
the World Health Organization (WHO). Two RfD values were presented
for Tl in 2009 i.e., a per os (oral) dose of 1 x 107> mg-kg™! bw per day
(0.01 pg-kg ! bw per day = 0.7 pg per day for an adult of 70 kg bw) or a
dose of 3 x 10~ mg-kg ! bw per day (0.003 pg-kg ! bw per day = 0.21
pg per day for an adult of 70 kg bw). The latter RfD was based on hair
follicle atrophy in animals with alopecia or based on clinical observa-
tions/alopecia (U.S. EPA, 2009). An older value of the RfD used for Tl
was 0.0008 mg-kg ™! bw per day (U.S. EPA, 2009).

For assessment of the health risk, the Hazard Quotient was calculated
from the formula, H = D/RfD where D (the estimated dose) is the
product of the Tl concentration (mg-kg~! ww) in the cooked mushrooms
(C) and the intake rate (I) divided by the body weight (bw) i.e., D=C I/
bw. For Asian adults, the body weight is typically 60 kg. If the estimated
H value is <1, toxic effects are not expected (Falandysz et al., 2002). In
view of available information on the proposed Reference Dose (RfD) for
T, both values of 0.01 ug-kg ' bw per day and 0.003 pg-kg ! bw per day
proposed earlier by the EPA (U.S. EPA, 2009), were used in order to
estimate H.

3. Results and discussion
3.1. Thallium in raw mushroom species

Thallium was detected in every mushroom species investigated in
this study. Boletus bainiugan, Termitomyces eurrhizus and Laccaria vina-
ceoavellanea appeared richer in the element than other species. Absolute
occurrence levels in these three species ranged from 75 + 5 to 57 + 2
ng-kg~! dw but were considerably lower (19 & 2 to 15 + 3 ugkg™! dw)
in the other studied species (Table 1). If the potential effect of anthro-
pogenic soil contamination is not considered, Tl uptake and accumula-
tion by macromycetes in fruiting bodies appears to be strongly species-
selective. This is evidenced in results obtained in this and in a few earlier
studies. For example, the Sulphur Knight Tricholoma sulphureum, which
has a strong unpleasant sulphurous smell, contained Tl at around 500
ng-kg™! dw, showing a far higher concentration then the two dozen
other species collected in the same forest (Hanc et al., 2026). Thallium is
considered to be a “sulphur-seeker”, a characteristic that is manifested in
the proposed mechanism of loss of body hair (alopecia) in dosed humans
or experimental rats (U.S. EPA, 2009). As a Lewis acid, thallium (TI"),
prefers interaction not only with sulphur but also with arsenic (and
phosphorous) moieties (after U.S. EPA, 2009). Laccaria species such as L.
vinaceoavellanea as well as L. amethystina which were found to be rich in
arsenic (Falandysz & Rizal, 2016) also appeared to contain relatively
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high concentrations of Tl, at 57 + 2 ug-kg™ dw in L. vinaceoavellanea
(Table 1) and 59 +42 (23—-110) ,ug~kg_1 dw in L. amethystina (Falandysz
et al., 2001). Correspondingly, mushrooms of the species, Butyriboletus
roseoflavus with lower Tl concentrations of 15 + 3 ug-kg ™' dw appeared
to have correspondingly lower Tl levels than those determined in a
collection of specimens (n = 30) from other sites in Yunnan. These
contained cap concentrations of 29 + 30 pg-kg ™! dw with stem levels of
73 + 67 pg-kg~! dw (roughly 50 pg-kg~! dw in whole fruiting bodies)
(Zhang et al., 2020). The other species listed in Table 1 do not have any
previously published data for comparison. Overall, the existing database
on Tl occurrence in wild Asian mushroom species is relatively poor.
Certain other species e.g., Lactarius deliciosus, showed Tl occurrence of
110 + 1 pg-kg™! dw in whole fruiting bodies (Falandysz et al., 2025a).
Another characteristic of the occurrence was that the stems were usually
richer in Tl than the caps, e.g. 210 + 130 pgkg™! dw vis. 40 + 28
ng-kg™! dw in Hemileccinum impolitum (Zhang et al., 2020) or 120 + 70
ngkg™! dw vis. 54 + 36 pg-kg ™! dw in Suillellus luridus (Falandysz et al.,
2017e). Although there is a lack of published data on occurrence of Tl in
cultivated Asian fungi, one exception is the wood-decaying species
Wolfiporia extensa (known also as W. cocos or Poria cocos). The species
can be cultivated in open field (soil) conditions, and its sclerotia (a dense
mass of mycelium that is traditionally collected across Yunnan and is
popular in Chinese traditional medicine) generally did not show any Tl
concentrations exceeding 1 ug-kg~! dw (mean and median <1 ug-kg !
dw with two positive results out of nineteen, at 5 and 15 pg-kg ™' dw —
from both cultivated and wild specimens) (Falandysz et al., 2017b).

3.2. Effect of culinary processing

A predictable effect of stir-frying is the increase in metallic/metalloid
element concentrations in fried mushrooms. This is caused by the

Table 2
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combined effects of biomass shrinkage due to the loss of solutes
(Table S1; SM), and the partial retention of metallic constituents. In the
present study, the diluting effect of sorbed vegetable oil (during stir-
frying) is expected to be negligible as canola oil is reportedly free of
TL On a fresh weight basis, the stir-fried fruiting bodies were richer in T1
compared to uncooked sets, with enrichment varying by species, from
+14 to +130% (Table 1). Boletus bainiugan, L. vinaceoavellanea and
T. eurrhizus were characterized by a somewhat higher retention rate of T1
which ranged from +67% to +130% in comparison to the lower range of
+13% to +42% seen for the remaining species (Table 1). This
enhancement may hypothetically be related to the presence of specific
sulphur- or arsenic-containing ligands which would favourably bind Tl
in these three species but this occurrence was not studied. However, the
potential occurrence of an abundance of T1 (T1"), in cell protoplasm may
act as a factor enabling preferable leaching out of cooked mushroom.
The T dry weight data in stir-fried mushrooms shows a loss of —40 to
—71% (Table 1), which is misleading from a nutritional or toxicological
point of view because it does not reflect the amount that is actually
consumed.

3.3. Thallium intake and toxicological assessment

Across the studied species, the mean Tl intake from consumption of
100 g portions of fried mushrooms was 0.79 pg (median 0.27 pg). Within
species, the intake ranged from 0.25 pg for B. roseoflavus (Fancy pretty
bolete) and L. vinaceoavellanea, to 1.8 pg for B. bainiugan (White porcini)
and 2.0 pg for T. eurrhizus (common name Jizong), rising to 6.0 ug for
the larger 300 g portion (Table 2). As T. matsutake (Pine mushroom) may
be consumed raw, the intake from a 100 g portion of fresh material was
also assessed, yielding 0.20 pg of Tl. For weekly consumption, these
intakes (based on daily consumption of 100 g and 300 g fried mushroom

Estimated total element intake of thallium (ug) per meal, element intake per day or a week (ug-kg™! bw), derived values of the Hazard Quotient (H), and the element

Upper Intake (UI) level in a week (;4g-kg’1 bw-week ™).

Species and processing Tl total intake with a meal (ug) Estimated intake with a meal Hazard Quotient (H)™  Times over the UI level of Tl in a
effect (ug-kg ! bw)* B week”
Per day Per week Intake (g)//Intake (g)
100 g//300  100g x 7//300g x  100g//300g  100g x 7//300g x  100g x 1//300g x 1 100g x 7//300 g x 7
g 7 7
Boletus bainiugan
Stir-fried 1.8//5.4 13//38 0.030//0.090 0.22//0.63 3.04, 10%//9.0%, 30° 1.6//4.6
Butyriboletus roseoflavus
.0042 .42, 1.38//1.3%
Stir-fried 0.25//0.75  1.7//5.3 g gg; “ 0.029//0.088 2 ;‘B > 1.37//1.3% 0.21//0.63
Cantharellus cibarius
A 1 4B A
Stir-fried 0.26//0.78 1.8//5.5 g'gggg// 0.030//0.091 Zgg » LAY/ 1.3 0.21//0.65
Laccaria vinaceoavellanea
Stir-fried 1.2//3.6 8.4//25 0.020//0.060  0.14//0.42 2.0%, 6.7%//6.7%,10®  1.0//3.0
Russula virescens
A 1 4B A
Stir-fried 0.26//0.78 1.8//5.5 8'8(1)33// 0.030//0.091 Z;‘S s 147//1.3% 0.21//0.65
Scleroderma yunnanense
A 1 oB A
Stir-fried 0.25//0.75 1.7//5.3 3'2(1)32// 0.029//0.088 2‘2‘32 » 1.3//1.3%, 0.21//0.63
Termitomyces eurrhizus
Stir-fried 2.0//6.0 14//42 0.033//0.10 0.23//0.70 3.3%, 11%//10%, 33° 1.6//5.0
Tricholoma matsutake
A 1 1B A
Fresh (raw) 0.20//0.60 1.4//4.2 8'8233// 0.023//0.070 g:g > LIY//1.0% 0.16//0.50
A B A
Stir-fried 0.27//0.81 1.9//5.7 0.0045//0.14 0.032//0.095 3335 » LSY//L4% 0.23//0.68
Mean - stir-fried 0.79//2.4 5.5//17 0.013//0.045 0.092//0.28 1.3A, 4.4B//4.0A, 138 0.66//2.0
0.45%,1.5%//1.44
Median - stir-fried 0.27//0.81 1.9//5.7 0.0045//0014 0.032//0.095 ’ ’ 0.23//0.68

458

Note: *Individual of 60 kg body weight; * RfD = 0.00001 mg-kg ! bw-day ' and ® RfD = 0.000003 mg-kg ! bw-day ! (U.S. EPA, 2009).
# Upper Intake (UI) level of Tl in a week = 0.14 ug-kg~* bw-week ! (UI 0.02 ug-kg~! bw-day 1) (BfR, 2004).
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meals) result in mean doses of 0.092 pg-kg ! bw and 0.28 pg kg-bw (and
0.023 pg-kg™! bw and 0.070 pg-kg™! bw for raw T. matsutake), respec-
tively. In view of the tolerable UI level (BfR, 2004) the intake of Tl
through a 100 g portion of B. bainiugan and T. eurrhizus would exceed the
tolerance value of 0.14 pg-kg ™! bw-week *. Adults consuming the larger
portion size of 300 g daily for a week, would exceed the UI level trifold
for L. vinaceoavellanea, and ~5 fold for B. bainiugan and T. eurrhizus.
Table 2 also shows that stir-fried meals prepared from the remaining five
species were much weaker sources of Tl than those made exclusively
from either B. bainiugan, T. eurrhizus or L. vinaceoavellanea. This is re-
flected in a 100 g mix of all studied species which would (over a week's
consumption) provide a Tl dose that was below the UI limit (mean and
medium values were 0.66-fold and 0.23-fold below, respectively).
However, the mean Tl dose from a full week's consumption of the larger
300 g mix, ingested daily, would exceed by 2-fold, the UI tolerance level
(the median value would still be 0.68-fold below limit). In the case of
raw T. matsutake, consumption of 100 g portions 7 times per week would
provide a dose that was six times below the UI limit. It would not be
exceeded even for weekly consumption at the higher portion size of 300
g (although this is more of a theoretical consideration because of the
high price of this mushroom).

If the Tl risk is estimated through the calculation of the Hazard
Quotient, H values for a single weekly 100 g portion of fried mushrooms

Table 3

Food Research International 238 (2026) 119478

or raw T. matsutake shows low risk (H value <1) for some species when
the RfD value of 0.00001 mg-kg ™! bw-day ! was used. These included
B. roseoflavus, C. cibarius, R. virescens, S. yunnanense and T. matsutake
(also, if raw), but H values for the other three species ranged between
2.0 and 3.0, highlighting species differences (Table 2). If the 100 g
portion was made up of a mixture of the eight stir-fried species (this
practice is common in the Yunnan, with each species served on a
separate platter) the median H value was below 1, but the mean value
was 1.3. When the more conservative (protective) value of the RfD, i.e.
0.000003 mg-kg~! bw-day !, was used to estimate the H value, 100 g
portions of all stir-fried species (as well as raw T. matsutake and the mean
and median values for a stir-fried mix of the species), exceeded 1, with
up to an 11-fold excess for T. eurrhizus (Table 2). Consumption of the
larger portion size of 300 g even once a week resulted in the H value
exceeding 1.0, regardless of the species or which RfD value was used
(except for raw T. matsutake for which the H value was 1.0). These H
values were obviously much higher when the more protective RfD value
was used, reaching 30 and 33 for B. bainiugan and T. eurrhizus, respec-
tively, indicating a high risk.

The annual ingestion rate of wild edible mushrooms by some ethnic
Yunnanense has been reported to be as much as 24 kg per capita
annually (Zhang et al., 2010). If this quantity is extrapolated to daily
ingestion over a year it would amount to 66 g per individual (moderate

Mean concentration of Tl in fried mushroom dishes and fresh T. matsutake, scenarios of mushrooms ingestion rate and assessed Hazard Quotient (H).

Culinary treatment and species Mean TI concentration (ug-kg™* ww)

Mean daily ingestion rate
(g-day™")

Hazard quotient (H)

in lifetime A B
Stir — fried
Boletus bainiugan 18 16.5 0.50 1.6
Butyriboletus roseoflavus 2.5 16.5 0.069 0.23
Cantharellus cibarius 2.6 16.5 0.072 0.24
Laccaria vinaceoavellanea 12 16.5 0.33 1.1
Russula virescens 2.6 16.5 0.072 0.24
Scleroderma yunnanense 2.5 16.5 0.069 0.23
Termitomyces eurrhizus 20 16.5 0.55 1.8
Tricholoma matsutake 2.7 16.5 0.074 0.25
Mean + SD 79+7.6 16.5 0.22 +£0.21 0.73 £ 0.70
Median 2.7 16.5 0.073 0.24
Fresh
Tricholoma matsutake 2.0 16.5 0.055 0.18
Stir — fried
Boletus bainiugan 18 33 0.99 3.3
Butyriboletus roseoflavus 2.5 33 0.14 0.46
Cantharellus cibarius 2.6 33 0.14 0.47
Laccaria vinaceoavellanea 12 33 0.66 2.2
Russula virescens 2.6 33 0.14 0.47
Scleroderma yunnanense 2.5 33 0.14 0.46
Termitomyces eurrhizus 20 33 1.1 3.7
Tricholoma matsutake 2.7 33 0.15 0.49
Mean + SD 7.9+7.6 33 0.43 + 0.42 1.4+13
Median 2.7 33 0.14 0.46
Fresh
Tricholoma matsutake 2.0 33 0.11 0.37
Stir - fried
Boletus bainiugan 18 66 2.0 6.7
Butyriboletus roseoflavus 2.5 66 0.28 0.92
Cantharellus cibarius 2.6 66 0.29 0.96
Laccaria vinaceoavellanea 12 66 1.3 4.4
Russula virescens 2.6 66 0.29 0.96
Scleroderma yunnanense 2.5 66 0.28 0.92
Termitomyces eurrhizus 20 66 2.2 7.3
Tricholoma matsutake 2.7 66 0.30 0.99
Mean =+ SD 79+7.6 66 0.87 + 0.84 29+ 28
Median 2.7 66 0.30 0.97
Fresh
Tricholoma matsutake 2.0 66 0.22 0.73

Note: *Individual of 60 kg body weight; RfD of 0.00001 mg-kg~* bw-day ! (A) or 0.000003 mg-kg~! bw-day ! (B) (U.S. EPA, 2009).
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or low ingestion rates may reasonably be assumed to be 33 and 16.5 g
daily per individual, representing a half and a quarter respectively, of
the upper annual quantity of 24 kg). The estimated H value for Tl intake
when using the RfD value of 0.00001 mg-kg~* bw-day ! was above 1 at
the daily ingestion rate of 66 g for three species (B. bainiugan,
L. vinaceoavellanea and T. eurrhizus) and remained above 1 for the
moderate rate of 33 g for T. eurrhizus. It follows that the use of the more
protective RfD value (0.000003 mg-kg™! bw-day ™), resulted in more
species exceeding the H value of 1 at the higher rate of consumption (66
g) but also at the lower rate (16.5 g) for the species, B. bainiugan,
L. vinaceoavellanea and T. eurrhizus (Table 3). Raw T. matsutake that is
considered as an expensive delicacy, appears to be safer regarding T1
exposure, if consumed in small amounts.

The thallous (T1") ion, which is thermodynamically much more
stable, is considered to be the normal valence state of the element in
biological materials, and is less toxic than the other, a thermodynami-
cally labile thallic (T13") form of the element (U.S. EPA, 2009). The ion
T1" has physical dimensions and electronic properties that are similar to
analogous rubidium (Rb), sodium (Na) and potassium (K), all of which
occur in relatively high excess to Tl in mushrooms (Falandysz et al.,
2001; Falandysz et al., 2007a, 2008a; Falandysz et al., 2007b; Falandysz
et al., 2007c; Falandysz et al., 2008b). Both K and Na are important
inorganic nutrients in foods and beverages and are known to be well
absorbed by the digestive system, as was Tl in studies on its soluble salts
(U.S. EPA, 2009; Mulkey & Oehme, 1993). Thus, it may be reasonable to
assume that Tl is similarly absorbed as K and Na from consumed
mushroom meals. In areas where foraging of wild mushrooms provides a
significant amount of human dietary requirements, this potential ab-
sorption underlines the risk from thallium intake.

Thallium is retained in a number of human and animal tissues with a
biological half-life (of thallous ions) in animal bodies of 3 to 8 days,
while the whole-body half-life in human volunteers administered
radiopharmaceutical 2°!Tl was 9.8 days (range 7.4-12.4 days) (Atkins
et al.,, 1977), although this can extend to months in hair and nails
because of its strong affinity for cysteine residues in keratin. Thus T1
could potentially be considered as a latent hazard in wild mushrooms
when consumed in relatively larger amounts or if a particular edible
species shows high concentrations of this element. The risk may be more
acute for mushrooms collected in areas of heavy pollution or in the
proximity of certain industrial plants (Dmowski & Badurek, 2002; Lis
et al., 2003; Ning et al., 2015; Liu et al., 2018). This enhanced risk may
also extend to areas where forest soils contain T1 (either naturally or
through anthropogenic depositions) that is significantly above the geo-
genic background. This was evidenced in forest topsoil from an area
close to a giant pyrite deposit which contained thallium in concentra-
tions ranging from 3.97 to 26.2 mg-kg™' dw (Wang et al., 2022). A
recent study on exposure from the Italian diet reported a relatively high
Tl Hazard Quotient value of 0.744, which highlights the risk even when
the less protective RfD of 0.00001 mgkg™' bw-day ' was used to
calculate this value of H (Filippini et al., 2020).

4. Concluding remarks

Although the use and applications of thallium have declined
following the ban on its use as a rodenticide, its modern high-tech ap-
plications include electronics and semi-conductors, high temperature
superconducting materials, quantum/photonic technologies, optics and
infrared detection and cardiovascular imaging, etc. While the geogenic
background remains relatively stable, these increasing uses of Tl with
related potential anthropogenic releases, suggest that further studies on
the impact of this higher utilisation on environmental pollution and food
contamination are required. Thallium provokes toxic responses in
humans and as it has no beneficial properties as a food component, its
presence in food is undesirable. In mushrooms, thallium occurs in the
protoplasm of cells and does not bind strongly to any ligand, so it can be
relatively mobile during cooking, leaching out of the cells. It is therefore
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important to understand how cooking affects thallium contents,
particularly as wild mushrooms are generally cooked because they are
difficult to digest. Thus, this novel study considered the effects of stir-
frying (as a commonly used cooking method) on a selection of the
most popular edible wild mushrooms in a relatively unstudied area of
the Yunnan.

Among the mushroom species examined, two, B bainiugan and
T. eurrhizus showed relatively high hazard quotient values of 3.0 and 3.3
for normal rates of consumption. At higher rates (during the mushroom
season, 300 g per meal is not unusual for some remote Asian ethnic
communities), all species exceeded the safe hazard quotient (i.e., values
of H were > 1). However, the species-dependency of the risk is also
reflected by exceedance of the tolerable UI level (by 1.6 times) by the
same two species.

One limitation of the study is that samples were purchased rather
than collected by the research group. However, in mitigation, the sam-
ples were all obtained on the same day from a single supplier in the local
food market in Yuxi in central Yunnan which is known for the high
biodiversity of fungi (it is the leading exporter (70%) of wild mushrooms
to the rest of China). The city surroundings are predominantly rural,
consisting of forests, hills, and mountains displaying rich fungal biodi-
versity so it can be reasonably assumed that the study mushrooms were
collected locally. The small number of samples examined is also a lim-
itation because of the variability of thallium concentrations in the
various species. The associated uncertainty relating to consumer expo-
sure can be tempered by considering the mean values for the species —
which is not unreasonable as dishes of stir-fried mixed mushrooms are
commonly available. Following the high values of the H quotient seen in
this study and the exceedances of the tolerable UI level, an extended
study of the studied species to include other edible wild mushrooms,
particularly those that are popular with consumers, would be prudent. In
regions such as the Yunnan, where the biodiversity of edible species is
high, as is consumption (by remote communities as well in cities where
wild mushrooms are commonly retailed), the variable rates of Tl bio-
accumulation may pose a potential health risk to those who preferen-
tially consume particular species. In a broader sense, a recurring theme
in this work and in the literature on Tl exposure is the very limited
occurrence data in food, globally. This needs to be addressed by sur-
veillance programmes but additionally, toxicological studies on the ef-
fects of thallium through seasonal (sub-acute) or chronic exposures are
also required. In particular, the establishment of a reference dose would
help to clarify the significance of the current findings.
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