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Abstract

In an attempt to enrich the fruiting bodies with Lithium (L1), this study cultivated mushrooms using growing sets that were
fortified with Li,O at 1.0, 5.0, 10, 50, 100 and 500 mg-kg~' dw. Compost fortification up to 100 mg-kg~"' dw induced a dose-
dependent increase in Li accumulation with resulting median mushroom concentrations of 2.0, 8.6, 16, 29 and 38 mg-kg_1
dw, respectively, relative to the unfortified control at 0.087 mg-kg~! dw. The dose dependency appears to level off as Li,O
addition approaches 100 mg-kg™!, suggesting that there is a limit to the ability of the species to accumulate/tolerate Li.
Mushrooms did not grow at the 500 mg-kg~! dw fortification level. At the highest viable level of fortification (100 mg-kg ™"
dw), the fruiting bodies were around 440-fold richer in Li content than the control mushrooms. Additionally, the fortification
at all levels up to 100 mg-kg~! dw showed very low, if any, effect on the co-accumulation of the other, studied trace mineral
constituents, with concentrations occurring at the lower range of those reported for commercial A. bisporus mushrooms.
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Introduction

Lithium (Li) is a minor mineral constituent in fruiting bodies
of both wild and cultivated mushrooms (contents are gener-
ally less than 1.0 mg-kg™! dry weight; dw) [31, 47, 50]. It
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occurs to an even lower extent in commercial, conserved
(pickled or in brine) white button mushrooms with an overall
median of 0.045 mg-kg™' dw (range of the medians from
0.01 to 0.40 mg-kg~! dw) depending on the production batch
and producer [37].

For most of the last century, Li has been used in high
doses (150-360 mg in the form of salts, e.g., Li,CO;) to
treat bipolar disorder and other forms of mental illness [28,
38]. These treatments have sometimes shown side effects
in patients and while in others, the exposure may result in
hypersensitivity to the Li medicines [28, 38]. In more recent
decades, there is a growing understanding of the beneficial
effects of lower concentrations of Li on a number of neu-
rological and other functions such as neuronal function,
plasticity, and repair, as a nutrient required for B12 and
folate transport, the ability to stimulate the proliferation of
stem cells [30]. Discussion is also ongoing on the beneficial
(or not) effect of low intakes of Li—especially from pota-
ble (tap) water, that is basically a weak source of Li in the
daily diet [23, 30]. Nevertheless, in recent times, it has been
added to mineral water [34]. Typically, foods such as various
meats, dairy products, seafood, eggs and vegetables contain
Li in low concentrations, e.g., the daily dietary intake in
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Italy has recently been assessed at 0.258 pg per kilogram
body mass [21, 44]. To boost the Li contents of food, some
studies have developed strategies to enrich food plants dur-
ing growth. E.g., these studies have attempted the lithiation
of lettuce (Lactuca sativa) or the mycelia and fruiting bod-
ies of popular mushrooms (Pleurotus ostreatus) to obtain
nutraceuticals [4, 5, 20].

Potassium (K) is an abundant mineral and macronutrient
in fungi accounting for almost 45% of total ash content. As
the major cation in mushrooms, it undergoes homeostatic
regulation along with other essential elements (Cu, Se, Zn)
which are species-specifically accumulated in the fruiting
bodies [13, 14, 41]. Some toxic elements (As, Ag, Cd, Hg,
MeHg) are also species-specifically accumulated by mush-
rooms [14, 26, 50].

The accumulation of different elements by fungi can be
also strongly influenced by their concentration in the sub-
strate used in cultivation (and similarly in the abundance and
availability from the topsoil in the case of wild mushroom
species). Thus, the mineral composition of fruiting bodies
reflects any elevated (or deficient) concentrations of many
elements present in the substrate. Such factors are known
to play a role in the case of mushrooms grown in soils and
substrates that are anthropogenically or intentionally pol-
luted with elements such as Ag, As, Cd, Cu, Hg or Pb, as
well as from the attempts to obtain fungal products (mycelia
or fruiting bodies) that have been bio-fortified with specific
compounds, such as Se or Li [5, 7, 8, 12, 13, 29].

In this study we examine the capacity of the white button
mushroom A. bisporus to bioconcentrate Li when grown
conventionally, using commercial brand compost that has
been fortified with Li,O salts at different concentration lev-
els. The lithiation of this widespread and commonly con-
sumed food product could be seen as a possible low dose,
bio-accessible therapy. We also investigate the effect of com-
post fortification on the co-accumulation in fruiting bodies
of Ag, Al, As, Ba, Cd, Cr, Cs, Cu, Hg, Mn, Ni, Pb, Rb,
Sr, T1, U, V and Zn that occur naturally in the commercial
compost.

Materials and methods
Cultivation of white A. bisporus

The experimental design for raising mushrooms involved
the use of commercially available growing sets (stands).
These consisted of 8 kg of prepared compost (straw) inoc-
ulated with A. bisporus mycelium (phase III) and a peat
(with gypsum) casing in a cardboard container lined with
polyethylene foil. Six levels of Li,O (dissolved in demin-
eralized water that was free of Li; <0.02 ug L") fortifica-
tion were trialled together with a control, and all growing
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experiments were conducted in triplicate. This resulted
in a total of 21 stands—18 (6 X 3) of which were fortified
with Li,O in solution, with resulting Li concentration at
1.0, 5.0, 10, 50, 100 and 500 mgokg_l dw, and 3 (unforti-
fied) control stands. After overgrowing with mycelium, the
compost in each stand was coated with a layer of commer-
cial peat. Mushrooms were raised in a utility room main-
tained mostly in darkness at a temperature of 17-18 °C
(the recommended range was 12-20 °C), with the growing
period lasting from 23 to 30 days. This scheme of culti-
vation followed a provided set detailed instructions for
growing mushrooms commercially [49].

To establish the background concentration of the grow-
ing compost, five subsamples of fresh product were col-
lected from each of the three control stands and pooled
(three pools each ca. 100 g), at the beginning of the cul-
tivation experiment. The pools were air-dried, ground
in a porcelain mortar and sieved through a 4-mm mesh
plastic sieve to obtain a homogenous mixture. Each sam-
ple was lyophilized and stored in a clean, sealed poly-
ethylene bag, and all three were sealed in a larger bag
that was stored in dry and clean condition until analysis.
Lithium in the control compost was at concentration of
0.154 +0.002 mg-kg™! dw.

Mushrooms were collected with good yield from the
first flush of growth. It was noted that no mushrooms
were produced in the stands containing compost fortified
at 500 mg-kg~! dw. Sprouting and growth of mushrooms
occurred in all of the other stands containing Li fortified
composts (i.e., at levels from 1.0 to 100 mg-kg™' dw) and
in the controls.

The emergent mushrooms were successively harvested
when they had grown to the appropriate size (relatively
young and typical for commercial harvesting stage with
pink hymenophore) and they were cleaned from compost/
peat debris using a plastic brush and ceramic knife. The
composite samples of mushrooms (altogether 24 composites
of caps and 24 of stems: three composites per fortification
level were made separately from each growing container
for the determination of the content and bioconcentration
potential of Li by A. bisporus (Table 2) and concentrations
of other elements (Table 3). Mushrooms in the part used for
chemical determination were separated into two morpholog-
ical parts—caps and stems, sliced using a ceramic knife and
lyophilized. A composite subsamples of A. bisporus materi-
als obtained separately from each fortification experiment
were next ground in a porcelain mortar and sieved through
a 4-mm mesh plastic sieve to obtain a homogenous prod-
uct. Each sample of composite caps and stems from each
fortification experiment was next transferred into a clean
polyethylene bag, sealed and they were stored in a larger
bags that were sealed and stored in dry and clean condition
until chemical analyses.
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Analysis

The analytical methods used for determination of Hg and
17 other elements has been presented in detail earlier [2,
17] and is briefly summarized below. Mercury analyses
were carried out after thermal decomposition treatment of
the sample matrices under pre-set conditions and measure-
ment of Hg vapors released by CV-AAS (cold vapor atomic
absorption spectroscopy) using the MA-2000 mercury ana-
lysers (Nippon Instruments Corporation, Takatsuki, Japan)
[17]. Hg analyses were repeated three times (SD < 10%)
per sample and the calculated mean was used. The limit of
detection (LOD) for Hg was 0.003 mg-kg~! and the limit of
quantification (LOQ) was 0.005 mg-kg™".

To determine content of Ag, As, Ba, Cd, Cs, Cu, Cr, Li,
Mn, Ni, Pb, Rb, Sr, V, Tl, U and Zn, the mushroom and
compost subsamples (~ 0.5 mg) were digested with 5 mL of
65% HNO; (Suprapure, Merck, Germany) under pressure
using a microwave oven (Ethos One, Milestone Srl, Italy).
The heating program was performed in one step: the power
of the process was 1500 W, ramp time 20 min, temperature
200 °C and hold time 30 min. Reagent blank solutions were
prepared in the same way. For every set of ten mushroom
samples digested, two blank samples were run. The digest
was further diluted to 10 mL using deionized water (TKA
Smart2Pure, Niederelbert, Germany). The digest, standard
and blank solutions were analyzed by ICP-MS (Inductively
Coupled Plasma Mass Spectrometry), (ELAN DRC II ICP-
MS PerkinElmer, SCIEX, Canada, equipped with a dynamic
reactive cell, Meinhard concentric nebulizer, cyclonic spray
chamber, Pt cones and a quadruple mass analyser) [2, 37].

The operating conditions for the ELAN DRC II ICP-
MS were: RF power—1100 W; plasma Ar flow rate—15
L min~'; nebulizer Ar flow rate—0.87 L min~! and auxil-
iary Ar flow rate—1.2 L min~! and lens voltage—(7.5-9.0)
V. For the construction of the calibration curve, a mixed
standard solution with a concentration of 10 mg-L™! was
used (Multielement Calibration Standard 3, Atomic Spec-
troscopy Standard, PerkinElmer Pure). Additionally, the iso-
topes *Sc, "*Ge, '®*Rh and *° Tb prepared from individual
1000 mg-L~! solutions were applied as internal standards
to effectively correct temporal variations in signal intensity
(ICP Standard CertiPUR, Merck, Germany). Liquid argon
of 99.999% purity was used as a nebulizer, auxiliary and
plasma gas in the ICP-MS (Messer, Chorzéw, Poland) [6,
37].

The methods used were validated and controlled by prep-
aration of standard solutions, calibration of instruments, pro-
cedural blank samples and duplicates and replicates. Calibra-
tion curves for elements determined by ICP-DRC-MS were
constructed in the range from 0.1 to 50 ug-L™!. The LODs,
calculated as three times the standard deviation (3 X SD) of
ten replicates of the blank per slope of the calibration curve,

were, respectively (in ug L™") for Ag—0.003; As—0.03;
Ba—0.2; Cd—0.008; Co—0.001; Cr—0.2; Cu—0.15;
Li—0.02; Mn—0.4; Ni—0.05; Pb—0.07; Rb—0.03;
Sr—0.06; TI—0.001; U—0.004; V—0.09 and Zn—4 [2,
31, 37].

The certified reference materials and control materials
analyzed together with the fungal and compost experimental
material samples were INCT-TL-1 (dried Black Tea Leaves
from Argentina), INCT-MPH-2 (Mixt of Polish herbs) and
CSM-4 (dried mushroom powder of Leccinum scabrum)
produced by of the Institute of Nuclear Chemistry and
Technology of the Polish Academy of Sciences in Warsaw
(Poland) and purchased from LGC STANDARDS Sp. z o.0.
(Poland) (Table 1). Additionally, other control materials, as
presented in previous publications, were used [17, 31]. The
analytical recoveries based on the use of reference materi-
als were: 96-98% for As, 93—-114% for Cd, 94-95% for Co,
86-95% for Cs, 83-94% for Cu, 103-105% for Hg, 93%
for Mn, 81-84% for Ni, 72-97% for Pb, 95-101% for Rb,
105-122% for Se, 98-126% for Sr, 89-98% for T1, 77-90%
for V and 83-121% for Zn (Table 1). In previous studies,
the recovery of Li from the dried CRM (Oriental Basma
Tobacco Leaves—INCT-OBTL-5) was 97% [15], and from
CRM TM27,3 (filtered and diluted Lake Ontario water) was
98% [16]. The recoveries for Al, Ba and Li from certain
other certified reference materials and control (fungal) mate-
rials examined in a parallel study were 73, 105 and 93%,
respectively [35, 36].

The Pearson correlation was used to measure the strength
of linear association between the level of compost fortifica-
tion with Li and mass accumulation for Ag, Al, As, Ba, Cd,
Cr, Cs, Cu, Hg, Li, Mn, Ni, Pb, Rb, Sr, T1, U, V and Zn in A.
bisporus. The Mann—Whitney U test (abbreviated as M—W
U test) was used to detect any statistically significant dif-
ference in overall concentration of an element other than Li
between the control and lithiated mushrooms, regardless of
the lithiation level. A free Social Science Statistics software
(www.socscistatistics.com) and Microsoft Excel (2013 edi-
tion) were used for statistical analyses of the results and for
plotting graphs.

Results
Element Li

The fortification of growing compost with Li in the form
of Li,0O solutions resulted in successful lithiation of the
A. bisporus mushrooms at all levels of fortification up
to 100 mg-kg™! dw, with effective production of fruiting
bodies (in terms of biomass). The exception was the set of
experimental stands with 500 mg-kg™' dw—this fortification
level appeared to have totally inhibited fruiting. Mushrooms
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Table 1 The certified and determined contents of the trace elements (mg kg™! dried product) in control materials: INCT-TL-1 (Black Tea Leaves
from Argentina), INCT-MPH-2 (Mix of Polish herbs) and CSM-4 (Leccinum scabrum)

Element Control material*

INCT-TL-1 INCT-MPH-2 CSM-4
Certified Determined X Recovery Certified Determined X Recovery Certified Determined X Recovery
+SD (%) +SD (%) +SD (%)

As 0.106+0.021 0.102+0.015 96 0.191+0.023 0.204+0.031 97 0.375+0.051 0.369+0.035 98
Cd 0.030+0.004 0.023+0.015 93 0.199+0.015 0.224+0.033 112 1.33+0.05 1.52+0.06 114
Co 0.387+0.042 0.363+0.041 94 0.21+0.02 0.20+0.10 95 WD 0.268+0.025 WD
Cs 3.61+0,37 2.823+1.882 95 0.076 £0.007  0.065+0.008 86 WD ND
Cu 20.4+1.5 15.8+10.5 95 7.77+0.53 731+£0.62 94 2637+1.74 2485x+2.01 83
Hg 0.005+0.0007 0.0052+0.0005 105 0.018+0.002 0.019+0.001 105 0.463+0.024 0.476+0.025 103
Li WD 0.181+0.002 WD WD 0.492+0.011 WD WD 0.083+0.007 WD
Mn 1570110 1633+194 104 19112 177+ 66 93 WD 2231+046 WD
Ni 6.12+0.52 4.20+2.80 84 1.57+0.16 1.27+025 81 WD 1.49+0.21 WD
Pb 1.78 +0.24 1.06+0.71 72 2.16+0.23 1.85+0.29 86 0.998+0.072 0.967+0.127 97
Rb 81.5+6.5 66.1+44.1 101 10.7+£0.7 102+0.7 95 WD ND
Se 0.076* 0.078+£0.006 103 WD 0.046+0.003 WD 1.29+0.08 1.58+0.53 122
Sr 20.8+0.024 21.15+026 98 37.6+2.7 47.2+3.7 126 WD 0.615+0.10 WD
Tl 0.063 +0.005 0.044+0.029 89 0.029* 0.028+£0.002 98 WD 0.037+0.003 WD
\% 1.97+0.37 1.78 £0.21 90 0.952+0.163  0.733+0.051 77 WD 0.211+0.015 WD
Zn 34.7+2.7 22.4+14.1 83 335+2.1 454+394 135 120.7£5.9 104.4+357 86

*Control materials: INCT-TL-1 (Black Tea Leaves from Argentina), INCT-MPH-2 (Mixt of Polish Herbs) and CSM-4 (dried powder of Lec-
cinum scabrum)—produced by the Institute of Nuclear Chemistry and Technology, Warsaw, Poland (ISO 13528:2005); *Indicative value); ND

(not determined); WD (without data)

grown in the unfortified compost accumulated Li at a median
concentration of 0.082 mg-kg~! dw (0.087 +0.057 mg-kg~!
dw) in the whole fruiting bodies (median 0.092 mg-kg™!
dw and mean 0.092 +0.022 mg-kg~! dw in the caps and
0.081 mg-kg™' dw and 0.081+0.100 mg-kg™"' dw in the
stems, Table 2).

As the levels of compost fortification increased from 1.0,
5.0, 10, 50, up to 100 mg-kg_l dw, the resulting amounts of
accumulated Li in the mushrooms reached corresponding
median concentrations of 1.6, 8.7, 15, 27 and 43 mg-kg™!
dw in the caps, and 2.6, 8.5, 17, 32 and 32 mg-kg™' dw
in the stems (Table 2). The distribution of Li between the
stems and caps of the fruiting bodies (Index Qq; the cap
to stem concentration quotient calculated using the median
concentration values) was 1.1 for the control mushrooms,
but fluctuated in the lithiated mushrooms, i.e., it was 0.62,
1.0, 0.88, 0.84 and 1.3, respectively, for the fruiting bodies
corresponding to the fortification levels of 1.0, 5.0, 10, 50
and 100 mg-kg™! dw.

The results indicate that fortification of compost with Li
in the form of Li,O at concentrations up to 100 mg-kg™!
dw results in a dose-dependent increase in the accumulation
of this element [r=0.97 for caps (result was significant at
p <0.01; the coefficient of determination was at 94%) and
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r=0.87 for stems (result was significant at p <0.05; the coef-
ficient of determination (%) was at 76%)].

Essential elements Cu, Mn, Zn and Co

The lithiation of A. bisporus using Li,O fortified compost
appears to have had an effect on the co-accumulation of
essential Cu, Mn and Zn, relative to the amounts of these
minerals accumulated in the control mushrooms (Table 3).
The median Cu, Mn and Zn concentrations in the control
mushrooms were 25, 5.0 and 48 mg-kg~'dw (caps), and 19,
4.3 and 40 mg-kg~! dw (stems), respectively. The Co level
was below the LOD in both, control and lithiated mushrooms
(Table 3). These values were within the median concentra-
tion ranges determined in the lithiated mushrooms, which
showed Cu in the range from 15 to 26 mg-kg~!' dw (caps,
p>0.05, both M-W U test and Pearson) and 15-19 mg-kg~!
dw (stems, p>0.05, both M—W U test and Pearson), Mn
in the range 4.2-5.7 mg-kg™' dw (caps, p> 0.05, both
M-W U test and Pearson) and 3.8—4.5 mg-kg™' dw (stems,
p>0.05, both M-W U test and Pearson), and Zn in the range
35-56 mg-kg~! dw (caps, p>0.05, both M—W U test and
Pearson) and 33-49 mg-kg™! dw (stems, p>0.05, both M—-W
U test and Pearson) (Table 3).
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Table 2 The levels of substrate fortification with Li,O (added Li in
mg kg™! dw) and content of Li (mg kg~! dw) and its BCFs (biocon-
centration factor was calculated as a quotient of the concentration of
Li in caps or stems to concentration in compost on dry to dw basis)

in the caps, stems and the whole fruit bodies of A. bisporus (mean,
standard deviation, median and range; n=3 pooled samples at each
fortification level)

Li*  Content of Li (mg kg™! dw)

Content of Li (mg kg~! ww)"

Bioconcentration factor

Caps Stems Whole™ Caps Stems Whole™ Caps™® Stipes ™
0 0.092+0.022 0.081+0.100  0.087+0.057 0.0086+0.0021  0.0076+0.0094  0.0082+0.0054 0.60+0.01 0.53+0.01
0.092 0.081 0.087 0.0086 0.0076 0.0082 0.60 0.53
0.065-0.092 0.068-0.16 0.066-0.12 0.0061-0.0086 0.0064-0.015 0.0062-0.011 0.59-0.61 0.53-0.54
1.0 1.7+£1.0 42439 2.8+0.2 0.16+0.09 0.39+0.37 0.27+0.02 1.5+0.9 3.6+3.4
1.6 2.6 2.0 0.15 0.24 0.19 1.4 2.3
0.78-2.7 1.4-8.7 1.1-5.4 0.073-0.25 0.13-0.82 0.10-0.51 0.68-2.3 1.2-7.5
50 6.6+4.6 7.4+2.1 7.0+3.5 0.62+0.43 0.70+0.20 0.65+0.33 1.3+0.9 1.4+04
8.7 8.5 8.6 0.82 0.80 0.81 1.7 1.6
1.4-9.7 5.0-8.9 3.0-9.3 0.13-0.91 0.47-0.84 0.28-0.88 0.27-1.9 0.97-1.7
10 14+3 27+29 2015 1.3+0.3 2.5+2.7 19+14 1.1+£0.3 2.6+2.8
15 17 16 1.4 1.6 1.5 1.5 1.7
10-15 5.5-60 8.0-35 0.94-1.4 0.52-5.6 0.75-3.3 0.98-1.5 0.54-5.9
50 31+8 3245 317 29407 3.0+05 2.9+0.6 0.62+0.16 0.63+0.10
27 32 29 2.5 3.0 2.7 0.54 0.64
27-40 27-37 27-39 2.5-3.8 2.5-35 2.5-3.6 0.54-0.80 0.54-0.74
100  44+5 32+9 39+7 4.1+0.5 3.0+0.8 3.6+0.6 0.44+0.05 0.32+0.09
43 32 38 4.0 3.0 3.6 0.43 0.32
39-49 26-39 33-44 3.7-4.6 2.4-3.7 3.1-4.2 0.39-0.49 0.26-0.39

# Added amount of Li to compost (mg kg~ dw); “Calculated from dry weight data—dry matter content at 9.49%, range 9.37 + 1.43-9.62+£1.04%
(Vetter 2003); ““The mean share of the biomass of the caps and stems (percentage by mass) in the whole fruiting bodies was 55:45; YBackground

Li content in compost was 0.154 +0.002 mg kg™! dw

Elements Al, Ba, Cr, Cs, Ni, Rb, Srand V

Aluminum occurred in low concentrations in the control
and lithiated mushrooms, i.e., the median value in the caps
of the control mushrooms was 1.2 mg-kg~! dw, and ranged
from 0.40 to 1.3 mg-kg™! dw (p>0.05, M—W U test) in the
lithiated mushrooms. Corresponding values for the stems
were 0.38 mg-kg™! dw and from 0.31 to 1.5 mg-kg™' dw
(p>0.05, M—W U test, respectively, while the relative dis-
tribution between caps and stems fluctuated between batches
(Table 3). The progressive increase in Li,O compost fortifi-
cation caused a decrease in the amount of Al accumulated in
the caps (p <0.05, r=10.90, *=80%, Pearson) but had no
effect on stem accumulation (p > 0.05, Pearson).

The median concentration of Cr was 0.011 mg-kg™! dw
in control caps and ranged from 0.004 to 0.026 mg-kg~! dw
(p>0.05, both M-W U test and Pearson) in lithiated mush-
room caps. For the stems, the median Cr concentrations were
0.006 mg-kg~! dw and in the range of 0.003-0.006 mg-kg ™"
dw (p>0.05, both M—W U test and Pearson), respectively
(Table 3).

Both, control and lithiated mushrooms showed small
Cs concentrations, i.e., median cap concentration of
0.042 mg-kg~! dw in the control and ranging from 0.025

to 0.044 mg-kg™' dw (p>0.05, both M—W U test and
Pearson) in lithiated specimens, with corresponding val-
ues for the stems at 0.033 mg-kg™' dw and in the range of
0.024-0.036 mg-kg™! dw (p>0.05, both M—W U test and
Pearson), respectively (Table 3). Median cap concentrations
of Rb were 12 mg-kg™! dw in control mushrooms and ranged
from 7.2 to 13 mg-kg™" dw (p> 0.05, both M-W U test and
Pearson) in the lithiated mushrooms, with corresponding
values for the stems at 9.1 mg-kg™' dw and from 6.7 to
10 mg-kg™" dw (p>0.05, both M—W U test and Pearson),
respectively (Table 3).

Nickel showed a median concentration of 0.016 mg-kg™!
dw in the caps of control mushrooms and ranged from
0.018 to 0.028 mg-kg~" dw (p <0.05, M=W U test; p > 0.05,
Pearson) in lithiated caps. Corresponding stem values
were 0.016 mg-kg™' dw, and in the range from 0.006 to
0.020 mg-kg‘1 dw (p>0.05, both M—W U test and Pearson),
respectively (Table 3).

The median V concentration in control caps was
0.008 mg-kg~" dw and ranged from 0.002 to 0.009 mg-kg™"
dw (p>0.05, M-W U test; p <0.05, r=-0.93, *=87%,
Pearson), in lithiated mushroom caps. Corresponding val-
ues for the stems were 0.006 mg-kg~' dw and in the range
from 0.004 to 0.008 mg-kg™! dw (p>0.05, both M-W U test
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and Pearson), respectively (Table 3). As shown in Table 3,
the increasing level of Li fortification of compost (at 50 and
100 mg kg~! dw) had some effect, reducing the accumula-
tion of V in the caps, although the absolute concentration
values were negligible.

Toxic elements Cd, Pb, Hg, Ag, As, Tland U

Cadmium occurred at a median concentration of
0.23 mg-kg™! dw in the caps of control mushrooms and
ranged from 0.15 to 0.27 mg-kg™" dw (p > 0.05, both M—W
U test and Pearson) in the lithiated caps. Similar concen-
trations were seen in the stems with the control median
at 0.19 mg-kg™! dw and medians ranging from 0.15 to
0.23 mg-kg~! dw (p>0.05, both M—W U test and Pearson)
in the lithiated samples. Pb was not detected in any of the
mushrooms occurring at below the LOD (Table 3).

The median concentration of Hg in the caps of control
mushrooms was 0.092 mg-kg~! dw and ranged from 0.077
to 0.11 mg-kg™" dw (p>0.05, both M—W U test and Pear-
son) in lithiated samples. Corresponding values for the stems
were 0.065 mg-kg~' dw and from 0.056 to 0.081 mg-kg™!
dw (p>0.05, both M—W U test and Pearson), respectively
(Table 3). The median concentration of Ag in the caps of
control mushrooms was 0.14 mg-kg™! dw and ranged from
0.10 to 0.14 mg-kg™! dw (p>0.05, both M—W U test and
Pearson) in lithiated mushrooms. Corresponding median
values for the stems were 0.12 mg-kg~'dw and from 0.09
to 0.13 mg-kg™! dw (p>0.05, both M—W U test and Pear-
son), respectively (Table 3). The increasing level of compost
fortification with Li did not appear to have any effect on its
co-accumulation.

The metalloid As occurred at a median concentration
of 0.31 mg-kg™" dw in the caps of control mushrooms and
ranged from 0.16 to 0.31 mg-kg™" dw (p > 0.05, both M—W
U test and Pearson) in lithiated samples. Corresponding
median values for the stems were 0.26 mg-kg™' dw and from
0.16 to 0.25 mg-kg™! dw (p <0.05, M=W U test; p> 0.05,
Pearson), respectively (Table 3). Regardless of the level of
compost fortification, lithiated mushrooms showed a some-
what lower concentrations of As in stems compared to the
control. In comparison to As, the metalloid Tl occurred in
substantially lower concentrations (Table 3). Thallium in
the caps of control mushrooms was at a median concen-
tration of 0.0043 mg-kg™' dw and ranged from 0.0029 to
0.0048 mg-kg~! dw (p>0.05, both M—W U test and Pear-
son) in lithiated samples. Corresponding median values
for the stems were 0.0038 mg-kg~! dw and from 0.0022
to 0.0041 mg-kg~! dw (p>0.05, both M—W U test and
Pearson), respectively (Table 3). The increasing levels of
compost fortification with Li did not have any effect on the
co-accumulation of Tl by A. bisporus and the observed con-
centration can be considered as small.

@ Springer

Uranium occurred at a median concentration
of 0.0009 mg-kg™! dw and ranged from 0.0006 to
0.0009 mg-kg~! dw (p>0.05, both M—W U test and Pear-
son), in lithiated samples. Corresponding median values
for the stems were 0.0007 mg-kg™' dw and from 0.0004 to
0.0007 mg-kg™! dw (p>0.05, both M—W U test and Pear-
son), respectively (Table 3).

Discussion and conclusions
Lithium accumulation and effect of Cs and Rb

The attempt to lithiate common white A. bisporus mush-
rooms using commercially available growing sets and for-
tification of the compost with Li,O shows good promise
as a means of boosting the Li content of this commonly
consumed food. For the highest viable level of fortification
(100 mg), the enrichment was around 440-fold greater than
for control mushrooms, which were low in Li. Higher con-
centrations of the fortified compost (50-100 mg-kg™' dw)
reduced the ability of the fungi to bioconcentrate the ele-
ment. A plot of these data (Fig. 1) shows that these depend-
encies appear to level off as the concentration approaches
100 mg-kg~! dw, suggesting that “saturation” of the fruiting
bodies with Li occurs at this fortification level. Fruitifica-
tion did not occur at the highest concentration (500 mg-kg™")
used. Nonetheless, this study shows that compost fortifica-
tion can provide Li-enriched mushrooms that may be used
for pro-therapeutic purposes.

The BCF (bioconcentration factor; a quotient of the con-
centration of Li (or other element) in cap or stems to con-
centration in compost on dry to dry weight) values of Li in
the A. bisporus controls were 0.60 (caps) and 0.53 (stems)
which is indicative of bio-exclusion (BCF < 1) of the ele-
ment (Table 2, Fig. 2). On the other hand, A. bisporus cul-
tivated in the commercial compost fortified with Li at con-
centrations from 1.0 mg-kg~' dw, through 5.0 to 10 mg-kg™!

P Y,
o v o

caps stems

w W
o wun

Li (mg kg! dw) in caps/stems
B R NN
o [V -] (%) o un

0 20 40 60 80 100 120
Li added (mg kg dw) to compost

Fig. 1 Graphical presentation of the dynamics of Li accumulation by
A. bisporus from Li-—fortified (Li20) compost
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Fig.2 The evolution of lithium
BCF values vs. the compost
fortification level

0 10 20

Effect of increasing Li fortification levels on the BCF in
caps and stems in A. bisporus
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'®)
40 50 60 70 80 90 100
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dw, was characterized by a BCF>1 (1.4, 1.7 and 1.5 in the
caps and 2.3, 1.6 and 1.7 in the stems, respectively), which
could be classified as weak bioconcentration of this element.
At the higher fortification levels of 50 and 100 mg-kg~! dw,
the BCF values returned to lower levels, at 0.54 and 0.43
(caps) and 0.64 and 0.32 (stems), respectively—values close
to those observed for control mushrooms (Fig. 2). Data on
BCEF of Li by common edible mushrooms including wild
growing species are scarce in the literature [35, 36]. The bio-
exclusion of Li by wild growing mushrooms Boletus edulis
and Macrolepiota procera has been observed by Giannacini
et al. [22], where the BCF was <0.01.

Potassium, which occurs in mushrooms in high concen-
tration, and sodium, which occurs at much lower concentra-
tions, are both essential monovalent elements in fungi [41].
Of the three monovalent elements determined, stable cae-
sium (133Cs) and rubidium (Rb) are common and, similarly
to Li, have no known function in fungi. Caesium usually
occurs in fruiting bodies only at small concentrations (< 1
to~10 mg~kg_1 dw) [1, 14, 48]. Rubidium on the other hand,
is found in many species at relatively high concentrations
(181300 mg-kg~" dw) [1, 14]. Radiocaesium (}3*/137Cs)
generated from nuclear weapons testing in the atmosphere
and nuclear accidents (Chernobyl, Fukushima, etc.) contam-
inates the global environment and is efficiently accumulated
by many “soil” mushrooms. Certain species were found to
be particularly efficient at accumulating this contaminant
resulting in high and possibly hazardous/toxic, to human,
levels of radioactive Cs in the fruiting bodies [1, 18, 19, 45].
At typical concentration, stable Cs levels in foods are non-
toxic and, as mentioned, it forms a minor mineral constituent
of fruiting bodies. In mushrooms, e.g., Suillus variegatus,
the '33Cs content correlates with Rb and also '*7Cs [48].

Other metallic elements

In a study by Mufioz et al. [33], the distribution of Al
between the caps and stems of the fruiting bodies of culti-
vated A. bisporus was almost equal, but reported concentra-
tions (mean for caps at 19.5 and 20.8 mg-kg™' dw. in the
stems) were an order of magnitude greater than in this study.
Muiioz et al. [33] also collated some published data on Al in
A. bisporus which ranged from 14 to 85 mg-kg™' dw. Soil is
rich in Al and especially if it contains clay, and if mushroom
samples are not cleaned thoroughly, residual soil particles
can contaminate a mushroom sample, strongly influencing
the results [42].

Barium was above the LOD only in the caps of control
mushrooms (at 1.2 mg kg~! dw) and in two sets of lithi-
ated mushrooms, in which it occurred at the maximal con-
centration of 0.29 mg-kg™! dw (caps) and 0.79 mg-kg™! dw
(Table 3). In other mushroom species, e.g., the Slate Bolete
(Leccinum duriusculum), Ba correlates with the contents of
Sr and Ca [25]. The median Sr concentration in the caps of
control mushrooms was 0.52 mg kg~! dw and in lithiated
A. bisporus, the medians were in the range from 0.35 to
1.6 mgkg™! dw (p>0.05, both M-W U test and Pearson).
Corresponding values for the stems were 0.87 mg-kg™" dw
and from 0.19 to 0.82 mg-kg™! dw (p <0.05, both M—-W U
test and Pearson), respectively.

Chromium data for cultivated or wild mushrooms,
including commercial A. bisporus, that are obtained using a
dynamic reactive cell (DRC) in spectrometric analysis, elim-
inate typical spectral interferences that occur during flame or
plasma ionization, thus ensuring more sensitive and reliable
results which are often relatively rare or absent in reported
data [51]. In terms of absolute concentration values, both

@ Springer



European Food Research and Technology

non-lithiated and lithiated A. bisporus in this study showed
negligible amount of Cr.

In general, Ni occurred in control and lithiated A. bispo-
rus at very small concentration—the smallest value reported
for this species or wild mushrooms in the scientific literature
[39, 46]. Vanadium is a common trace constituent in culti-
vated and wild mushrooms, but only some toadstools from
the genus Amanita have been characterized as specifically
rich in it (~ 100 mg'kg_l dw) [1, 17, 32].

A. bisporus shows a relatively weak potential to accu-
mulate Cd, and it occurs at a concentration of 1.0 mg-kg™!
dw (rounded mean) in wild species. Other species of
the genus Agaricus are much better accumulators with
higher concentrations reported [3], e.g., A. arven-
sis—28 mg-kg~! dw, A. essertei—38 mg-kg~! dw, A. mac-
rosporus—100 mg-kg~! dw and A. silvicola 40 mg-kg™!
dw. They also show a better their potential to co-accumu-
late Pb although at lower levels with mean concentrations
in the range from 1.2 to 4.2 mg-kg~! dw [3]. Apart from
species-specific differences in the ability to accumulate Cd
and Pb by Agaricus spp., an important factor is the degree
of soil (substrate) pollution with these heavy metals, and
in polluted soil some species take up more of both, Cd
and Pb [8, 11]. The Cd and Pb concentrations in the caps
and stems of control and lithiated A. bisporus were well
below the tolerance limit of 0.2 mg kg™! fresh weight and
0.3 mg-kg~! fresh weight (x 10 if relate to dry weight) set
in European Commission regulations (EU1, EU2) [9, 10].

Although some measure of variability in data can arise
from the type and quality of methodology and instrumen-
tation used, potentially greater variability can originate
from the substrates in which the mushrooms grow. For cul-
tivated species, commercially produced compost may be
characterized (and the composition controlled) more eas-
ily. Substrates for wild species however would inherently
be more variable in elemental composition that would be
reflected in the fungal uptake.

Mercury concentrations for both, control and lithiated
A. bisporus can be considered as low in view of relatively
high potential of mushrooms to bioaccumulate this ele-
ment from soil and other substrates [14]. The Agaricus
spp. can sometimes show high concentrations, but there
does not appear to be a species-specific potential to accu-
mulate Hg [3]. Instead, for most species, including A.
bisporus, bioaccumulation may depend more on the degree
of (soil) substrate pollution with this metal [8].

A. bisporus and other Agaricus spp. efficiently take up
Ag from the (soil) substrate where their mycelia develop
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and accumulate it in fruiting bodies [11, 12]. In view of
information available on the occurrence of Ag in wild
Agaricus spp. and also A. bisporus cultivated in compost
fortified with Ag, amounts of this element determined both
in the control and lithiated specimens in this study can be
considered as low.

Natural U occurs in the environment in the form of
radioactive long-lived isotopes (238U, 235U, and 234U),
emitting highly toxic alpha particles. Wild mushrooms
have been reported to accumulate some quantities of U
[51], and #**U, 29U and **U), [43], but there is no data in
the available literature on quantities of U (**®U, ?*°U, and
234U) in cultivated A. bisporus. Quantities of U determined
in the control and lithiated A. bisporus in this study can be
considered as very low in comparison to those determined
in edible wild Boletaceae mushrooms which were two to
three orders of magnitude greater [51].

Metalloids As and Tl

Agaricus bisporus can be substantially contaminated with
As if cultivated in contaminated substrate. A key factor in
arsenic uptake is not only the degree of substrate contami-
nation with this metalloid, but also its chemical from, and
the metabolic capacity of the species in transforming As
into less toxic or nontoxic organoarsenicals rather than inor-
ganic arsenic [50]. In a study by Cocchi et al. [3], on several
wild Agaricus species, only A. nivescens showed As at an
elevated concentration (mean at 5.0 mg-kg™! dw).

Data on thallium in commercially cultivated A. bisporus
are in practice, absent from published literature [39]. Wild
mushrooms of genera other than A. bisporus show caps and
stem TI concentrations that are an order of magnitude higher
compared to the mushrooms in this study [51].

The low level of co-accumulation of Ag, Al, As, Ba, Cd,
Co, Cr, Cs, Cu, Hg, Mn, Ni, Pb, Rb, Sr, T1, U, V and Zn
that were present in the compost provides support for the
safety of the approach, and in all cases, they were at levels
similar to, or below, the commercially available product.
A. bisporus bio-fortified with Li can be seen as a possible
alternative in Li therapy mainly due to the assumed no side
effects, moderately slow release to and hence also constant
blood concentration over a longer period of time if compared
to Li used in the form of salts. Future work will focus on the
behavior of these mushrooms during domestic processing,
to examine leaching behavior using different culinary tech-
niques and the Li content of prepared mushroom meals for
human consumption.
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To find out the possible similarities, strength and nature
of the relationship between the 18 elements accumulated
by A. bisporus in the caps and stems of non-lithiated fruit-
ing bodies, a linear correlation analysis was performed on
normalized data (Box-Cox transformation) and the results
are presented for the pairs of elements in Appendix. In gen-
eral, associations between elements differed for the caps and
stems. In the case of stems but not the caps, characteristic
was positive correlation between Ba and Sr, which is a fea-
ture often observed for Ba, Ca and Sr in wild mushrooms: Ba
and Sr and Ca in the stems (Ba and Sr in the caps) of Imleria
badia (Fr.) Vizzini (current name) [27] and of Ba and Sr and
Ca in the caps and stems of Leccinum duriusculum (Schulzer
ex Kalchbr.) Singer, [25]. Among other associations noted
(Appendix), well and positively correlated Rb and Cs, which
is a feature (association between Rb and Cs and a weaker
with K) noted in wild mushrooms by [48].

Using Li-enriched A. bisporus as a special food
or food supplement

As mentioned, essentiality of Li in man remains to be estab-
lished and discussion is ongoing on effect of low intakes
of element and especially from tap water. Even though a
provisional recommended dietary allowance of 1 mg day ™!
has been suggested for adult (70 kg body mass) [40]. A very
conventional means of growing Li-enriched A. bisporus has
demonstrated the practicality of a concept usable in the real
world. This species is widely known and consumed which
minimizes the barrier that would arise for potential consum-
ers, with buying new and relatively less known mushrooms.
E.g., Ganoderma lucidum, which is widely considered as
a medicinal species, is a hard-type polypore and unfit for a
mushroom meal—a medicinal formula has to be in a form of
“macerate, tincture, decoct or a composite elixir” [17], and
effectiveness of Li extraction from a polypore to a possible
formula is unknown. The therapeutic dose of the Li salts for
some treatment (e.g., bipolar disorder) are relatively high
(£360 mg), and the amount of dried mushroom needed to
supply this dose would be clearly high. On the other side,
a vast majority of administered Li in a drug is relatively
rapidly excreted with urine. Hullin et al. observed that Li in

form of Li,COj is rapidly absorbed from the gastrointestinal
tract [24, 28], while was very poorly (if any) bioavailable in
the in vitro gastrointestinal digestion, and well from lithi-
ated oyster mushroom P. ostreatus de Assuncdo et al. [5].
Lithiated A. bisporus may offer good bioavailability of Li
as has been noted for P. ostreatus

Conclusions

A. bisporus cultivated in compost with Li,O accumulated
Li in the fruiting bodies at amount dependent on a for-
tification level but higher levels (50-100 mg-kg~! dw)
reduced bioconcentration potential. At higher level of
compost fortification (Li > 100 mg kg~! dw) a sign of the
element toxicity to mycelia can be expected, and at acute
form with total inhibition of fruitification, it can occur at a
level of around 500 mg kg~ dw or lower. Lithiation of A.
bisporus can have some effect on co-accumulation of other
elements commonly present in the unpolluted compost,
while levels should not exceed typical values.

Appendix

Based on the correlation coefficients in the analyzed cap
samples, it is possible to find the greatest relationship
between the concentrations of the elements:

Group L. 0.6 <Irl<0.7; seventeen pairs of elements were
assigned to group I: V-Ag, V-Cd, V-Cu, Mn-Sr, Co-Ni,
Cu-As, Cu-Ag, Cu-U, Zn-U, As-Sr, Rb-U, Sr-Cs, Ag—Cd,
Cs—Ba, Cs-U, Cd—Cs and Pb-U.

Group II. 0.7 <Irl< 0.8; fifteen pairs of elements were
assigned to group II: Li-Sr, V-Zn, V-Sr, V-Cs, V-Ba, V-U,
Cu—Zn, Cu—-Cd, Zn-Cs, As—Ag, Rb-Sr, Rb—Ag, Rb—Cd,
Sr—Ag and Ag—Cs.

Group III. 0.8 <Irl<0.9; six pairs of elements were
assigned to group III: V-As, V-Rb, Co-Cd, Zn—Rb, As—Rb
and As—Cd.

Group IV. 0.9 <Irl< 1.0; three pairs of elements were
assigned to group IV: Cu-Rb, Cu—Cs and Rb—Cs.

@ Springer



European Food Research and Technology

Li
Al [=057Al
\' 037 004V
Cr = 043 -0,18 0,14Cr
Mn  -045 0,17 -025 -0,26Mn
Co = 035 -029 042 -026 035Co
Ni 005 -057 005 0,00 -0,08/70/62Ni

Cu | 031 -0,07 0,21 -0,08 047 0,14Cu
Zn 026 -0,03 0,00 -033 031
As 037 028 0,39 -0,08 0,42
Rb 051 -0,06 0,29 -0,26 0,52
st [070 -0,09 0,39/ 0,67 034
Ag 034 024 046 -045 -0,38
cd 030 0,10 028 02208
Cs = 038 -0,08 0,18 -031 047

Ba -0,13 -0,19 0,26 041 -0,10 0,27 -0,46 0,11

0<|r|<0,1
0,1<|r|<0,3
0,3<|r|<0,5
0,5<|r|<0,6
0,6<|r|<0,7
0,7<|r{<0,8
0,8<|r|<0,9
0,9<|r]<1

0,11 -0,26 -0,15 -0,44 0,13/-0,68 Ba

Tl -0,13 0,10 0,05 0,00 -0,51 -0,02 0,36 037 052 -0,10 0,28 0,16 0,33 -0,08 0,4 -0,54 Tl

Pb 015 -0,16 031 -049 032
U 030 0,060l -0,13 -0,14 048

0,47 0,37

Based on the correlation coefficients in the analyzed
stem samples, it is possible to find the greatest relationship
between the concentrations of the elements:

Group 1. 0.6 <Irl<0.7; seven pairs of elements were
assigned to group I: Al-V, Li-Ag, Li-Rb, Mn—-Ag, Mn-Ba,
Pb-U and Co-Ni.

Li
Al [S0)51Al
\ 0,52/ -0,66'V
Cr  -001 -038 0,10Cr
Mn  -045 033 -041 0,19Mn
co -0,02B088 027 007 -0,07Co
Ni  -001 -039 045 -023 -0,33 0,60Ni
Cu | 056 -006 057 -035 005 -0,30 0,08Cu
Zn 035 -0,18 032 0,11 047 0,16 -0,21
As 059 -048 044 004 0,18 056 -0,24

Rb | 0,70 -046 050 0,00 0,10 -0,09 -0,17

st 047 -0390 0,01- 0,06 040 021 -023

Ag 10,70 -039 055 0,04 -0,25

cd 053 -029 031 -006 031 0,18

cs I -027 0,25 -0,13 -0,25

Ba 055 -0,51 0,24

TI 002 034 0,14 -026 -044 -0,15 042 0,16 -0,16 -025 -0,10 044 0,22 -0,25
Pb 015 032 -0,12 -0,26j\80W4 -0,20 -020 -0,12 0,22

U 022 -019 043 008 -056 026 049 0,16 0,02
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-0,04 0,14 0,14 -0,12 -0,19
0,04 0,12 0,57 0,35 -0,06

0,17 0,26 0,38 0,17 -049 0,56 043 -0,28 -0,11Pb

0,14/ 0,62 0,61 057 067 052 0,19 041 0,62 -0,03 -0,1010,67

Group II. 0.7 <Irl<0.8; ten pairs of elements were
assigned to group II: Li—Cs, V-Sr, Mn—Sr, Mn—-Pb, Cu—Zn,
Cu-As, Zn—Cs, Rb—Ba, Sr-Ag and T1-U.

Group III. 0.8 <Irl<0.9; eleven pairs of elements were
assigned to group III: Al-Co, Co-Ba, Cu-Rb, Cu-Cd,
Zn-As, Zn—Rb, Zn-Ba, As—Cs, Sr—Ba, Cd-Cs and Ba-Pb.

0<r{<0,1
0,1<[r[<0,3
0,3<|r]<0,5
0,5<|r|<0,6
0,6<||<0,7
0,7<|r|<0,8
0,8<|<0,9
0,9<[r|<1

Rb

0,05 0,135r

0,52 0,35
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Group IV. 0.9 <Irl< 1.0; ten pairs of elements were
assigned to group IV: V-Ba, Cu-Cs, Cu-Ba, Zn—-Cd, As—Rb,
As—Cd, Rb—Cd, Rb—Cs, Ba—TI1 and Ba-U.
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