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Abstract

There is an ongoing interest in the production of mushrooms as food, and with their consumption on the rise, there is a need
to establish different safety measures. In the present study, six mushroom species (Agrocybe cylindracea, Clitocybe maxima,
Flammulina velutipes, Ganoderma lucidum, Lentinula edodes and Pleurotus eryngii) were cultivated on two commonly used
substrates (A—based on alder and beech sawdust; B—based on oak sawdust and flax shives). The aims were to determine
their growth and the accumulation of 70 elements in their fruiting bodies, 33 of which were detected in all analysed samples
and were used for statistical evaluation. Cultivation of C. maxima, G. lucidum and L. edodes resulted in higher yield and
mineral content when substrate A was used, cultivation of A. cylindracea and F. velutipes yielded better results on substrate
B, P. eryngii cultivation outcomes were similar for both substrates. L. edodes was found to have a high affinity to accumulate
Cd, C. maxima can bioconcentrate Al and Ni, Ganoderma lucidum—Pb, while F. velutipes—Hg. The study indicated that
the chemical composition of substrates could affect both the yield and the level of various toxic and nutritional elements.

Keywords Food safety - Cultivated mushrooms - Cultivation substrate - Accumulation - Chemical elements

Introduction

Mushrooms are an important food product, which is par-
ticularly valued as a delicacy in Asia and Central-Eastern
Europe for their taste, nutritional value and biological activ-
ity [1-6]. Apart from traditional collection of wild mush-
rooms, there is a growing interest in cultivated forms [7,
8]. Mushroom production and import is facing a dynamic
development in various world regions. In 2016, their global
production was over 10 million metric tons, including almost
8 million tons in China [9].

Almost all available lignocellulosic substances, including
various types of waste from agriculture, horticulture, for-
estry, the textile and wood industry can be used for growing
mushrooms [10, 11]. Various species have been cultivated
on sawdust obtained from different tree species with a vari-
ety of additive ingredients such as wheat bran, corn meal,
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cereal grains and other organic materials. Some substrates
also contain mineral additives, mostly in the form of gypsum
and/or chalk. It is well established that the use of substrates
composed of mixtures of various materials is more beneficial
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for the production than the use of homogeneous substrates
due to the enriched nutritional environment [12-14].

Mushrooms are known to uptake and accumulate vari-
ous chemical elements [5, 15-18]. However, the efficiency
of this process can be species dependent and can be influ-
enced by bioavailability of elements [4, 19]. The enrichment
of mushrooms with essential minerals may significantly
increase the nutritional and pharmaceutical value of the final
product and broaden its application. Recently, the concept of
mushrooms enriched in various elements such as selenium
(Se), lithium (Li), zinc (Zn) or copper (Cu) for use as func-
tional foods has been developed [67 16, 20-24].

Various studies have shown that mushrooms can also con-
tain toxic metals and metalloids (e.g. As). Consumption of
wild mushrooms collected from polluted areas or mushrooms
cultivated on contaminated substrates increases the risk of
exposure to toxic elements (e.g. Ag, As, Cd, Hg, Ni and Pb)
[4, 15, 19, 25]. Some elements are accumulated commensu-
rately high concentration of an element in the environment is
reflected in its high accumulation in the fruiting body. Other
elements, e.g. Cd and Hg, accumulated in disproportionately
high content in mushrooms is caused by the intensive absorp-
tion from the environment but not by a high abundance of the
element in the environment hyperaccumulation [18, 26]. The
substrates used for mushroom cultivation have been shown
to vary in their chemical composition, including content of
trace elements. Therefore, it can be expected that the quality
of substrate may significantly affect the growth and chemical
composition of cultivated mushrooms [27, 28]. This high-
lights the need to perform multi-elemental investigations of
cultivated mushrooms and specifically substrates which are
used for mushroom cultivations.

Therefore, the aim of the present study was to compare
the growth of six commercially cultivated mushroom spe-
cies (Agrocybe cylindracea, Clitocybe maxima, Flammulina
velutipes, Ganoderma lucidum, Lentinula edodes and Pleu-
rotus eryngii) on two commercial substrates and the accu-
mulation of detectable chemical elements in their fruiting
bodies.

Materials and methods
Experimental material

Agrocybe cylindracea (AE11), Clitocybe maxima (CM02),
Flammulina velutipes (F04), Ganoderma lucidum (GLO1),
Lentinula edodes (SH37) and Pleurotus eryngii (B167) strains
were obtained from the mushroom collection of Poznari Uni-
versity of Life Science (Department of Vegetable Crops). The
primary mycelium on agar medium and spawn on wheat grain
were prepared according to the methods described earlier
(Mleczek et al. 2018). All of these mushrooms are considered
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as edible, except G. lucidum which has a bitter taste due to
specific triterpenoid content although fruiting bodies of this
species are commercially used to produce various food prod-
ucts such as food supplements [29].

Cultivation design

Two types of substrates (marked as A and B) were used
in the experiments. Characteristics of element contents are
given in Table 1. Substrate A was prepared from a mixture
of alder and beech sawdust (1:1 v/v) which was additionally
supplemented with wheat bran in the amount of 25%, corn-
meal 12%, millet 10%, chalk 2%, gypsum 0.97%, KH,PO,
0.02% and MgSO, 0.01%. The doses of the supplements
in both the substrates are expressed as a percentage of the
weight of the basic mixtures.

Substrate B was prepared from a mixture of oak saw-
dust and flax shives (1:1 v/v) which was additionally sup-
plemented with ground rye in the amount of 20%, sorghum
10%, defatted soy flour 10%, oat bran 8%, gypsum 1.97%,
KH,PO, 0.02% and MgSO, 0.01%. The substrates were
blended with a POLYMIX PX-SR 90 D stirrer (KINEMAT-
ICA AG, Littau-Luzern, Switzerland) and moistened with
distilled water to a moisture content of 60%.

The substrates were then placed in polypropylene bottles
of 0.85 dm® volume. Each bottle was filled with 450 g of
the substrate and closed with a cover with a polypropylene
filter (class F-9, Filtropol, Poland). The bottles were used for
cultivation of A. cylindracea, C. maxima, F. velutipes and P.
eryngii,. In the case of G. lucidum and L. edodes polypropyl-
ene foil sacs with a PP filter (class H-11, Filtropol, Poland)
were used. Each sac for G. lucidum contained the same
quantity of the substrate as the above-described bottles but
for L. edodes 1 kg of substrate was used. Five experimental
replicates were conducted for each cultivation combination.

The substrates were sterilized at a temperature of 121 °C
for 1 hour and then were cooled down to a temperature of
25 °C. The substrates in the bottles were afterwards inoculated
with 10 g of spawn (on wheat grain), the substrates in the sacs
with 10 g of spawn for G. lucidum and 20 g for L. edodes.

The incubation was conducted at a temperature of
25 °C and 80-85% air relative humidity until the sub-
strate became completely covered with mycelium. Next,
the bottles with removed covers and bags with the top part
of the foil cut off were placed in the cultivation chamber.
For C. maxima, a 1-cm layer of vermiculite (moisture of
22%) was placed on the top of the substrate. In L. edodes,
the incubation was carried out for 90 days and then the
foil was completely removed from the substrate blocks.
For fructification, air relative humidity was maintained
at 85-90% and temperature at 12+ 1 °C for F. velutipes,
15+ 1 °C for L. edodes and P. eryngii, 18+ 1 °C for A.
cylindracea, and 25 + 1 °C for G. lucidum and 28 +1 °C
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Table 1 Concentration [mg kg~! dm] of elements in substrates (A
and B) used in the experiment

Element Substrate A Substrate B
Ca 12300% +342 10400° +759
K 3170+ 128 3070° £212
Mg 992 +55.7 705°+30.2
Na 169*+21.0 165°+7.77
P 6470*+ 194 5260°+171
Al 5.34°+0.47 13.2°+2.27
B <LOD 0.68+0.12
Ba 174*+18.1 155°+15.3
Be 0.10°+0.03 0.09%+0.02
cd 0.56*+0.10 0.55+0.05
Cr 18.3*+£0.97 16.6+3.05
Cu 4.6°+0.85 3.97*+0.29
Eu 0.06+0.01 0.01°+0.00
Fe 216°+16.0 313*+25.6
Hg 0.57°+0.11 0.95%+0.12
Ir 1.03*+0.06 0.57°+£0.07
La 0.19°+0.03 0.18%+0.02
Li 0.05°+0.01 0.16°+0.01
Mn 104°+7.03 62.2°+3.96
Nd 0.63°+0.28 1.08*+0.07
Ni 0.41°+0.05 1.54°+0.26
Pb 5.20+0.31 431°+0.47
Pr 1.11*£0.12 0.66°+0.20
Pt 2.50*+0.24 2.29%+0.18
Rb 39.824+3.10 42.84+2.49
Ru 0.41°+0.04 0.66+0.09
Sb 69.7*+6.94 68.18+4.81
Si 72.0°+5.66 1042 +5.32
Sn 9.54+1.29 0.68°+0.03
Sr 20.3°+3.79 48.7°+2.83
Tl 2.86*+0.56 3.212+0.38
Tm 0.17+0.08 0.20°+0.07
Zn 29.32+2.19 22.6%+4.22

Identical superscripts (a, b) denote no significant (p <0.05) difference
between mean values in rows

LOD limit of detection

for C. maxima. The cultivation was additionally lighted
with fluorescent light of 500 Ix intensity 12 h a day. The
growth chamber was aerated in such a way as to maintain
CO, concentration below 1000 ppm. Fruiting bodies were
harvested successively as they matured. Yield included
whole fruiting bodies.

Procedure

Samples of complete fruiting bodies (200 g) from each cul-
tivation were preliminarily dried at 40+ 1 °C for 12 h and

next at 80+ 1 °C to constant weight in an electric oven (SLW
53 STD, Pol-Eko, Wodzistaw Slqski, Poland) and ground
in a laboratory Cutting Boll Mill PM 200 (Retsch GmbH,
Haan, Germany). Accurately weighed 0.50+0.01 g of a dry
powdered mushroom sample was digested by concentrated
nitric acid (Merck, Germany) in closed Teflon containers in
the microwave sample preparation system Mars 5 Xpress.
After the digestion, the samples were filtered through paper
filters and diluted with water to a final volume of 15.0 mL.

Instruments

The inductively coupled plasma optical emission spectrom-
etry technique [Agilent 5100 ICP-OES (Agilent, USA)] was
used for the determination of 70 elements. A simultaneous
axial and radial view of plasma was allowed by the syn-
chronous vertical dual view (SVDV). The common condi-
tions were used for multi-elemental determination: radio
frequency (RF) power 1.2 kW, nebulizer gas flow 0.7 L
min~!, auxiliary gas flow 1.0 L min~!, plasma gas flow
12.0 L min~!, viewing height for radial plasma observation
8 mm, detector CCD (charge coupled device) temperature
—40 °C, and signal accusation time 5 s for three replicates.
For sample digestion, the microwave sample preparation sys-
tem Mars 5 (CEM, Matthews, USA) was applied.

Analytical method validation

The detection limits were determined on the order of magni-
tude of 0.0X mg kg~! dry matter (d.m.) or better for all ele-
ments determined (as three-sigma criteria). The uncertainty
for total analytical procedure (including sample preparation)
was below the level of 20%. The traceability was checked
using reference materials CRM S-1—Iloess soil, CRM
NCSDC (73,349)—bush branches and leaves, CRM 2709—
soil, CRM 405—estuarine sediments, CRM 667—estuarine
sediments and the recovery (80-120%) was acceptable for
most of the elements determined. The recovery for uncerti-
fied elements was defined in the standard addition method.

Statistical analysis

Statistical analysis was performed using Statistica 10 soft-
ware (StatSoft) and the Agricole package (R) for statistical
computing and graphics. Statistical analysis was performed
to show the occurrence of significant differences between
element content in mushroom species growing on two dif-
ferent substrates. To determine similarities or differences in
the content of all studied elements jointly between particular
mushroom species growing on the two substrates, multivari-
ate analysis (MANOVA) was calculated according to the
two-way factorial design with the Hotelling—Lawley proce-
dure. The next two-way analysis of variance (ANOVA) was
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performed to determine the significant differences between
content of particular elements in all studied mushroom
species growing on the two substrates and Tukey’s HSD
(honestly significant difference) test. To determine the sig-
nificant differences between content of particular elements
in the analysed mushroom species separately, and also to
compare the content of these elements in both the substrates,
the T test was performed. For graphical presentation of rela-
tions between the content of elements and particular mush-
room species, a principal component analysis (PCA) was
performed.

Moreover, to show which fruit bodies of the analysed
mushroom species (S, and Sg) are characterized by the high-
est content of (a) all 33 elements jointly, (b) 5 major miner-
als (Na, K, Ca, Mg, and P), and (c) the rest of the trace 28
elements jointly, the Friedman repeated measures analysis
of variance by ranks was used (Friedman 1937). Addition-
ally, to characterize which fruit bodies of mushroom spe-
cies growing on substrates A and B are the richest in all the
studied elements, the rank sum was determined, separately
for 33, 5 and 28 elements.

Results

Morphology and biomass of fruiting bodies

For all studied species, no differences in morphology of fruit
bodies were recorded regardless of the substrate used for

cultivation (Fig. 1). Their colour and shape were typical with
no negative symptoms on the fungus gill. The growth of A.

Substrate A

A. cylindracea C. maxima P, eryngii

Substrate B

cylindracea, C. maxima and P. eryngii on the substrates A
and B did not differ, while F. velutipes, G. lucidum and L.
edodes revealed a significantly higher yield when grown on
substrate A (Fig. 2). In general, the highest biomass of the
collected fruit bodies was characteristic for P. eryngii grow-
ing on substrates B and A (294 +9 and 252 +29 g per bottle,
respectively), while the lowest was recorded for C. maxima
growing on substrates A and B (104 +4 and 91+ 13 g per
bottle, respectively). The mean (£ SD) biomass calculated
for the six mushroom species growing on substrates A and
B was 196 +38 and 178 +51 g per bottle/sac.

Element concentrations in substrates and their
content in fruit bodies

From among the 70 analysed elements, only 33 were deter-
mined in all the samples (Tables 2, 3, 4). Transport of ele-
ments present in substrate to mushroom fruiting bodies
depends on many factors and concentration of their bioa-
vailable forms is crucial for this process. Concentrations of
Eu, Mn, Pr, Sn (»p<0.001), Ir, Mg, P, Pb, Zn (p <0.01) and
Ba (p<0.05) in substrate A were significantly higher than
their levels in substrate B. On the other hand, concentra-
tions of Al, B, Hg, Nd, Ni, Sr (p<0.001) and Li, Ru, Si, T1
(p <0.01) in substrate B were significantly lower than those
in substrate A. For the remaining elements (Be, Ca, Cd, Cr,
Cu, Fe, K, La, Na, Pt, Rb, Sb, and Tm), no significant dif-
ferences were observed in their concentrations in either of
the substrates.

Generally, the highest content of the majority of the stud-
ied elements was recorded in C. maxima fruiting bodies

L. edodes

E velutipes G. lucidum

Fig. 1 Visual characteristics of morphology of the studied mushroom species
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Fig.2 Biomass crop [g] of mushroom species growing on substrates A and B

(Tables 2, 3, 4). This mushroom species growing on sub-
strate A contained the highest level of Ba, Ca, Cr, La, Li,
Mg, Mn, Na, Nd, Pr, Si, Sn and Sr, while growing on sub-
strate B, the highest content of Al, B, Ca, Fe, Hg, La, Li, Ni,
Sn, Sr and TI.

A significantly higher concentration of particular ele-
ments in substrate was related to a generally (usually
insignificantly) higher content of these metals in fruit bod-
ies, e.g. for Al, Ba or Si. It is worth underlining that for
selected elements, e.g. Hg, Mg and Mn, and mushroom
species, significantly higher concentrations of these ele-
ments in substrate (substrate B for Hg and substrate A for
Mg and Mn) were associated with their lower accumula-
tion in F. velutipes fruiting bodies growing on these most
enriched substrates. Additionally, a significantly higher
concentration of e.g. Nd in substrate B was related to a
lower content of this metal in all studied mushroom spe-
cies growing on this material. Many of these observa-
tions, e.g. for C. maxima were confirmed by values of the
bioconcentration factor (BCF) presented in Table 5. The
values of BCF are calculated as a ratio of the content of
an element in fruiting bodies to the content in substrate
(both in mg kg~! dm). Potassium was the most effectively
accumulated mineral, especially by A. cylindracea and L.
edodes growing on both the substrates, where the BCF was
7.3 and 7.6 for the former and 6.2 and 6.0 for the latter
mushroom species, respectively, on substrates A and B.

To show the mutual relationship between the analysed
elements and mushroom species, a principal component

analysis (PCA) was performed. The relationships
described above, especially the higher content of most of
the elements in C. maxima growing on both the substrates
were confirmed, particularly as shown in Fig. 3a, ¢ (33 and
28 elements, respectively). For major minerals (Fig. 3b),
such clear differences between C. maxima and the other
mushroom species were not recorded, in spite of the fact
that higher contents of Ca, Mg and P were clearly visible.
It is worth noting that for particular analyses, a considera-
ble part of the variability, 58.65% (43.84 + 14.81); 81.50%
(56.01+25.49) and 58.04% (41.91+ 16.13) for 33, 5 and
28 elements, respectively, was explained, which indicates
that data in Fig. 3a—c present a reliable picture of the ana-
lysed relationships.

Only insignificant differences were found between the
different mushroom species (growing on substrate A or
substrate B), where the Friedman chi-squared (y%) and p
values were as follows: ;(F2=0.1250, p=0.7237 (A. cylin-
dracea), yi* =1.4848, p=0.2230 (C. maxima). y*=0.0302,
p=0.7918 (F. velutipes),)(F2=0.O3O3, p=0.8618 (P. eryn-
gii). On the other hand, significant differences (p <0.05)
for G. lucidum (;(F2:6.125, p=0.01333%) and L. edodes
(;(F2 =4.5, p=0.03389%) were recorded.

According to the rank sum determined for all 33 ele-
ments jointly, F. velutipes, G. lucidum, L. edodes and C.
maxima growing on substrate A were characterized by a
higher content of the most of the studied elements com-
pared to the same mushroom species growing on substrate
B. The opposite situation was found for P. eryngii, while for
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Table 5 Bioconcentration factor (BCF) values (only those > 1) for determined elements
Mushroom species Al B Be Cd Cr Cu Eu Fe Hg Ir K La Li Mg Na
A. cylindracea, 1.0 1.7 1.2 42 3.1 7.3 1.1
A. cylindraceay 2.5 1.0 1.5 1.2 39 45 7.6 12 1.1
C. maxima, 3.1 1.1 1.0 1.9 1.2 2.0 1.0 1.2 3.9 1.0 54 2.3 2.2
C. maximag 1.9 4.9 1.4 1.0 1.8 2.8 2.3 1.1 4.3 1.3 2.1 2.6 1.6
F. velutipes , 1.0 1.2 1.3 1.3 14 4.1 7.1 1.1 1.6
F. velutipesy 1.0 1.3 1.0 2.0 1.9 7.4 1.6 1.6
G. lucidum, 1.0 1.4 3.1 2.1 2.3 1.0
G. lucidumg 1.1 1.4 3.3 1.1 2.2
L. edodes 5, 2.2 1.0 1.0 6.2 1.5
L. edodesg 1.3 1.8 1.0 6.0 1.2 1.2 1.2
P. eryngii, 1.0 1.0 1.1 1.4 1.4 4.7 1.1 2.0
P. eryngiiy 1.6 1.1 1.3 1.1 2.1 1.8 4.5 1.7 1.9
Mushroom species Nd Ni P Pb Pr Pt Rb Ru Sb Si Sn Tl Tm Zn
A. cylindracea, 1.0 1.3 2.8 1.0 4.5
A. cylindraceag 1.6 1.2 1.3 1.1 23 1.2 4.7
C. maxima, 2.1 8.0 1.5 1.0 1.7 1.1 3.3 1.1 1.0 1.1 1.2
C. maximag 9.2 1.8 1.6 1.1 1.9 0.5 7.9 1.6 1.3
F. velutipes , 1.4 3.9
F. velutipesy 1.8 1.2 1.0 1.7 1.8 1.2 32
G. lucidum 1.2 0.9 1.3 1.2 1.4 1.1 2.5 1.1 2.7
G. lucidumg 1.6 1.1 1.9 1.3 2.4
L. edodes 1.0 1.3 1.1 1.4 3.3 1.0 3.2
L. edodesg 1.6 1.1 1.0 1.2 1.1 1.7 1.0 3.7
P. eryngii, 1.7 1.3 1.0 2.3 1.0 3.1
P. eryngiiy 1.7 1.3 1.0 1.0 2.9
(a) (b) (©)
10 10 G lucigum 8 10
P. eryngii A o C. maxima A . bdodes A
C,.maximuA © ot e.sA 6. lucigum A .
® o F velutipes A P. ery.ng.ir'A
05 05 F VEI::TS.SQ/Imdracea A
G. lucidum
g g L. edgdes B g
; G. lucidum A E é °l
é : P eryngii B g 00 o L edodes & g 00
%: 4. 'yh‘ndra‘.euB ‘“': Mg F Jpitives > \ : :: ?:”f:z:z:: E: I;:e P eryngil8
| vell:ripes B o . P. eryngii A o® L ed.odes B
. 0.5 F. velutipes 05 L4 f velutipes B
L edodes N P eryng; B biomass A. cylindracea B
G. lucigum B
C. maxima B
-1.0 -1.0F o
1.0 -0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0

18! Factor ( 43.84%)

1! Factor (56.01%)

1! Factor (41.91%)

Fig.3 Principal component analysis with regard to the coordinate factor variables (element contents and mushroom species growing on both
substrates for a all 33 detectable elements, b macroelements, and ¢ 28 elements)

(A) cylindracea the efficiency of accumulation of all studied
elements jointly was almost the same, independently of the
substrate used in this experiment. As regards major miner-
als, their total content in C. maxima, G. lucidum, L. edodes

and P. eryngii fruiting bodies growing on substrate A was
generally higher than in the same mushroom species grow-
ing on substrate B. An inverse situation was observed for A.
cylindracea and F. velutipes. Interestingly, for the rest of the

@ Springer



428

European Food Research and Technology (2019) 245:419-431

28 elements, the same relationships as for all 33 elements
were recorded.

Discussion

It is imperative that mushrooms cultivated for human con-
sumption contain no health risks associated with expo-
sures to toxic elements. For this reason, numerous studies
have already screened their content in a variety of edible
mushrooms [8, 18, 26, 30]. At the same time, production
of fruiting bodies containing elevated contents of essential
elements is also important. This study evaluated whether two
substrates, ubiquitously used in the cultivation of various
mushrooms, that differ in components and physicochemi-
cal properties, may yield different biomass of mushroom
fruiting bodies, and whether the contents of chemical ele-
ments in the fruiting bodies may be different. The results of
this study are important in view of maximizing the produc-
tion efficiency of different mushroom species and ensuring
the safety of such a process for consumers of the final food
product.

Depending on the chemical composition and properties of
the growing substrate, a yield of cultivated mushrooms and
morphological features of their fruiting bodies may differ
significantly, and result in unwanted macroscopic changes
or yields below the cost-effectiveness threshold [7, 22].
The appearance of food products, including their colour, is
usually an important feature for potential consumers and
alterations may even decrease the value of the marketed
product [31]. In these experiments, no macroscopic mor-
phological differences were observed between mushrooms
grown on the substrates A and B. However, the yields of
F. velutipes, G. lucidum and L. edodes were significantly
higher (p <0.01) when grown using substrate A which was
composed of alder and beech sawdust (1:1) supplemented
with wheat bran, cornmeal, millet, chalk, gypsum, potassium
dihydrogen orthophosphate, and magnesium sulphate. It is
thus postulated to use this substrate preferentially over those
composed of oak sawdust. In A. aegerita and P. eryngii a
similar biomass of fruiting bodies was produced regardless
of the employed substrate. The Pleurotus genus is already
known to grow well on a variety of different substrates such
as cereal straw, agricultural and forestry wastes, rice straw,
wood chips mixed with sliced straw, blends of various saw-
dust with cotton husks, wheat bran, or soy [8, 32].

The content of chemical elements in fruiting bodies of the
studied mushrooms was subject to great variation, depending
both on mushroom species and employed substrate. Such
variation was observed for both elements of nutritional
value and (potentially) toxic metals. Calculation of biocon-
centration factors revealed a tendency of some species to

@ Springer

bioaccumulate significant levels of toxic metals (Table 5).
As found, substrates tested in the present study were char-
acterized by different levels of some toxic elements such as
Al, Hg, Ni and Pb, with higher values of the former three
found for substrate B. These differences must arise from
varying levels of toxic metals in particular ingredients used
to compose studied substrates. As evidenced experimentally
and observed in the field, the increase in content of various
toxic elements in substrate or soil correlates with its increase
in fruiting bodies of various mushroom species [28, 33-36].
All in all, this highlights a need to ensure that any commer-
cial substrate used for their cultivation has to contain the
lowest possible contents of these elements.

Aluminium was preferentially accumulated by C. maxima
at levels similar to those found in commercial specimen of
this species [29]. One should, however, note that other cul-
tivated mushroom species, not included in this study, such
as Laetiporus sulphureus or Grifola frondosa may contain
its much higher content [37]. Nevertheless, in case of all six
species studied in the present study, the highest Al content
was observed when mushrooms were grown on substrate B
that contained its significantly higher level. Although orally
ingested Al has low bioavailability, its intake in the human
population, currently estimated at a level of 11 kg per capita
per year, is systematically rising indicating a need to moni-
tor Al content in various foodstuffs and undertake actions to
lower the exposures [38, 39].

In the case of Cd, a BCF exceeding the value of 1 was
found for A. cylindracea, C. maxima, G. lucidum, L. edodes
and P. eryngii—regardless of the substrate used for cultiva-
tion. The greatest values were determined for L. edodes. One
should note that Cd levels in both substrates were similar
indicating that accumulation of this metal is species specific.
Previous studies that screened the elemental content of L.
edodes can be characterized by relatively high bioaccumu-
lation of Cd compared with other cultivated mushrooms, at
levels potentially adverse for human health [40—42]. These
findings are worrisome if one considers that dietary Cd
intake has been positively associated with cancer risk, and
advocates Cd content in L. edodes sold as food to be fre-
quently monitored.

As regards Hg, BCF values higher than one were found
for F. velutipes grown on substrate A and G. lucidum grown
on substrate B. In general, Hg levels in cultivated mush-
rooms were lower than those often noted for wild-growing
mushrooms although high site- and species-specific varia-
tions were noted for the latter [43—45]. However, Hg tox-
icity is highly dependent on its chemical forms (species),
this element can induce a number of adverse effects on
cardiovascular, pulmonary, urinary, gastrointestinal, neu-
rological and reproductive levels, and over the years some
strict limits have been enforced to decrease exposure to Hg.
Some mushroom species can grow well on substrates highly
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contaminated with Hg (e.g. A. bisporus, F. velutipes), accu-
mulate it at levels largely exceeding allowance thresholds,
with no changes in macronutrient composition [28, 46]. In
turn, yield of other species such as G. lucidum can be sig-
nificantly altered with increasing Hg content in overgrown
substrate [47].

For Pb, an increased BCF was determined only in G. luci-
dum grown on substrate A, and L. edodes grown on both the
substrates. As shown previously, mushroom species from
the Ganoderma and Pleurotus genera, available in trade,
can contain higher Pb levels than those observed for various
other cultivated mushroom species [8, 42]. Considering that
Ganoderma mushrooms are used to produce extracts or food
supplements (due to their bitter taste they are not consumed
after cooking), it is imperative to keep Pb levels low. In the
case of food supplements, the maximum allowance level for
Pb set by the European Commission is 3.0 mg kg™! [48].
The limit would be exceeded if Ganoderma fruiting bodies
grown on both the substrates A and B were to be used for
the preparation of such formulas. One should also note that
in case of all studied species, an increased content of Pb was
noted when mushrooms were grown on substrate A which
was characterized by higher level of this element. Various
environmental studies indicate that mushrooms are charac-
terized by low potential to bioaccumulate Pb and translocate
it to fruiting bodies [26, 49-51]. However, one should note
that uptake of elements in natural environment may be prone
to more interfering factors compared to controlled cultiva-
tion process. However, some cultivated species as Agari-
cus bisporus are known to accumulate Pb poorly despite
its high ambient content [52]; experimental cultivation of
other species including Flammulina velutipes on substrates
artificially contaminated with Pb led to significant uptake
by its mycelia [53].

It has been previously observed that some cultivated
mushrooms can contain significant levels of Ni [54], exceed-
ing those often determined in wild-growing edible species
[55]. In case of all six tested species, higher Ni content was
observed when mushrooms were grown on substrate B that
had increased Ni content. The positive correlation between
ambient and mushroom content of Ni was previously evi-
denced by investigations in industrially polluted areas [56].
The present study found that C. maxima reveals a great affin-
ity to uptake and accumulate Ni from a substrate, regard-
less of its composition. It is thus necessary to underline that
cultivation of this species should ensure that employed sub-
strates are low in Ni content. Food containing increased Ni
levels is known to induce systemic contact dermatitis [57].
Importantly, a recent screening study of C. maxima avail-
able in trade found that it does not contain Ni levels of any
concern to human health [42].

The studied mushrooms also varied in the contents of
essential elements (Ca, Cr, Cu, Fe, K, Mg, Mn, Na, P and

Zn). L. edodes contained the highest level of Ca and Mn.
The observed levels of these two elements were in line
with previous studies investigating uptake of minerals by
this mushroom species from sawdust substrate [58]. In
turn, C. maxima has been characterized by the highest Cr
and P contents, and distinctively high Fe levels. The latter
observation was rather surprising as previously conducted
comparative screening of marketed mushrooms originat-
ing from cultivations of found that this species has low
Fe content although it the initial level of this element in
overgrown substrates were unknown [37]. In the present
study, higher Fe content was observed for mushrooms cul-
tivated on Fe-richer substrate. It appears that if sufficient
Fe levels in cultivation substrate (200-300 mg kg~! dm)
are ensured, C. maxima may represent a rich source of
this mineral although its bioavailability would require
further assessment. Cultivation of A. cylindracea on sub-
strate A resulted in Cu and Zn levels higher than in the
other studied mushroom species. The highest K content
(exceeding 20 g kg~' dm) was observed for A. cylindracea
and F. velutipes. P. eryngii was the richest in Na, regard-
less of the substrate used for cultivation. Considering the
observed mean content of nutritional macro- and trace ele-
ments, it can be postulated to use preferentially substrate
A for cultivation of C. maxima, G. lucidum and L. edodes,
and substrate B for A. cylindracea and F. velutipes. In P.
eryngii use of both the substrates resulted in comparable
mineral composition. This is in line with previous obser-
vations made for other species from Pleurotus genus (P.
ostreatus and P. cystidiosus) grown on various substrates
containing sawdust [12].

The difference in uptake and accumulation of chemi-
cal elements between the substrates A and B by the same
mushroom species can be related to the difference in ele-
ment content in the employed substrates. Moreover, sub-
strates that are composed of different additives can vary in
their physicochemical parameters such as pH, redox poten-
tial (Eh) and salinity—all having a potentially great effect
on element bioavailability [59, 60]. Substrate A was more
acidic (pH=6.45) compared to substrate B (pH=16.99),
and under such conditions higher availability of various
elements can be expected. Both the substrates differed
in Eh values (430 and 847 mV for substrates A and B,
respectively) and in salinity as indicated by electrical con-
ductivity (1.04 and 2.87 dS m~! for substrates A and B,
respectively). Differences in the chemical characteristics
of the substrates used in the cultivation of F. velutipes, G.
lucidum and L. edodes having an effect on mineral com-
position in fruiting bodies and on mushroom growth and
yielded biomass are similar to previous observations by
Hoa et al. [12].
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Conclusion

The present study proved that mineral composition in
mushroom fruiting bodies is species specific and depends
on the substrate used for cultivation. Cultivation of Clito-
cybe maxima, Ganoderma lucidum and Lentinula edodes is
recommended on substrates composed of alder and beech
sawdust, while cultivation of A. cylindracea and Flammulina
velutipes yielded better results when oak sawdust substrate
has been employed. The study confirms that P. eryngii can
be cultivated on different media with comparable results. It
further shows that L. edodes have a high affinity to accumu-
late Cd, C. maxima can bioconcentrate Al and Ni, Gano-
derma lucidum—Pb, while F. velutipes—Hg. These findings
highlight a need to ensure that substrates used for cultivation
of these mushroom species contain the lowest possible levels
of these elements to protect the safety of consumers.
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