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Abstract

Due to the use of various substrates in the production of edible mushrooms which may contain metals, including Cu and
Pb, it is important to understand the influence of mutual interactions between them in the process of their accumulation in
fruit bodies. For this reason, the effects of Cu, Pb, and Cu X Pb on yield, accumulation of five major elements (Ca, K, Mg,
Na and P), trace elements (Cu, Pb and Fe) and some bioactive compounds in Lentinula edodes fruit bodies were studied.
Both the metals were added in doses of 0.1 and 0.5 mM (Cu, ; Cuy s, Pby | Pby 5 and their combinations). The addition of
the metals resulted in a reduction in size, amount and finally yield of fruit bodies. Depending on the presence of Cu and or
Pb and their concentration in the substrate, both antagonism and synergism may occur. The influence on the accumulation
of other determining elements was also recorded. Among phenolic compounds, phenolic acids and flavonoids were detected.
2,5-Dihydroxybenzoic acid dominated in fruit bodies in the control variant, Pb ;, Pb, 5 and all experimental variants enriched
with Cu+Pb, while gallic acid was the major phenolic after Cu, ; and Cu, 5 addition. Only protocatechuic acid content
increased in all combinations. A significant decrease of all aliphatic acid contents in comparison to the control variant was
observed in the Cuy; and Pb; variants. Significant stimulation of aliphatic acid synthesis was recorded in Cu, 5 and Pb) 5
variants and in the mixture of both the metals. The additions pointed to the possible role of the determined molecules in
detoxification mechanisms.
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Introduction

Historically, the greatest production of Lentinula edodes
(shiitake) with evergreen Castanopsis cuspidata was in
Japan until the mid 1980s [1]. To reduce the time of the crop
cycle and increase yield, the growth process was changed
into cultivation using sawdust. Owing to the similarity of
C. cuspidata to Fagus (beech) and Quercus (oak), the use of
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sawdust from these tree species has become common [2, 3].
Unfortunately, the wood of various tree species may contain
a high number of toxic elements. According to Kovacs et al.
[4], Q. robur L. efficiently accumulates Cd, Co, Cu, Cr, Ni,
Pb and Zn. Stojni¢ et al. [5] described notably high contents
of Cu, Fe, Mn and Zn in Q. petraea (Matt.) Liebl. and in Q.
robur L. Likewise in Fagus sylvatica L., Breckle and Kahle
[6] reported significant Cd and Pb accumulation. Further-
more, the variability of Al, Cd, Cr, Cu, Fe, Mn and Pb con-
tent in the wood of healthy and dying F. sylvatica was shown
by Nicewicz and Szczepkowski [7]. The presence of major
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and trace elements in wild-growing mushroom species is a
consequence of their accumulation from the soil, as well as
in cultivated species, where the efficiency of their accumula-
tion depends on the chemical composition of the substrate
[8]. Too high a concentration of bioavailable elements in the
substrate may lead to a potential risk for consumers [9, 10].
On the other hand, the occurrence of individual elements in
the substrate in low concentration may be modulated in the
presence of other element(s) due to synergistic or antago-
nistic interactions [11, 12]. Despite the role of interactions
between elements (especially toxic heavy metals) in this
environment, our knowledge is still highly limited [13, 14].
Addition to the substrate of components containing toxic
elements influences the profile of, e.g. amino acids, which
may interfere with the accumulation of other elements and
biomass yield [15].

According to Kalac [16], the content of Cu in cultivated
mushroom species is up to 30 mg kg~! dry weight (DW),
while that of Pb is up to 5 mg kg~! DW. Based on unpub-
lished data, the authors indicate that the problem of exces-
sive amounts of Cu and/or lead in Poland is sporadic and in
relation to the annual production of cultivated mushrooms
(especially A. bisporus and P. ostreatus), it accounts for less
than 1%. However, the possibility of the substrate being pol-
luted with Cu and/or Pb components remains and may exist
to a much greater extent in other countries. In Europe, the
majority of dried shiitake mushrooms are imported from
Asian countries. Hardwood sawdust and organic additives
as agricultural and food wastes are used to grow this fun-
gus. In our previous research, we found that the content of
some elements considered toxic was higher in fruit bodies
of various species imported from this region compared to
those grown in Europe [17]. Therefore, it is assumed that the
organic additives to the substrates of these mushrooms have
contained intolerable amounts of heavy metals, including
Cu and Pb [18].

Thus, in relation to the above information, the aim of this
study was to determine the effects of Pb, Cu and CuxPb
interaction on yield, the accumulation of selected major and
trace elements (Ca, Cu, Fe, K, Mg, Na, P and Pb) in Lenti-
nula edodes fruit bodies to underline the importance of the
proper selection of components used in the cultivation of
this mushroom species. Additionally, the effect of Cu and Pb
addition on selected bioactive compounds was also studied.

Materials and methods
Experimental materials and experiment design
In the experiment, L. edodes (Berk.) Pegler M3790 strain

was used. The mycelium of this strain originated from
Mycelia BVBA in Belgium. The substrate was prepared
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from a mixture of beech and oak sawdust (1:1 vol.). The
mixture was supplemented with wheat bran to the amount of
25%, corn flour 5%, soy meal 5% and gypsum 1% in relation
to the substrate dry matter and moistened with the investi-
gated salt solutions to a moisture content of 60%. The fol-
lowing salts were used in the experiment: copper(Il) nitrate
hemi(pentahydrate) Cu(NO;), X 2.5H,0 and lead(II) nitrate
Pb(NO;),. These salts were dissolved in such an amount
of distilled water sufficient to obtain appropriate concen-
trations of 0.1 (Cug |, Pb, ;, Cuy; +Pby ), 0.5 (Cuy 5, Pby s,
Cugys5+Pby5) or 0.1 and 0.5 mM (Cuy; +Pby 5, Cuj s +Pby ).
Overall, nine experimental variants were prepared; a control
and eight supplemented with metals. The substrates were
then placed in polypropylene bags with a micro-filter (1 kg
per bag and 10 bags per variant) and sterilized at a tempera-
ture of 121 °C for 1 h. After sterilization, the substrates were
cooled down to a temperature of 25 °C and inoculated with
spawn to the amount of 2% of substrate weight.

Incubation was conducted at a temperature of 23+ 1 °C
and 80-85% air humidity until the substrate became over-
grown with mycelium. Next, the temperature was reduced
to 19+ 1 °C and cultivation was lit by a fluorescent lamp
(day-light) for 10 h (50 Ix intensity of irradiation) daily. The
mycelium was matured under these conditions for 70 days.
The bags were then placed in the cultivation room and the
foil was removed from the substrate. Air humidity 85+2%,
temperature 15+ 1 °C, and CO, concentration below
1000 ppm were maintained in the growth facility. The cul-
tivation was lit with a fluorescent lamp (day light) for 12 h
(500 Ix intensity of irradiation) daily. Whole fruit bodies
(caps and stipes) were harvested and dried at a temperature
of 40 °C to a constant weight.

Sample preparation

Representative fruit bodies were dried at 45+ 1 °C for 96 h
in an electric oven (SLW 53 STD, Pol-Eko, Poland) and
ground in a laboratory Cutting Boll Mill PM 200 (Retsch,
Germany). For sample digestion, the microwave preparation
system Mars 6 (CEM, Matthews, USA) was used. Accu-
rately weighed 0.500+0.001 g of a dry sample was digested
by 5 mL of concentrated nitric acid in closed Teflon contain-
ers in the microwave sample preparation system (180 °C,
20 min ramp time, 20 min heating time, 20 min cooling).
After digestion, the samples were filtered and diluted with
deionized water to a final volume of 10.0 mL. Each of the
samples was analyzed in triplicate using the whole sample
preparation procedure.

Instrument and analytical method validation

The inductively coupled plasma optical emission spectrom-
eter Agilent 5110 ICP-OES (Agilent, USA) was used for Ca,
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Cu, Fe, K, Mg, Na, P and Pb determination. A synchronous
vertical dual view (SVDV) of the plasma was accomplished
with dichroic spectral combiner (DSC) technology, allowing
the axial and radial view to be analyzed simultaneously. The
common instrumental conditions were used: radio frequency
(RF) power 1.2 kW, nebulizer gas flow 0.7 L min~!, auxil-
iary gas flow 1.0 L min~!, plasma gas flow 12.0 L min~!,
charge-coupled device (CCD) temperature — 40 °C, viewing
height for radial plasma observation 8 mm, accusation time
5 s, three replicates. The wavelengths were: 327.395 nm
for Cu (axial view), 220.353 nm for Pb (axial view),
253.561 nm for P (axial view), 238.204 nm for Fe (axial
view) 422.673 nm for Ca (radial view), 285.213 nm for Mg
(axial view), 766.491 nm for K (radial view), 589.592 nm
for Na (radial view), respectively. The detection limits were
determined as 3-sigma criteria and were at the level of
0.0X mg kg~! dry weight (DW) for all elements determined
(0.01 mg kg™! for Cu, 0.04 mg kg~! for Pb, 0.03 mg kg™ for
P, 0.02 mg kg™! for Fe, 0.03 mg kg™ for Ca; 0.03 mg kg™!
for K; 0.01 mg kg™! for Mg and 0.03 mg kg™~! for Na). Trace-
ability was checked using standard addition methods, and
recoveries at the level 80—120% were found as satisfactory.

Determination of phenolic compounds and aliphatic
acids as bioactive compounds

Total phenolic content

Total phenolic content (TP) was determined according to the
procedure of Singleton et al. [19] with some modifications.
Briefly, 1 mL of mushroom extract, 1 mL of Folin—Ciocal-
teu phenol reagent 1:1 (v/v) and 3 mL of 20% Na,CO; were
mixed and kept in darkness for 30 min at room temperature.
Absorbance of the samples was then measured at 765 nm.
The results were expressed as mg of gallic acid equivalent
(GAE) per g.

Determination of phenolic compounds and aliphatic acids

The extraction of phenolic compounds was carried out from
dried and powdered fruit bodies with 80% (v/v) methanol
as previously described [20], while aliphatic acids were
extracted with water. First, the samples were sonicated at
40 °C for 15 min and then shaken for 8 h. The mixtures were
centrifuged (3600 rpm/min for 15 min at 25 °C) and evap-
orated to dryness under vacuum. The dried extracts were
dissolved in 1 mL of 80% methanol or in 1 mL of water,
and then analyzed using the ACQUITY UPLC H-Class
System (Waters Corp., Milford, MA, USA) equipped with
an Acquity UPLC HSS T3 C18 column (150 mm X 2.1 mm,
particle size 1.8 pm) (Waters, Ireland) and a photodiode
array detector (PDA) eA (Waters Corporation, Milford, MA,
USA). The mobile phase was composed of components A

(water, containing 0.10% formic acid) and B (acetonitrile,
containing 0.10% formic acid). The gradient program was
applied. The concentration of phenolic compounds was
determined using an external standard at wavelengths
A=280 nm and A=320 nm [21].

Determination of antioxidant activity

Scavenging activity was measured towards 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radicals according to Dong et al.
[22] with modifications. One mL of the mushroom extract
was mixed with 2.7 mL of 6 pM methanolic solution of
DPPH, shaken and kept in the dark for 1 h. Absorption at
517 nm was then measured. The radical scavenging activity
was calculated as the percentage of DPPH discoloration as
below:

% =A—A,JAX 100,

A_absorbance of methanolic extract of mushroom; A absorb-
ance of control (DPPH solution without extract).

Statistical analysis

Statistical analyses were performed using the Agricole pack-
age (R). One-way ANOVA with the post hoc Tukey’s HSD
(statistically significant difference) test was used to compare
yield, content of elements and bioactive compound content
of L. edodes growing under substrates enriched with particu-
lar Cu and/or Pb additions. Moreover, a general distribution
of L. edodes exposed to particular substrates was performed
using a Principal Component Analysis (PCA) as a useful
graphical presentation of the obtained results [23, 24]. A
Heatmap with a cluster analysis was performed for addi-
tional visualization of multidimensional data (comparison
of L. edodes fruit bodies growing in particular experimental
variants with regard to the content of other elements jointly).
Additionally, to compare the content of Ca, Fe, K, Mg, Na
and P in particular experimental variants, the rank sum was
performed.

Results
Mushroom morphology and yield

Fruit bodies of L. edodes differed with respect to the amount
of Cu, or especially Pb added to the substrate (Fig. 1).
There were no significant differences in colour or shape of
fruit bodies but clear differences in their amount, size and
yield. The highest yield was observed in the control variant
(319+17 g) (Fig. 2). There were no significant differences
in the yield of mushrooms growing under Cu,, ;, Cuy s, Pby ;,
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Fig. 1 Macroscopic shape of
Lentinula edodes growing on
substrates with different Cu and/
or Pb supplementation

Control

Fig.2 Yield (g) of Lentinula
edodes growing on substrates
with different Cu and/or Pb sup-
plementation

Biomass [g] of Lentinula edodes fruit bodies

Pb, s and Cu, | +Pb; | (from 266 +25 g for Pb, ; t0 249+5 g
for Cug ; +Pbg ;).

The addition of higher amount of Pb to substrate con-
taining Cu (Cu, ; +Pby 5) caused a significantly lower yield
than for the Pb,, 5 variant (189 and 264 g, respectively). The
lowest yield of L. edodes growing on substrate enriched with
the maximal concentration of both Cu and Pb (Cu, 5+ Pb) 5)
was barely 95.0 g, which was over three times lower than for
the control variant. This confirms the toxic effect of metals
in given concentrations on the development of fruit bodies.

Content of Cu and Pb in mushroom fruit bodies

The content of Cu in L. edodes significantly increased in
fruit bodies growing in substrates Cu,, ; and Cu,, 5 (16.0 and
87.9 mg kg~!, respectively) in relation to the control variant
(Fig. 3). In the variant combining lower additions of both the
metals (Cug ; +Pb ;), Cu content was 14.6 mg kg™, which
suggested no significant influence of Pb on Cu accumulation.
The opposite situation was observed for the Cu, ; +Pby, 5 var-
iant, where the higher concentration of Pb caused a signifi-
cantly higher content of Cu (21.0 mg kg™") in fruit bodies. In
the case of substrates enriched with a higher concentration
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of Cu (0.5 mM), i.e. in the Cuj 5+ Pb,,; and Cu;s+Pb 5
variants, Cu content in fruit bodies was significantly lower
(55.4 and 61.9 mg kg™!, respectively) than observed for the
Cu, 5 variant (87.9 mg kg~"). The obtained results show that
lower Cu concentration (0.1 mM) in the substrate in com-
bination with only higher Pb concentration (0.5 mM) can
stimulate (synergism) the accumulation of Cu by L. edodes.
On the other hand, a higher Cu concentration (0.5 mM) in
the substrate combined with Pb (both 0.1 and 0.5 mM), may
result in the reduction (antagonism) of copper accumulation
in the fruit bodies of this mushroom species.

The increased concentration of Pb in experimental vari-
ants Pb, ; and Pb 5 led to a significantly higher content of
this metal (3.43 and 6.33 mg kg™, respectively) in L. edodes
fruit bodies than in the control variant (add content). Cop-
per addition at a lower concentration (0.1 mM) in variant
Cug, +Pby ; caused a 2.50 mg kg™' content of Pb, which
was almost the same level as for fruit bodies under the Pb,
variant. The same situation was observed in the case of the
Cuy 5+ Pb, ; combination with a Pb content of 2.10 mg kg™".
It is worth underlining that Cu addition to the substrate in
both concentrations (0.1 and 0.5 mM) in combination with a
higher concentration of Pb (0.5 mM) significantly increased
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Fig.3 Content of Cu and Pb a
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Pb content in L. edodes (8.10 and 9.70 mg kg~!, respec-
tively). The obtained results show that the presence of Cu in
substrate containing a low amount of Pb is not a factor stim- 10 Cllos*Pbos®
ulating the accumulation of toxic Pb in mushrooms, while
the opposite situation is possible when higher concentrations
of both Cu and Pb are present in the substrate. 05

PCA explained 64.74% (40.93 +23.81) of total variabil-
ity, which reliably reflects the relationships between element
contents in fruit bodies growing in particular experimental
variants (Fig. 4). The highest Cu content in L. edodes grow-
ing under Cu, 5 variant was placed near the central point of
this figure, while one of the highest Pb contents (Pb, 5) was
placed at a greater distance from this point, similarly to the
contents of Cu and Pb growing under Cu,, and Pby ;. This
was due to the significantly higher content of Cu in L. edodes
fruit bodies growing in substrates enriched with Pb than Cu.
It is worth noting that the location of points characterizing
Cu, ; +Pb, | was opposite to those of Cu s +Pb 5, the same
as Cug ; +Pby 5 in relation to Cu, 5+ Pby ;. Such a specific
location is evidence of the mutual relation between these
two metals. Moreover, the mutual quantitative relations of
both the metals in the substrate caused particular changes
in the content of other elements (Fig. 5). This fact clearly

2"Factor: 23.81%
o
o

L
Uo 1+PEO.1

-1.0 -0.5 0.0 0.5 1.0
1% Factor: 40.93%

Fig.4 Principal component analysis for all studied experimental vari-
ants concerning the content of all determined elements
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Fig.5 Content of other ele-
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indicates that the concentration of both the elements influ-
ences the mineral composition of the final product available
for potential consumers.

Content of the other elements in mushroom fruit
bodies

Differences in the contents of Cu and Pb in L. edodes fruit
bodies growing in particular experimental variants were not
the only ones recorded. Analysis of other selected elements
showed that the addition of Cu, Pb or Cu+Pb to growing
substrates may cause changes in major (Ca, K, Mg, Na and
P) and essential trace element (Fe) contents of fruit bodies
(Fig. 5).

An increase in Cu concentration in substrates (Cu, ; and
Cuy, 5) did not result in any significant change of Ca content
in L. edodes fruit bodies, the same as in the case of mush-
rooms in selected substrates enriched with Cu and/or Pb
(Cuys+Pby, Cuys+Pb, s and Pby ). Significantly higher
contents of Ca than in the control variant (814 mg kg™!) were
observed in fruit bodies growing in the Pb 5, Cug ; +Pby |
and Cu, | +Pb, 5 experimental variants (1370, 1420 and
1960 mg kg~!, respectively). This suggests that changes
in Ca content in L. edodes fruit bodies are dependent on
mutual quantitative relations between Cu and Pb in growing
substrates.

The addition of Cu and/or Pb to the substrates did not
cause significant changes in Fe content (from 17.6 mg kg~!
in the control variant to 21.1 mg kg™! for Cu, ), except for
fruit bodies growing in the Cuy s +Pb, 5 variant, where the
highest Fe content was observed (29.1 mg kg™!). A high
similarity was also observed for K and Mg contents. In the
case of both these metals, the lowest contents were recorded
in fruit bodies growing in the Cu, 5+ Pb, ; variant (9100
and 521 mg kg™, respectively), and the highest levels in the
Cu, , +Pb 5 variant (15,300 and 900 mg kg™!, respectively).
The obtained results suggest that a mutual quantitative rela-
tion may stimulate or inhibit the accumulation of K and Mg
from the substrate, which is important for the nutritional
value of L. edodes fruit bodies.

The highest sodium content 269 mg kg~! was deter-
mined in control fruit bodies. A significantly lower content
of this metal (95 mg kg™') was observed only in fruit bod-
ies growing in the Cu, ; +Pb ; variant. Despite the visible
diversity in Na content (between 135 and 259 mg kg™
shown in Fig. 5, no significant differences were found
between the other variants. Phosphorus contents were
similar in L. edodes fruit bodies growing in the majority
of experimental variants (from 4360 to 4930 mg kg™').
The highest contents were determined in the Pb
and Cu,, + Pb, s variants (5630 and 5650 mg kg™,
respectively), the lowest in fruit bodies growing in the
Cug 5+ Pb, | variant (3190 mg kg™h).

Cuys+Pby

Cuy s+Pby s

Experimental systems

Cug,+Pbys

T T T T
Na P Mg K Ca
Elements

Fig.6 Correlation between particular experimental variants with
respect to the content of all determined elements jointly (Heatmap) in
mean values with the presentation of a hierarchical tree plot

A Heatmap with a cluster analysis revealed the high
similarity of mushrooms from the control variant and those
growing under the Cu,, variant, as well as mushrooms
growing under Pb, ; and Cu, 5 with respect to the content
of Ca, Fe, K, Mg, Na and P jointly (Fig. 6). This group
also includes fruit bodies growing under the Cu 5+ Pb 5
and Cu 5+ Pb, | experimental variants. A separate group of
mushrooms was these growing under the remaining experi-
mental variants: Pby, 5, Cuy ; +Pb, ; and Cu, ; + Pby 5.

The presence of mushrooms growing under the Cu, |,
Cu, 5 and Pb,, variant in the first group and Pb 5 in the
second one suggests that a higher Pb content in the sub-
strate may stimulate changes in the content of other ele-
ments in fruit bodies. It is also worth noting that smaller
changes in all the contents of other elements in fruit bodies
were observed if Cu was present in a higher (Cu, 5+ Pb
or Cu, 5+ Pb 5) rather than in a lower amount (Cu, ; +Pb,
or Cug  +Pb 5) in the substrates.

The rank sum test showed that fruit bodies grow-
ing in particular experimental variants were diverse
as regards the content of Ca, Fe, K, Mg, Na and
P jointly: Cuj+ Pby s> Cuy, > Control > Pbg
> Cu s> Cuq 5+ Pby 5> Cuy | +Pby | >Pb; ; > Cuy s +Pby ;.
Interestingly, for the majority of variants, the content of all
elements jointly was lower than for the control. A higher
content of the mentioned elements was only recorded if Cu
was added at a lower concentration (Cu, ;) or in combination
with Pb at a higher concentration (Cu ; +Pb) 5).

Phenolic compounds and aliphatic acid profile
and antioxidant activity

Various groups of phenolics were quantified, mainly
hydroxybenzoic acids (C6—C1), hydroxycinnamic acids
(C6—C3) and different groups of flavonoids (C6—-C3-C6)
(Table 1). 2,5-Dihydroxybenzoic acid (2,5-DHBA) was
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Table 1 Content of phenolic compounds of mushrooms (ug g~' DW) and antioxidant activity

Phenolic compounds ~ Structure Control Cuy; Cuys Pby; Pbgs Cug;+Pby; Cug;+Pbys Cuys+Pbj; Cuys+Pbys
2,5-DHBA C6-C1 496%  1.30° 045 899" 13.01*°  7.40° 4.38¢ 9.24° 6.90°
Gallic acid 266°  3.08° 350 3.08° 1.66° 1.15° 1.54¢ 1.23¢ 1.28¢
p-HBA 1364 039 055 1.94°  1.77%  1.49™ 0.53¢ 1.63%¢ 1.46>
3,4-DHBA 0.20° 042¢ 045 0319 0.78° 0.44¢ 1.15% 0.56¢ 0.45¢
Syringic acid 1.37°  0.79° bDL 0.34% 076> 1.25° 0.43%4 1.222 1.56
Vanillic acid 0.73*  0.26° 045" 090*  0.77* 0.49° 0.36" 0.52° 0.52°
Caffeic acid C6-C3 1.19%¢ 1478 0477 1.26®  1.00¢ 0.70% 0.22f 0.46° 0.74%
Chlorogenic acid 0.51° 0.76* bDL  0.82* 037 0.68° bDL bDL 0.66°
p-Coumaric acid 0.85  0.933> 203* 066 049 0.14° 0.19° 0.12¢ 0.23¢
Ferulic acid bDL bDL  0.17° 0.11¢ 036* 0.15% bDL bDL 0.12%
Sinapic acid 0.13¢ 0.63% 035 1.07¢ 473  0.90¢ 1.74¢ 4.08° 1.78¢
Quercetin C6-C1-C6 0.33° 0.17° 029 0.11° 338  1.85¢ 1.27¢ 2.31° 1.69¢
Rutin 236° 0319 025¢ 319 1.60° 1.57° 0.55¢ 0.23¢ 1.33¢
Catechin 0.86*  0.25%%¢ 0.15° 0.54®  0.36Y% (.43 0.22% 0.39b<d 0.45%

Identical superscripts in a row denote no significant differences between means according to a post hoc Tukey’s HSD test at a=95% following

one-way ANOVA
bDL below detection limit

the main phenolic acid in the control variant. The content
of 2,5-DHBA was significantly reduced in the Cu,; and
Cu, 5 variants, while the addition of Pb and mixtures of Cu
and Pb significantly stimulated the synthesis of the acid.
The addition of Cu and Pb also had a significant effect on
p-hydroxybenzoic acid (p-HBA) and the content of other
hydroxybenzoic acids (C6—C1): gallic, protocatechuic (3,
4-dihydroxybenzoic acid, 3, 4-DHBA), syringic and van-
illic. The content of protocatechuic acid was significantly
higher in mushrooms growing in all contaminated substrates,
whereas both inhibition and enhancement of gallic acid and
p-HBA synthesis were confirmed in substrates with Cu and
Pb. For syringic and vanillic acids only inhibition of biosyn-
thesis and non-changes in content were observed in some
contaminated substrates.

Among hydroxycinnamic acids (C6-C3), caffeic acid
dominated in the control variant, synthesis of which was
enhanced in Cu 5 and in all combinations with the addi-
tion of Cu and Pb. The addition of Cu,,, Pb, ;, Cuy,;+Pb
0.1» Cuy 5+ Pby 5 resulted in an increase of chlorogenic acid
content. For p-coumaric acid, mainly the reduction of syn-
thesis was confirmed in the contaminated substrates (besides
Cu, 5). Ferulic acid was synthesized for Cu, s, Pb, |, Pby s,
Cuy ; +Pby |, Cu, s +Pb, 5 variants. The synthesis of sinapic
acid was stimulated in substrates enriched with Pb and in all
combinations of Cu and Pb.

Rutin was the main flavonoid in the control variant, the
content of which was generally reduced in fruit bodies grow-
ing in the substrate variants with the addition of both Cu and
Pb (besides Pby, 5) and Cu + Pb. Quercetin (flavonol) content
increased by addition to the substrate Pb, 5, and mixtures
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of Cu and Pb. Catechin content was significantly reduced
by Cu and Pb supplementation in all combinations in com-
parison to the control variant. The changes in the content
of different phenolic compounds were reflected in the sum
of the phenolic compound content, i.e., the addition of Cu
resulted in a drop of the sum, while Pb elevated the sum of
phenolic compounds. Moreover, the addition of both the ele-
ments had a significant effect on the sum. In comparison to
the control variant and Cu-enriched mushrooms, the value
was higher. Generally, in comparison to Pb-enriched mush-
rooms the sum of phenolic compounds was significantly
lower (Fig. 7a).

The lowest TP content in fruit bodies was determined in
the control variant and it increased in mushrooms growing
in substrates with Cu and Pb addition in all combinations.
The supplementation of substrates with both the elements
caused a further increase of TP, with the highest level for the
Cu, 5+ Pb,, 5 variant Moreover, the synergic effect of both
the elements for TP value was confirmed for the experimen-
tal variants Cu, ; and Cug; +Pbj s Cu, 5 and Cug 5+ Pbg s
(Fig. 7b).

The antioxidant activity of fruit bodies towards DPPH
radicals depended on the composition of the substrates. The
lowest value was observed in the control variant. Cu and Pb
addition significantly improved the antioxidant properties
from 60.9 (control) to 74.9% (for Cu,, 5+ Pb,, 5) (Fig. 7c).

Aliphatic acid profile

The content and profile of aliphatic acids in L. edodes grow-
ing in nine different variants were analyzed and significant



European Food Research and Technology (2021) 247:2799-2812 2807
Fig.7 Characteristics of (a) (a) "
sum of phenolic compounds in X 4
mushrooms (ug g~! DW), (b) o 30
total phenolic content in mush- % b
rooms (mg g~ DW) and (c) E % od b ¢
scavenging effect of mushrooms g
on DPPH radicals e e
% 15 £ ¢
2 1
=]
=
o
—
S o
E Control Cuy;, Cups Pbyy;  Pbys Cuos  Cugs  Cupy  Cugs
@ ' ' ' ' Pby,  Pby, Pbos  Pbos
Experimental system
b ) a
( ) p ab abe
35 de
s e
o
o 25
£
= 2
15
1
05
’ C C C ¢
Control Cuy, Cuys Pby;  Pbys Uo,1 Uo.s Uo.1 Uo.s
Pby,  Pby, Pbys  Pbys
Experimental system
(C) 3 be abe ab ab ab
d
60
S
= W
o
=)
20
0
Control Cuy; Cugs Pby;  Pbys Cuoy  Cugs  Cupy  Cugs
Pby,  Pby, Pbys  Pbys

differences were found between them (Table 2). Three of
the eight determined acids occurred in the control variant.
Succinic, acetic and citric acids were determined, while the
remaining acids were below the limit of detection (bLD).
The addition of Cug; and Pb; caused a strong inhibition
of the synthesis of aliphatic acids in fruit bodies. Acetic
acid was only identified in mushrooms growing with Cu, |,
while in the Pb, ; variant only acetic and succinic were
recorded. A significant decrease of succinic acid content
was observed in both the variants, which consequently had
an influence on the lowest content of the sum of all acids
in fruit bodies.

Experimental system

For Cu, 5 and Pby 5 and for the mixture of both the ele-
ments (Cug s+ Pb ), significant stimulation of aliphatic
acid synthesis was observed (especially for quinic, malic,
acetic, fumaric and succinic acids). These acids dominated
in all these variants. The Cu, 5 addition caused a significant
increase of quinic, malic, malonic, citric, acetic and succinic
acids, while in the Pb, 5 variant the above-mentioned acids
were also present with the exception of fumaric, malonic
and citric acids, which were bDL. The sum of determined
acids in Pb, 5 was ~ twofold higher than in Cu, 5, which is
related to the highest content of quinic acid among all the
analyzed variants.
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Table 2 Content (ug g~! DW) of aliphatic acids in mushroom bodies

Aliphatic acid Control Cuy Cug 5 Pby Pby 5 Cug  +Pby Cuy5+Pbg Cuy  +Pbg5 Cuys+Pbg5
Oxalic bDL bDL 0.03¢ bDL bDL 0.01%¢ 0.22° 0.14° 0.03¢
Quinic bDL bDL 0.62° bDL 3.2% 0.60° 2.2b 2.4° 0.06¢
Malic bDL bDL 0.30° bDL 0.13¢ 0.03¢ 0.21° 0.74° 2.28
Malonic bDL bDL 0.15* bDL bDL bDL bDL 0.132 0.122
Citric 0.02¢ bDL 0.12¢ bDL bDL bDL 0.76* 0.54° 0.21°
Acetic 0.03¢ 0.03¢ 0.62° 0.02° 1.0° 0.48° 0.14% 1.52 0.40¢
Fumaric bDL bDL 0.03% bDL bDL bDL 0.03° 0.015¢ 0.082
Succinic 0.07° 0.03° 0.69* 0.01° 0.10° 0.07° 0.31° 0.30° 0.622

Identical superscripts in a row denote no significant differences between means according to a post hoc Tukey’s HSD test at a = 95% following

one-way ANOVA
bDL below detection limit
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Fig.8 Sum of aliphatic acids (ug g~! DW) in mushrooms growing on
substrates with different Cu and/or Pb supplementation

The addition of all mixtures of Cu and Pb increased the
content of all acids in comparison to the control; quinic,
then malic and acetic acids were observed as dominat-
ing. The highest content of quinic acid was observed in
Cuy s+ Pb, | and Cu, + Pb, 5, while in the Cuy; +Pb ,
and Cu, 5+ Pby 5 variants the content was much lower. This
resulted in an increase of the sum of studied acids, like-
wise, observed in the Pb, 5 variant, where a higher content
of quinic acid was also present. Malic acid content espe-
cially increased in mixtures with Pby 5, while acetic acid
synthesis increased for all the variants with Pb s (alone
and in mixtures) and also for Cu, ; +Pby ;.

In the experiment, the stimulation of aliphatic acid syn-
thesis was determined in variants where lead was present
individually and, in all Cu, and Pb mixtures simultane-
ously. For these variants, the sum of all determined acids
was the highest in comparison to the control. Moreover,
the obtained results showed that the presence of Cu (espe-
cially Cuy ;) in the substrate in combination with the pres-
ence of Pb (Pb,; and Pbj 5) inhibited the production of
aliphatic acids in L. edodes fruit bodies as compared to the
variants where Pb was present alone, which is especially
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evident in the sum of the studied aliphatic acids (Fig. 8).
The only exception was the Cug, + Pb, s variant where
an increase in the formation of the analyzed acids was
observed.

Discussion

According to FOASTAT [25], China is the greatest pro-
ducer of cultivated mushrooms, whose production reached
8,948,099 tonnes in 2019. The determined Cu and Pb con-
tents in this work range from 2.22 to 87.9 mg kg™' for Cu
and from 0.37 to 9.70 mg kg™' for Pb. Royse et al. [1] found
that 22% of the world’s cultivated mushrooms are of the Len-
tinula genus (over 7 million tons). Therefore, the enrichment
of Cu and/or Pb fruit bodies is of significance.

Copper is an essential element for living organisms if pre-
sent in a lesser amount, although while in excessive amounts,
the element exerts detrimental effects [26]. Lead is the second
most toxic heavy metal owing to its non-degradable nature,
which has no beneficial role in biological systems [27]. The
presence of Cu and Pb in the growing substrates can signifi-
cantly affect mycelia growth and yields of fruit bodies. Gen-
erally, the higher the concentration of Cu and other supple-
mented elements, the lower biomass of Ganoderma lucidum
fruit bodies reported in one of our recent papers [28], where
0.6 mM selenium and Cu addition caused a decrease of over
20% of biomass as compared to mushrooms growing with the
addition of Se only. Furthermore, the investigation by Dulay
et al. [29] indicated a marked growth inhibition of Pleurotus
species (up to almost 50%) exposed to Pb in a concentration-
dependent manner (from 1 to 100 mg kg~ of Pb). The results
of our present study showed that the lowest yield from the
variant with the maximal concentrations (Cu, 5+ Pb, 5) was
less than 30% of the control. The findings add further evi-
dence that Cu and Pb in the substrate can result in growth
disturbances in fruit bodies.
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Mushrooms are known for their ability to (hyper)accu-
mulate various elements, both essential and detrimental
from the nutritional point of view, taken from the growth
environment [30-32]. Therefore, it is not surprising that the
specimens subjected to the described experiment showed a
significantly higher accumulation of Cu and Pb compared
to the non-supplemented control variant if these elements
were added to the substrate. The addition of 0.1 mM Cu to
the substrate resulted in an almost 7-times higher accumula-
tion of this element in L. edodes fruit bodies, and a fivefold
higher concentration (Cu, 5), nearly 38-fold higher content
compared to the control mushrooms. A lower but still rel-
evant increase of Cu content (more than threefold, compared
to the control) in Ganoderma lucidum after supplementation
of the substrate with 100 mg kg™! of CuSO, was reported by
Postemsky et al. [33]. Increasing accumulation of Cu in G.
lucidum with an increase of the metal concentration in the
growth liquid medium was also described by Matute et al.
[34]. The authors obtained more than a 1.5-fold higher Cu
content in fruit bodies when 25 mg kg~ Cu was added, and
further almost 2-fold and more than 2-fold higher at 50 and
100 mg kg™!, respectively, of the metal in the substrate.

Similar observations were obtained for Pb in the present
study. The addition of Pby ; to the substrate increased the
metal content in L. edodes over 8-fold, and Pb, 5 by about
15-fold in comparison with the control variant. Valuable
results comparing the range of Pb and other elements in
six mushroom species (Agrocybe cylindracea, Clitocybe
maxima, Flammulina velutipes, G. lucidum, L. edodes and
P. eryngii) growing in two substrates differing chemically
were described in one of our previous studies [35]. A higher
Pb content in fruit bodies growing on the substrate with a
higher concentration of this metal was found for all the stud-
ied species.

Mutual interactions among individual elements can
significantly affect the efficiency of their uptake by liv-
ing organisms. Studies addressing such interactions have
become increasingly important because they can dramati-
cally modulate the toxicity of chemical individuals [36].
In animal and plant research, many interactions between
chemical elements have been observed to date [37-39].
Such a situation also applies to research dealing with the
uptake of elements by mushrooms. Unfortunately, only
limited attention has been paid to it so far. The series of
papers by Rzymski et al. [10, 28] and Poniedziatek et al. [11]
addressed the topic of the interactions between Cu, Se and
Zn in A. bisporus, G. lucidum, P. ostreatus and P. eryngii
following substrate supplementation. The authors claimed
that the simultaneous presence of Cu and Zn in the sub-
strate decreased the accumulation of Se in the fruit bodies.
Furthermore, even though some competitive sequestration
between Cu and Zn may have occurred, the content of the
elements generally increased with their concentration in the

substrate. In the present study, the interactions of Cu and
Pb present in the substrate were confirmed by significant
relationships between the content of elements in individual
experimental variants. At a low concentration (Pb, ), Pb
did not affect the accumulation of Cu in L. edodes, but in
high concentration (Pb,, 5) it increased the Cu content in fruit
bodies. Similarly, the addition of Cu led to an increase of Pb
uptake when it was present in a higher concentration (Cuy 5).

Some factors, e.g. metals or UV light, affect phenolic
compound synthesis in mushrooms [20, 40, 41]. Phenolic
compounds are metabolites involved in defense mecha-
nisms against stressors, including heavy metals [42, 43].
Their action in response to the presence of metal(s) in the
growing substrate is related to their structure and the chemi-
cal properties of elements. This enables the detoxification
of elements in different pathways, e.g. based on the scav-
enging and chelating ability of the phenolic compounds
[44-47]. Caffeic and p-coumaric acids were recognized as
strong antioxidants [48]. However, the suppression of the
synthesis was observed, but other antioxidants belonging to
C6-C1 and C6-C3, and flavonoids were activated. Moreover,
the action based on chelation was also activated because of
the intensive biosynthesis of protocatechuic acid, which is
known for its chelating ability [49]. The content of the acid
increased in all contaminated mushrooms. It indicates the
important role of protocatechuic acid in the detoxification of
Cu and Pb in L. edodes, probably via the chelation of Pb and
Cu ions. The quantitative changes in the profile of phenolic
compounds suggested that different paths of detoxification
were activated. The increase of TP was probably connected
with the activity of enzymes participating in the biosynthe-
sis of the phenolic compounds detected in mushrooms [41,
50, 51]. Additionally, the correlation between DPPH and
TP was confirmed (r=0.735) in the present study, which
indicated that radical scavenging was one of the detoxifica-
tion pathways. The obtained results also suggest that the
effect of both the elements may be different from that of
only a single element on the synthesis of individual phenolic
compounds and their sum, TP and the ability to scavenge
radicals (Fig. 7).

Similarly, aliphatic acids are known to play an important
role in metal detoxification [52]. They react with metals,
forming complex compounds with reduced toxicity, and
consequently, they can be accumulated in mushroom fruit
bodies [53]. It should also be noted that mushroom biomass
shows excellent metal-binding properties due to the high
percentage of cell wall material [54]. Therefore, fruit bodies
have a high tolerance to metal contamination of substrate
[55, 56]. The above relationships are confirmed by the data
of Table 2 and Fig. 8. A significant increase of almost all
the produced acids was observed in most of the experimental
variants with Cu and Pb addition to the substrate. However,
the Cu,; and Pb,, | variants did not affect the total level of
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the acids when compared to the control variant due to the
lack of any significant differences among these three vari-
ants (Fig. 8).

According to the literature data, oxalic acid dominates
among aliphatic acids in mushroom fruit bodies grow-
ing under metal contamination [57, 58]. In this study,
its content significantly increased only in the variants
combining Cu and Pb addition (Table 2). This may con-
firm that oxalic acid can be an efficient metal chelat-
ing ligand in mushrooms, important in the detoxification
process. Sayer and Gadd [59] also reported the produc-
tion of oxalic acid by white-rot fungi, which provides a
means of immobilizing soluble metal ions or complexes
as insoluble oxalates, thus decreasing bioavailability and
increasing metal tolerance.

However, in our research, oxalic acid was not the acid
with the highest content. L. edodes was characterized by a
much higher content of succinic, citric, malic and fumaric
acids (Table 2). Chen et al. reported that these acids are
characteristic and prevailing in this species. Moreover, it
was also shown that succinic acid has the greatest content
changes depending on the cultivation conditions [60]. This
is confirmed by the data in Table 2. The content of succinic
acid increased significantly, along with the increase in the
content of metals in the substrate (except for the variants
with Cu and Pb at the level of 0.1 mM). Therefore, succinic
acid may be the acid that can reduce the effects of metals.
Further, the contents of malic, quinic and acetic acids also
increased significantly with changes in the content of the
metals in substrates. Their contents were each time higher
compared to the control variant, which was apparent mainly
in the variants containing a mixture of the metals. This may
indicate that the acids play an important biological func-
tion in lessening the toxicity of metals and reducing stress
because of the presence of carboxylic functional groups
responsible for the biosorption of heavy metals [57]. Due to
the fact that chemical forms are one of the most important
factors in metal detoxification [61], it is, therefore, indicated
that significant changes in the content of aliphatic acids can
determine the ability of a given mushroom species to accu-
mulate excess metal ions without adverse effects on their
yield [62].

Conclusions

Appropriate conditions and actions must be respected dur-
ing all stages of food production and trade to ensure the
safety of the lives and health of consumers. Selection of
a safe substrate and its components is, therefore, essential
in mushroom production. This study shows that L. edodes
easily accumulates Cu and Pb ions from substrate in fruit
bodies; yield reduction is a further consequence. It should
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be remembered that the accumulation of elements in fruit
bodies depends not only on their availability but also on the
mutual quantitative and qualitative relations in the substrate.
Thus, the key issue is the selection of substrates containing
as low as possible levels of heavy metals. The synthesis of
tested bioactive compounds was related to Cu and Pb content
hence pointing to the necessity for a determination of the
content of some bioactive compounds together with metal/
metalloid concentration. The mutual quantitative ratios of
the elements in growing media are an important factor deter-
mining the quality of fungi.
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