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Iron Or Zinc Bioaccumulated In Mycelial
Biomass Of Edible Basidiomycetes
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Abstract: Iron and zinc bioaccumulation in mycelial biomass of different medicinal
basidiomycetes was evaluated in order to produce metal-enriched mycelial biomass as
an alternative functional food from non-animal sources and based on biotechnology
processes. Pleurotus ostreatus strain U2-9, U2-11, U6-8, and U6-9, Pleurotus eryngii
strain U8-11, Schizophyllum commune strain U6-7, and Lentinula edodes strain U6-11
and U6-12 were grown in malt extract agar with or without addition of 50 mg/L iron or
7.5 mg/L zinc. The mycelial biomass was separated and iron and zinc concentrations
were determined in a flame atomic absorption spectrophotometer. Basidiomycete
strains presented different growth rates with the presence of iron and zinc; there
was no dependence between the metal bioaccumulation and the fungal growth. The
fungi presented greater capacity to bioaccumulate iron than zinc. P. ostreatus (U2-9)
has greater iron bioaccumulation (3197.7 mg/kg) while P. ostreatus (U6-8) greater zinc
bioaccumulation (4404 mg/kg) in mycelial biomass. P. ostreatus (U2-9), P. ostreatus (U2-
1), and S. commune (U6-7) had the highest metal translocation rates from the culture
medium to mycelial biomass. The mycelial biomass enriched with iron or zinc is an
alternative to a new functional food from non-animal sources.
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INTRODUCTION

Basidiomycetes with biologically active
compounds have been used as food and/or as
dietary supplement (Wasser 2002, 2017). In 2010
Pleurotus ostreatus (Jacq.) P. Kumm. was the
most produced basidiocarp in China (5 million
t) followed by Lentinula edodes (Berk.) Pegler
(3.5 million tons) (Yu 2012). P ostreatus has anti-
hypercholesterolemic (Bobek et al. 1991) and
antidiabetic (Rathore et al. 2017) activities, and
antitumororimmunostimulatingpolysaccharides
(Wasser 2002). L. edodes has antibacterial
(Ishikawa et al. 2001), immune-modulating (Dai
et al. 2015), and antitumor - lentinan - (Rasmy
et al. 2010, Gao et al. 2018) activities. Pleurotus

eryngii (DC.) Quél. has antioxidant, anti-
hypertensive, and hipocholestorolemic (Abidin
et al. 2017) activities and Japan has improved its
production from 6700 t in 2000 to over 37000 t
in 2009 (Royse & Sanchez 2017). Schizophyllum
commune Fr. produces hydrolytic enzymes with
biotechnological potential (Tovar-Herrera et
al. 2018), antioxidant and immunomodulatory
activities and is used as an adjuvant tumor
therapy with the antitumor polysaccharide
schizophyllan (Lindequist et al. 2005, Sullivan et
al. 2006, Asatiani et al. 2010, Wasser 2010).

The production of mycelial biomass is
considered safer than basidiocarps because
basidiocarps could accumulate pesticides and
heavy metals from agroindustrial substrates
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(Vieira et al. 2013, Yokota et al. 2016). The
bioaccumulation of nutritional metals in the
mycelial biomass from edible and medicinal
basidiomycetes is an alternative of non-animal
mineral source associated with functional and
medicinal activities of the basidiomycetes. In
addition, ion bioaccumulation is higher in
mycelial biomass (Almeida et al. 2015) than
basidiocarps (Yokota et al. 2016). Also, mycelial
biomass cultivation could easily produce
bioactive compounds in a shorter and controlled
period than mushroom cultivation (Almeida et
al. 2015). Thus, mycelial biomass is an alternative
for bioaccumulation of nutritional and
pharmaceutical metals such as zinc (Marcante
et al. 2014), lithium (Faria et al. 2018, 2019), and
iron (Almeida et al. 2015).

For basidiomycetes, the increase of
metal concentration in the culture medium
increases bioaccumulation capacity (Umeo et
al. 2019). In addition, some metals can affect
some compound vyield such as copper that
induces laccase activity (Bellettini et al. 2019,
Valle et al. 2015), lithium that reduces mycelial
biomass production (Faria et al. 2018, 2019), and
iron that reduces mushroom production and
antioxidant activity (Yokota et al. 2016). Thus,
because addition of metals in culture medium
could affect fungal metabolismo, case-by-case
studies are necessary for the production of
fungal biomass and the ion bioaccumulation
with the basidiomycete of nutritional and
pharmaceutical interest.

Iron and zinc are essential metals for animal
and human health and are important for their
participation in the metabolic processes (Dunn
et al. 2007). The need for iron intake doubles at
six years of age from 0.9 mg/dayto 1.8 mg/day,
increasing even more during puberty (WHO/
FAO 2004). Usually, iron deficiency is followed
by the lack of other micronutrients such as
zinc (Allen et al. 2006). Therefore, in order to
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provide alternative food and/or supplement
bioaccumulated with metals it is necessary to
search for edible and medicinal basidiomycetes
with this capability.

Our study aimed to evaluate the iron or
zinc bioaccumulation in mycelial biomass of
different basidiomycete species and strains
cultivated in liquid malt extract medium added
of iron or zinc. The mycelial biomass enriched
with minerals could be added to breadsticks
(Proserpio et al. 2019) and/or cookies in order
to obtain functional foods with high nutritional
values (Cornelia & Chandra 2019).

MATERIALS AND METHODS

Biological material

Eight basidiomycete strains of Lentinula
edodes (U6-11, U6-12), Pleurotus eryngii (U8-11),
Pleurotus ostreatus [U2-9 (also INCQS 40358),
U2-11, U6-8, and U6-9], and Schizophyllum
commune (U6-7) from the Culture Collection of
the Molecular Biology Laboratory of Paranaense
University were utilized. Cryopreserved mycelia
were recovered in 20 g/L malt extract agar (MEA)
medium (autoclaved at 121 °C for 20 min) in the
dark at 25 = 1 °C (Mantovani et al. 2012, Linde et
al. 2018). Mycelia showing homogenous growth
without sectoring were selected as inoculum.

Determination of mycelial biomass

The solid cultivation medium consisted of
MEA added with 50.0 mg/L iron from a FeSO,
solution (Almeida et al. 2015) or 7.5 mg/L zinc
from a ZnSO, solution (Marcante et al. 2014). MEA
without ion addition was used as control. MEA
was autoclaved (121 °C for 20 min) and FeSO,
or ZnSO, solutions were previously filtered
(0.22 pm diameter pore) and homogenized in
autoclaved MEA just before poured into Petri
dishes (90 mm). One MEA disk (5 mm diameter)
containing mycelia was placed in the middle of
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the cultivation medium as inoculum and kept
for 28 days at 28 + 1 °C in the dark.

Colonized cultivation medium was heated
up in a microwave oven for 30 s to easily remove
the mycelial biomass from the surface of the
cultivation medium. The mycelial biomass was
transferred to a 500 mL becker containing 200
mL ultrapurified water at 80 °C, and the mixture
stirred vigorously for 5 min to remove any
residual cultivation medium. Next, the mycelial
biomass was separated by centrifugation at
2900 g for 15 min at 4 °C. This process was
carried three times. The precipitate biomass
was transferred to a 50 mL becker containing 20
mL nitric acid (10%) to remove metals adhered
to the mycelial biomass surface. The mixture
was stirred vigorously for 5 min, the mycelial
biomass separated by centrifugation at 2900 g
for 15 min at 4 °C and the precipitated dried at
60 °C until constant mass. Arithmetical mean
was calculated from ten replicates to obtain the
mycelial biomass (dry basis).

Determination of metals in the mycelial
biomass

For ion extraction, 67% HNO,, 1:12 (mass:volume),
was added to dehydrated mycelial biomass and
kept at 22 °C = 2 °C for 72 h. The mixture was
heated at100 °Cand 30% H,0,, 1:6 (mass:volume),
was added until complete solubilization. The
mixture was filtered (14 pm porosity filter paper),
washed and the volume adjusted to 10 mL with
ultrapurified water (Yokota et al. 2016). The ion
concentration of samples was determined by
flame atomic absorption spectrophotometry
(GBC model 932 plus). For ion quantification,
a calibration curve (R* = 0.998) was used with
analytical standard certified and traceable
(IAA-203 Lot K0O0461 ultra scientific analytical
solutions) with 0.01 pg mL" ion detection limit. In
addition, for each batch of analyzes, an internal
standard was placed without the analytical
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ion and with the certified element standard.
Arithmetical mean was calculated from ten
replicates to obtain the metal bioaccumulation
in mycelial biomass (dry basis).

Mycelial biomass grown difference between
MEA with and without metal addition was
calculated by subtracting mycelial biomass
grown in MEA without metal addition of mycelial
biomass grown in MEA with metal addition,
dividing the result per mycelial biomass grown
in MEA without metal addition and multiplying
by 100 (dry basis).

Metal bioaccumulated in mycelial biomass
was calculated by dividing metal bioaccumulated
in mycelial biomass grown in MEA with metal
addition per metal bioaccumulated in mycelial
biomass grown in MEA without metal addition
and multiplying by 100 (dry basis).

Translocated metalyield from the cultivation
medium (Petri dish) to the mycelial biomass was
determined by multiplying the mycelial biomass
grown in MEA with metal addition per the metal
bioaccumulated in mycelial biomass grown in
MEA with metal addition and dividing by 1000
(dry basis).

Statistical analysis

The experimental design was completely
randomized, arithmetical mean, and standard
deviation were calculated, and the differences
determined by Scott-Knott test (p < 0.05) utilizing
Sisvar software, version 5.6.

RESULTS

Iron addition to the cultivation medium reduced
the mycelial biomass production in 68.7% (L.
edodes U6-12) and 15.0% (P. ostreatus U6-8)
(Table I). However, among P. ostreatus strains, the
reduction of the mycelial biomass production
ranged from 641% (P. ostreatus U2-9) to 15.0%
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(P. ostreatus U6-8) (Table I). Thus, when iron
was present in the cultivation medium a great
variation on the mycelial biomass production
occurred within the species and strains. Iron
bioaccumulation capacityinthe mycelialbiomass
varied from 467.9 mg/kg (L. edodes U6-11) to
3197.7 mg/ kg (P ostreatus U2-9); when compared
to the control, the addition of iron in the MEA
increased the ion bioaccumulating at 6700%
for L. edodes U6-11 and 36000% for P ostreatus
U2-9 (Table I). Among P. ostreatus strains the
iron bioaccumulation presented variation of
20% and between L. edodes strains the variation
was of 74%. Thus, the iron bioaccumulation was
species and strain dependents.

IRON OR ZINC MYCELIAL BIOACCUMULATION

Translocated iron yield ranged from 17.7 mg
per Petri dish (L. edodes U6-11) to 152 mg per
Petri dish (P ostreatus U2-9, P. ostreatus U2-11)
(Table 1). P ostreatus (U2-9 and U2-11) presented
the greatest (p < 0.05) iron translocation yield
among the strains, followed by P ostreatus (U6-
8 and U6-9) (p < 0.05) and then by P. eryngii (U8-
11) and S. commune (U6-7) (p < 0.05), and finally
by L. edodes (U6-11, U6-12) (p < 0.05) (Table I).
In this case, the strain with the greatest yield
was also the one that had the greatest iron
bioaccumulation capacity (P. ostreatusU2-9)
among the strains (Table 1).

Theadditionofzinctothe cultivationmedium
altered the mycelial biomass production from

Table I. Translocated iron per Petri dish yield, iron in mycelial biomass, and mycelial biomass (dry basis) grown in
malt extract agar with and without addition of 50.0 mg/L iron.

Mycelial biomass (mg/

dish) Variation
Species/ of mycelial
Strain biomass
(%)
MEA+Fe MEA
Pleurotus 47.96 + 133.77 + 641
ostreatus U2-9 7.63b 3.59a :
Pleurotus
5753 + 104.86 +
ostreatus 451
U2-11 2.37b 22.57b
Schizophyllum 80.50 + 154.57 + 479
commune U6-7 12.67a 21.42a ’
Pleurotus 48.87 + 5747 + 150
ostreatus U6-8 3.86b 19.55¢ )
Pleurotus 46.87 + 77.85 + 398
ostreatus U6-9 2.06b 2514c¢ :
Lentinula 69.77 +
edodes Ug-11 | 3720 £ 757¢ 11.38b 462
Lentinula 104.00 +
edodes Us-12 | 3221 757C 1 3755 "68.7
Pleurotus 56.51 + 102.69 + 450
eryngii U8-11 7.20b 19.58b ’

Iron in mycelial

biomass (mg/kg) Variation
of iron in Translocated
mycelial iron yield
biomass (mg/dish)
MEA+Fe = MEA (%)
e W e |
32826?2 %%‘55 292322 152.0a
117354791 + 1;9;3; 5999.6 93.7¢
257%246;? £ 1052;; 16250.3 125.2b
2283862.62(‘)9b1 113-2755 20992.6 134.4b
4273;396fi %9;’; 67221 17.7d
Wl | iR | wows | o
e | | v |

Equal letters in the same column do not differ significantly among them by Scott-Knott test (p < 0.05). MEA = malt extract agar
without iron addition; MEA+Fe = malt extract agar added with 50.0 mg/L of iron.
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-64.2% (L. edodes U6-12) to +7.2% (P. ostreatus
U6-8) (Table ). S. commune (U6-7) practically did
not presented alteration in the mycelial biomass
production compared to zinc addition (Table
I1). P ostreatus (U6-8) increased the mycelial
biomass with zinc addition however, another P
ostreatus strain (U2-9) presented reduction of
44.8% on the mycelial biomass growth (Table
). Thus, it was evident that zinc addition in the
culture medium affected the mycelial growth
depending on species and strains.

The zinc bioaccumulation in the mycelial
biomass varied from 180.4 mg/kg (L. edodes
U6-12) to 4404 mg/kg (P ostreatus U6-8) which
represents approximately an increase of 450%
and1200% compared to each control, respectively
(Table 11). Translocated zinc bioaccumulation
yield ranged from 5.5 mg per Petri dish (L. edodes
U6-12) to 42.2 mg per Petri dish (S. commune U6-
7) (Table 11). S. commune (U6-7) presented the
greatest zinc translocation yield (p < 0.05) among
the strains, followed by P. ostreatus (U2-9, U2-11,
U6-8, U6-9) and P. eryngii (U8-11) (p < 0.05), and
finally by L. edodes (U6-11, U6-12) (p < 0.05) (Table
I1). Although S. commune (U6-7) had the greatest
yield, P. ostreatus (U6-8) was the strain with
greatest zinc bioaccumulation making evident
that not always the strain that presents the
greatest zinc bioaccumulation is the one that
can offer the greatest yield of bioaccumulated
ions. It suggests that is necessary to consider
the capacity to produce mycelial biomass under
the ion presence.

Overall, the addition of iron or zinc in the
cultivation medium reduced mycelial biomass
production (Tables | and I1). The strain response
to the presence of iron or zinc in the cultivation
medium was depending of specie and strain. P
ostreatus (U2-9) and P ostreatus (U2-11) were
the strains with greater capacity to translocate
iron from the cultivation medium to the mycelial
biomass. The first one was able to bioaccumulate
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a greater amount of iron despite the smallest
mycelial biomass production; the second one
had greater mycelial biomass production
despite smaller bioaccumulation of iron (Table
). It is fundamental that the fungus can grow
and produce mycelial biomass in the cultivation
medium with high metal concentration, which
results in ideal conditions for the high yield of
metal bioaccumulation.

DISCUSSION

The strains of wood-decay fungi had distinct
capacity to bioaccumulate iron or zinc. Qur
results demonstrated that P. ostreatus strains
have greater capacity to bioaccumulate iron
while S. commune bioaccumulates zinc more
effectively. P. ostreatus has been utilized to
produce mycelial biomass bioaccumulated
with metals such as iron (Almeida et al. 2015,
Yokota et al. 2016) and lithium (Faria et al.
2018). Basidomycetes present physiological
responses to the environment, generally strain-
specific ones. Umeo et al. (2015) observed a
high variability for the production of mycelial
biomass, exopolysaccharides, and antioxidants
among different species and even among
strains of the same species, making it essential
to evaluate the species and strains separately
in order to identify fungi with biotechnological
potential. This results are in accordance to our
study where different strains of P. ostreatus
showed different (p < 0.05) mycelial biomass
production and iron or zinc bioaccumulation
capacity.

Besides the capacity to bioaccumulate zinc,
S. commune is also able to produce several
enzymes (Asgher et al. 2016) which can explain
its high strength to produce mycelial biomass
even at high iron or zinc concentrations as
shown in our study. Moreover, this fungus is a
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Table II. Translocated zinc per Petri dish yield, zinc bioaccumulated in mycelial biomass, and mycelial biomass (dry
basis) grown in malt extract agar with and without addition of 7.5 mg/L zinc.

Mycelial biomass (mg/

. Variation
Species/ dish) of mycelial
Strain biomass
MEA+Zn MEA (%)
Pleurotus 73.89 + 133.77 + 448
ostreatus U2-9 24.88b 3.59a )
Pleurotus
ostreatus | 5612 + 743b 133 '5876; -46.5
uz2-1 '
Schizophyllum 153.29 + 154.57 + 08
commune U6-7 33.34a 21.42a ’
Pleurotus 5747 +
ostreatus Ug-g | 061 %7.07b 19.55¢ .2
Pleurotus 5931+ 77.85 * 238
ostreatus U6-9 33.34b 2514¢C )
Lentinula 69.77 +
edodes Ug-11 | 3785+ 611b 11.38b 408
Lentinula 37.20 + 104.00 + 642
edodes U6-12 11.62b 37.55b ’
Pleurotus 5323 + 102.69 * 487
eryngii U8-11 3.35b 19.58b :

Zinc in mycelial Variation
biomass (mg/kg) ofzincin = Translocated
mycelial zinc yield
MEA+Zn MEA biomass (mg/dish)
(%)

263.34 28.21+

+27.26¢ 169a 9335 19.5b

322.43 2421 +

+11.25b 5.93a 13318 1810
27722 + 3351+

39.81c 4.23a 8273 42.2a
440.376 + 37.06

34233 1123 1188.3 27.0b
33011 + 3931+

50.08b 5573 839.8 18.6b
294.83 + 50.30

81.57¢ 20.03a 5861 12.6¢
180.39 + 4013 +

10.67d 7.50a 449.5 53¢

360 + 3816

40.86b +7.33a 9434 191b

Equal letters in the same column do not differ significantly among them by Scott-Knott test (p < 0.05). MEA = malt extract agar
without zinc addition; MEA+Zn = malt extract agar added with 7.5 mg/L iron.

producer of the polysaccharide schizophyllan
with antitumor and immune modulating activity
(Smith et al. 2003), increasing the nutritional
and functional importance of it when associated
with metals bioaccumulated in the mycelial
biomass.

Our study showed that the concentration
of iron bioaccumulated in the mycelial biomass
was higher than the one of zinc for all strains.
Ebenso et al. (2013) verified that the metal
concentration in commercially produced
mushrooms of P. ostreatus ranged from 118.40
to 89.30 mg/kg iron, and from 23.41 to 16.44 mg/
kg zinc. This indicates that these basidiomycetes
have natural capacity to translocate greater
amounts of iron than zinc. Almeida et al. (2015)
reported that P ostreatus mycelial biomass

grown in solid cultivation medium added of 250
mg/L iron, bioaccumulated up to 3616 mg/kg
iron. This value is close to the one found in our
study for P. ostreatus (U2-9) mycelial biomass of
3197.7 mg/kg iron.

Marcante et al. (2014) reported zinc
bioaccumulation in Agaricus subrufescens
Peck (U2-1) - also Agaricus blazei Murrill ss.
Heinemann and Agaricus brasiliensis Wasser
et al. - mycelial biomass in solid cultivation
medium with addition of 7.5 mg/L zinc of 414
mg/kg. In our study, a similar result to zinc
bioaccumulation of 4404 mg/kgwas obtained
for P ostreatus (U6-8) mycelial biomass grown in
a cultivation medium added with 7.5 mg/L zinc.
Matute et al. (2011) reported that Ganoderma
lucidum mycelial biomass also accumulated
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zinc in a dose-dependent manner and that
zinc concentration was strongly inhibitory for
mycelial biomass growth.

The greatest basidiomycete capacity to
bioaccumulate iron compared to zinc can be
related to the high iron demand in metabolic
processes. Although iron is essential to fungal
metabolism, at high concentrations it can
release free radicals that cause enzymatic
inhibition, displacement or substitution of
ions, and membrane rupture that affect the
fungal metabolism and reproduction (Gadd
2007). Moreover, an energetic orientation of the
metabolism can occur to produce protective
compounds to iron and, therefore, reduce the
energy utilized for fungal growth (Haas 2003),
which would explain the mycelial biomass
growth reduction in the cultivation medium with
addition of iron or zinc.

Despite abundant in nature, iron is normally
found as an insoluble salt (Philpott 2006).
Fungus developed several strategies to capture
iron such as acidification of medium, reduction
of ferric iron to ferrous form, and secretion of
iron chelating molecules as hydroxamates (Haas
2003). Siderophores such as rhodotorulic acid,
fusarinines, coprogens, and ferrichromes are
high-affinity iron-chelating compounds secreted
by fungi to transport iron across cell membranes
and could catalyze oxygen reactive species that
are harmful to cells (Haas 2003). Manoproteins
contribute to the retention of siderophore-iron
chelates in the cell wall and increase iron uptake
by fungi. In addition, ferric iron-binding proteins
are also capable of capturingiron (Philpott 2006).
Thus, basidiomycetes have different molecules
that bind with metals in order to bioaccumulate
high concentrations of metals.

Considering that fungi are more efficient
to concentrate metals or minerals than plants
(Dursun et al. 2006), that iron and zinc are
essential metals in animal and human health
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(WHO/FAO 2004, Allen et al. 2006, Dunn et al.
2007), and that the main food sources consumed
by the population have low iron (Blanco-Rojo
& Vaquero, 2019) and zinc (Peres & Koury,
2006) concentration, the mycelial biomass
bioaccumulated with these metals could be an
alternative functional food with benefits against
metal nutritional deficiencies. Comparing our
results to beans, which are daily consumed in
Brazil, 1 g iron or zinc biocaccumulated mycelial
biomass has 32-fold more iron and 22-fold more
zinc than 1 g bean (Tan et al. 2008).

CONCLUSIONS

Strains and species of basidiomycetes
have distinct responses to the presence of
iron or zinc in the cultivation medium and
there is no dependence between the metal
bioaccumulation capacity and mycelial biomass
production. In general, there is a greater capacity
to bioaccumulate iron than zinc. P. ostreatus
(U2-9) has greater iron bioaccumulation (3197.7
mg/kg) while P. ostreatus (U6-8) presents
greater zinc bioaccumulation (440.4 mg/kg) in
mycelial biomass. Also, P. ostreatus (U2-9) and
P. ostreatus (U2-11) have the highest yield to
translocate iron (152 mg per Petri dish) from
the cultivation medium to the mycelial biomass
and S. commune (U6-7) has the highest yield to
translocate zinc (42 mg per Petri dish) from the
cultivation medium to the mycelial biomass. The
mycelial biomass enrichment with iron or zinc
is an alternative for the development of new
functional food and/or food supplement from a
non-animal source.
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