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Abstract

Pleurotus ostreatus is able to bioaccumulate several metals in its cell structures; however, there are
no reports on its capacity to bioaccumulate iron. The objective of this study was to evaluate cultiva-
tion variables to increase iron bioaccumulation in P. ostreatus mycelium. A full factorial design and a
central composite design were utilized to evaluate the effect of the following variables: nitrogen and
carbon sources, pH and iron concentration in the solid culture medium to produce iron bio-
accumulated in mycelial biomass. The maximum production of P. ostreatus mycelial biomass was
obtained with yeast extract at 2.96 g of nitrogen L™ and glucose at 28.45 g L™, The most important
variable to bioaccumulation was the iron concentration in the cultivation medium. Iron concentration
at 175 mg L™ or higher in the culture medium strongly inhibits the mycelial growth. The highest iron
concentration in the mycelium was 3500 mg kg™ produced with iron addition of 300 mg L. The
highest iron bioaccumulation in the mycelium was obtained in culture medium with 150 mg L™ of
iron. Iron bioaccumulation in P. ostreatus mycelium is a potential alternative to produce non-animal

food sources of iron.
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Introduction

Pleurotus ostreatus (Jacq. ex Fr.) P. Kumm.
(Pleurotaceae) is a basidiomycete with high nutritional
(Mufioz et al, 2007), sensorial and functional value
(Wasser, 2002). P. ostreatus can bioaccumulate metals in
its structures (Philpott, 2006) using different acquisition
strategies like the acidification of the culture medium and
the production of chelating molecules (Haas, 2003).

Metal bioaccumulation for Pleurotus genus was de-
scribed for several ions (Chiu ef al., 1998; Kalac and Svo-
boda, 2000; Mufioz et al., 2007; Assuncao et al., 2012;
Silva et al., 2012). However, reports on iron bio-
accumulation for this species have not been found. Iron is a
broadly distributed natural transition metal (Hass, 2003).
This compound may occupy multiple valences stably and,
therefore, it is essential for different metabolic processes as
ATP synthesis in the brain, maintenance of oxygen levels
and enzyme co-factors (Dunn et al., 2007). Although it is
abundant in nature, iron deficiency is reported as the most

prevalent nutritional problem in the world, affecting more
than two billion people and most of them are young chil-
dren and women of reproductive age living in developing
countries (WHO, 2001). Iron bioaccumulation by P.
ostreatus could provide the development of functional
foods enriched with iron.

P. ostreatus can be cultivated on a diversity of sub-
strates, mainly, agricultural and agro industrial residues
(Gern et al., 2008). However, these residues may have
heavy metals and agricultural defensives. Mushrooms can
bioaccumulate the contaminants from substrate and it has
been a growing concern on mushroom production and con-
sumption. The production of mycelial biomass could be an
opportunity to iron enriched fungi. The mycelial produc-
tion allows a greater control of the cultivation media avoid-
ing bioaccumulation of contaminants (Mshandete and
Mgonja, 2009). Furthermore, mushroom production takes
several months to complete, and it is often difficult to con-
trol the product quality due to the use of different agricul-
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tural residues. Therefore the mycelium may be an
economic and safe alternative for the production of foods,
concentrating specific metals such as iron. Mycelium is
widely used as an ingredient in many health foods and ther-
apeutics because of its health benefits (Lee et al., 2004).
Thus, the objective of this study was to evaluate cultivation
variables that affect iron bioaccumulation in P. ostreatus
mycelium.

Material and Methods

Fungal strain

P. ostreatus from the culture collection of the
Paranaense University, cryopreserved at -20 °C in wheat
grains with saccharose (Mantovani et al., 2012), was trans-
ferred to agar extract malt medium (39 g L) and kept at
28 °C in the dark to recover mycelial vigor. Mycelium,
from the mycelial growth edge with homogenous branch-
ing and without sectioning, was used as inoculum. The
strain was also deposited in the Funda¢ao Oswaldo Cruz,
Colegdo de Micro-organismos de Referéncia em Vigilancia
Sanitaria  (FIOCRUZ/CMRVS), reference number
Instituto Nacional de Controle de Qualidade em Saiide
(INCQS) 40346 in the Cole¢do de Culturas de Fungos
Filamentosos (CCFF), and registered in the World Data
Centre for Microorganisms (WDCM) collection number
720.

Experimental design

The influence of different variables on the mycelial
growth and iron bioaccumulation was analyzed by the Full
Factorial Design 2* (FFD) (Neto et al., 2001). The variables
and inferior (-1) and superior (+1) levels were: pH (4.5 or
6.5), iron concentration (50 or 150 mg L™") as FeSOy, car-
bon source (glucose or carboxymethyl cellulose; 20 g L™)
and nitrogen source (hydrolyzed casein or yeast extract; 1 g
of nitrogen L™). The total nitrogen content of hydrolyzed
casein and yeast extract was determined by Kjeldahl
method (Saez-Plaza et al., 2013). Two other experiments,
optimization of the mycelial biomass production and deter-
mination of the optimal range of bioaccumulated iron in the
mycelium, were carried out from the results obtained in the
FFD.

The optimization of the mycelial biomass production
was done by a Central Composite Design 2° (CCD) (Neto et
al., 2001). The studied variables and inferior (- and -1),
central (zero) and superior (+1 and +a.) levels were: glucose
concentrations (3.2, 10.0, 20.0, 30.0 or 37.0 g L'l) and the
concentrations of yeast extract (0.63, 2.0,4.0,6.0 or 7.36 g
of nitrogen L™). The best conditions for the mycelial bio-
mass production, determined by CCD, were used to opti-
mize the iron bioaccumulation in the mycelium. In this
experiment only iron concentration was used as variable in
the cultivation medium (0, 25, 50, 75, 100, 125, 150, 175,
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200, 250 or 300 mg L™). All experiments were done in five
replications.

Culture media

The basis of culture medium consisted of 1.5 g L™
KH,PO,, 1 gL' NaCl, 1.023 g L' MgS0,7H,0, 0.01 g L'
ZnSO4 7TH,O and 15.0 g L! agar (Pontecorvo et al., 1953).
Culture media with addition of carbon source (glucose or
carboxymethyl cellulose) or nitrogen source (hydrolyzed
casein or yeast extract) were autoclaved at 121 °C for
20 min. During the cooling, they received different vol-
umes of previously filtered (0.22 um) aqueous solution of
FeSO, 7H,0 (1000 mg L"). The pH was adjusted with
NaOH or HCI (0.1 M) for both solutions that were previ-
ously autoclaved at 121 °C for 20 min. Culture media were
homogenized and poured in Petri dishes (90 mm diameter).
After total cooling a MAE disk (5 mm diameter) containing
mycelium (inoculum) was placed at the center of the Petri
dish in direct contact with the culture medium. All phases
of the experiment were done under aseptic conditions. The
mycelial growth was carried out at 28 °C for 14 days.

Production of mycelial biomass and iron
bioaccumulation in the mycelium

The Petri dishes containing grown mycelium were
heated in a microwave oven for 10 s. The mycelial biomass
was removed from the medium surface and then washed
three times in 200 mL of ultrapurified water at 80 °C. The
water excess was removed by centrifugation at 1700 g for
15 min at 4 °C. After that the mycelial biomass was dehy-
drated at 60 °C with air circulation until constant mass. The
obtained biomass was mixed with 1:12 (m v'') of HNO;
(1.06 M) and kept at room temperature for 48 h. The mix-
ture was heated at 100 °C then mixed with 1:6 (m v'") of
H,0, (0.88 M) until total solubilization. The final volume
was adjusted to 50 mL with ultrapurified water and the iron
concentration was determined by an atomic flame absorp-
tion spectrophotometer (Korn et al., 2008) (GBC, model
932 plus). The obtained results for both factorial experi-
mental designs were evaluated by Pareto’s analysis (Neto
et al., 2001) using Statistica 6.0 software.

Results

The production of mycelial biomass by P. ostreatus
was affected (p < 0.05) only by the carbon and nitrogen
sources (Table 1). The negative effect of the carbon source
(-7.4080) indicates that the shift from the lower level (glu-
cose) to the upper level (carboxymethyl cellulose) reduced
biomass production in 7.4080 g. Similarly the positive ef-
fect of the nitrogen source (+3.0794) indicates that the shift
from the lower level (hydrolyzed casein) to the upper level
(yeast extract) provided higher (p < 0.05) mycelial biomass
production of 3.0794 g. Thus, the best carbon and nitrogen
sources to produce biomass were glucose and yeast extract.
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Table 1 - Table 1. Effect of the variables in Pontecorvo solid culture medium by full factorial design (2*) on the responses of mycelial biomass production

and iron bioaccumulation in the mycelium of Pleurotus ostreatus.

Iron bioaccumulation in the mycelium (mg kg'ldry basis)

Variables Mycelial biomass (Zary basis)
Iron (50 or 150 mg LY +0.3228
Carbon (glucose or carboxymethyl cellulose) -7.4080*
Nitrogen (hydrolyzed casein or yeast extract) +3.0794%*
pH (4.5 or 6.5) +0.4656

+13.5327*
-0.5310
+2.9739
-1.0214

*Significant effect (p < 0.05) on the response.

The addition of iron or the pH modification in the culture
medium did not affect (p < 0.05) the production of mycelial
biomass (within the evaluated levels). Thus, only glucose
and yeast extract were used as variables for the next experi-
mental phase of optimization of mycelial biomass produc-
tion in a CCD due to the positive value of the pH effect. A
6.5 pH value was chosen for biomass production optimiza-
tion without iron addition.

Iron bioaccumulation in the mycelium was affected
(p £0.05) only by the iron concentration in the culture me-
dium with positive effect (+13.5327) (Table 1). The effects
indicates that the highest level (150 mg L™ of iron in the
culture medium) provided higher (p < 0.05) iron accumula-
tion in the mycelial biomass. This makes evident that the
iron concentration in the culture medium is essential for the
bioaccumulation increase of this metal in the mycelial bio-
mass (Table 1). Thus, the effect of the iron concentration on
the production of mycelial biomass and bioaccumulation
was analyzed in a broad iron concentration range, from zero
to 300 mg L™, in the culture medium.

Production of mycelial biomass and iron
bioaccumulation in the mycelium

The second-order regression model was developed to
predict the optimal point of the biomass production. The
optimal range of yeast extract for the production of my-
celial biomass was between 1.5 and 4.0 g of nitrogen L™,
and the optimal point was 2.96 g of nitrogen L. For glu-
cose, the optimal range was from 25 to 35 g L™, and the op-
timal point was 28.45 g L™ (Figure 1). Knowing that 40%
of glucose mass is carbon, the carbon-to-nitrogen ratio in
the culture medium for the best range of mycelial produc-
tion was from 3.5 to 6.6, and the optimal point was 3.8.
Thus, the concentrations of the optimal point for the yeast
extract and glucose were selected to optimize iron bio-
accumulation in the mycelium (Figure 2).

Culture medium containing 28.45 g L™ of glucose
and 2.96 g of nitrogen L™ from yeast extract was supple-
mented with different iron concentrations in order to in-
crease biomass production and iron bioaccumulation. Iron
bioaccumulation in the mycelium has increased with the in-
crease of iron concentration in the culture medium (Fig-
ure 2). The concentration from zero to 150 mg L™ of iron in

Yeast extract (g of nitrogen L)

0 S 10 15 20 25 30 35 40
Glucose (g L)

Figure 1 - Effect of yeast extract (g of nitrogen L™") and glucose (g L") on
the production of Pleurotus ostreatus mycelial biomass (Zary basis)- The
darkest part of the figure indicates the combination of variables that pro-
motes higher biomass production.

the culture medium did not affect the production of my-
celial biomass (Figure 2), which is in agreement with FFD.
However a strong inhibition of cellular growth started at
175 mg L™, and total inhibition happened at 300 mg L™ At
300 mg L™, there was no production of mycelial biomass,
therefore, it was not possible to evaluate the bioaccumu-
lated concentration of iron in the mycelium. The close rela-
tionship between the iron bioaccumulation by the myce-
lium and the iron concentration in the culture medium are in
accordance to the results obtained in FFD (Table 1) where
only the iron concentration in the culture medium affected
bioaccumulation of this metal in the mycelium.

Iron bioaccumulation in the mycelium occurred from
507 to 3616 mg kg™ for a culture medium iron concentra-
tion ranging from 25 to 250 mg L™ which represents a
transference and accumulation of 20 and 14 times. The
bioaccumulation yield (mycelial biomass multiplied by
iron concentration) increased up to the concentration of
150 mg L™ of iron in the culture medium (Figure 2). After
this value, the yield was decreasing due to the reduction of
the mycelial growth until complete inhibition at 300 mg L™



198

Almeida et al.

4500 600
4000
5 500

. E 3500 -
% c
2 9 =
= — 3000 L 400 ©
E T g
~— g Py
E & 2500 &
- =
3 E 30 §
o > -
> 8 2000 o
£ © ©
o 9 =
£ 3 1500 200 8
= —_ >
— © =
[ B -
g 2 1000
e A - 100

500

0 —L 0
0 50 100 150 200 250 300

Iron added to cultivation medium (mg L")

Figure 2 - Mycelial biomass production (mggry pasis), iron bioaccumulation in the mycelium (mg kg"ldry basis) and total bioaccumulated iron (mg) in myce-
lium of Pleurotus ostreatus grown in culture medium with different concentrations of iron (mg L™).

Discussion

Glucose was the best carbon source for the production
of mycelial biomass. Confortin et al. (2008), working with
Pleurotus sajor-caju, and Gbolagade et al. (2006), with
Pleurotus florida, obtained the highest biomass production
using glucose rather than sucrose or fructose. The optimal
concentration of glucose obtained in this study for the bio-
mass production was 28.45 g L. This value is within the
cited range in the literature for the mycelial production by
Pleurotus genus, which is 8.18 g L' for P. sajor-caju
(Confortin et al., 2008) and 40 g L™ (Gern et al., 2008) and
60 g L™ for P. ostreatus (Rosado et al., 2003). The best ob-
tained results with glucose rather than carboxymethyl cel-
lulose can be related to the cellular metabolic facility of this
molecule whereas carboxymethyl cellulose needs the ac-
tion of a group of enzymes to be hydrolyzed. Although glu-
cose metabolization is apparently easier, for some microor-
ganisms, metabolic repression can occur by the glucose
presence (Ronne, 1995). However, the results found in our
study indicate that it did not occur for P. ostreatus in the
presence of up to 28.45 g L™ glucose.

Yeast extract provided higher mycelial biomass pro-
duction (p < 0.05) with optimal point at 2.96 g of nitrogen
L. Gern et al. (2008) reported that the ideal concentration
for P. ostreatus varies from 1.86 to 5.00 g nitrogen L™ This
positive effect of the yeast extract in the basidiomycete pro-
duction is also reported for Grifola frondosa and
Auricularia polytricha (Lee et al., 2004) and for P. sajor-
caju (Confortin et al., 2008). The appropriateness of this ni-
trogen source for the production of mycelial biomass in
basidiomycetes, especially P. ostreatus, can be associated
to its microbial origin with distribution of aminoacids

closer to fungal composition. Moreover, hydrolyzed
casein, besides being a nitrogen source of animal origin,
undergoes denaturation during sterilization with loss of sol-
ubility and smaller accessibility to the enzymatic action of
the fungus.

The highest production of mycelial biomass in our
study was obtained in the culture medium with carbon-
to-nitrogen ratio of 3.8. This result is closer to the one re-
ported by Fasidi and Oiorunmaiye (1994) that determined
the optimal carbon-to-nitrogen ratio as 4.0 for the produc-
tion of mycelial biomass of Pleurotus tuber-region in sub-
merged cultivation. This indicates that P. ostreatus
mycelium is tolerant to high concentrations of nitrogen and
low carbon-to-nitrogen ratio in culture media.

Iron concentration in the culture medium negatively
affected the mycelial growth at 175 mg L™ and caused com-
plete growth inhibition at 300 mg L. Dunn et al. (2007) re-
ported that iron excess causes cell toxicity due to the high
reactivity of ions that trigger oxidative stress. The increase
of iron concentration in the culture medium also causes the
induction of manoprotein synthesis (Protchenko et al.,
2001). These proteins keep at the cell membrane the iron
from siderophores, peptic molecules specialized in iron
transport (Haas, 2003). Moreover, all these metabolic
routes of iron absorption depend on the action of metal re-
ductases to transform Fe™ to Fe'. Therefore, besides the
oxidative stress, metabolism is directed towards the synthe-
sis of iron chelating compounds as a defense strategy of the
fungus and not to the cell growth.

The increase of iron concentration in the culture me-
dium caused the increase of iron bioaccumulation in P.
ostreatus mycelium, and the highest bioaccumulation yield
occurred with the addition of 150 mg L™ of iron. According
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to Kosman (2003), fungi depend on iron oxidation to in-
crease bioavailability as well as to reduce the iron cyto-
toxicity to keep intracellular homeostasis. The versatility
and redundancy that basidiomycetes have to bioaccumulate
iron are reported (Haas, 2003). Therefore, basidiomycetes
use a variety of iron absorption systems such as the ferric
iron system that starts by reducing Fe’* to Fe** by the iron
reductase action. It is likely that the fungus has used this
iron absorption system as a defense mechanism to free radi-
cals produced in the oxidative processes mediated by iron.
For instance ferric uptake regulation protein acts as a side-
rophore synthesis repressor and on the expression of iron
superoxide dismutase enzyme (Kosman, 2003).

In our experiment, the mycelium bioaccumulated up
to 20 times the iron concentration available in the culture
medium. Basidiomycete mycelium can bioaccumulate cop-
per and zinc at, 449 and 163 times the medium basal con-
tent for Agaricus blazei, respectively (Rabinovich et al.,
2007) and 2 and 11 times for Grifola frondosa (Figlas et al.,
2010). For P. ostreatus basidiocarps, the concentration of
mercury was from 65 to 140 times (Bressa ef al., 1988).
Several factors affect the bioaccumulation capacity of basi-
diomycetes like strain, cultivation method, fungus develop-
ment phase, oxidative state of the mineral, among others
(Baldrian, 2003). Nevertheless, P. ostreatus has been the
most studied basidiomycete for heavy metal bioaccumu-
lation and nutritional interest due to its growth strength
even in highly contaminated substrates.

Mushrooms can bioaccumulate contaminants from
natural substrate and it has been a growing concern in
mushroom production. For P. ostreatus basidiocarp the
concentrations of heavy metals found, in dry basis, are
1.38 mg kg™ Cd (Favero ez al., 1990) to 3.0 mg kg™ (Isildak
et al., 2004); 0.02 mg kg™ Hg (Bressa et al., 1988); 0.5 to
1.0 mg kg™ Pb (Garcia et al., 2009); 1.3 mg kg™ Cr; 0.4 mg
kg Niand 8.5 mg kg Cu (Isildak ez al., 2004). Therefore,
contamination of mushrooms with heavy metals represent a
low risk to the public health, in general, but could be a seri-
ous problem for those with weakened and immuno-
suppressed health.

The production of iron enriched mycelial biomass
could be an opportunity to use it as a functional food be-
cause of its health benefits (Lee et al., 2004) avoiding the
heavy metal accumulation. In our work the bioaccumulated
iron concentrations in the mycelium were up to 3500 mg
kg'. Basidiocarps of P. ostreatus naturaly have iron con-
centrations, in dry basis, ranging from 48 to 280 mg kg™
(Vetter, 1994; Tiizen et al., 1998; Demirbas, 2001; Isildak
et al., 2004; Gengcelep et al., 2009; Patil et al., 2010). The
mycelium of P. ostreatus bioaccumulated at least five times
more iron than basidiocarp. Thus, iron bioaccumulated my-
celium could be an alternative food concentrated with iron
of a non-animal source. Future experiments could compare
mycelium and basidiocarp bioaccumulation capacity and
bioavaibility in vitro and in vivo, include other other func-
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tional basidiomycetes; evaluate other biological activities
of enriched mycelium and basidiocarp as an alternative
source of iron.
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