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Abstract

The presence of selenium in European soil is low and this causes its deficiency in livestock
and, in consequence, in humans. This study aimed to obtain Lentinula (L.) edodes mycelium
with the maximum content of selenium. This species was used for experiment based on its
documented medicinal properties. Calves were fed with selenium-enriched L. edodes myce-
lium, and serum selenium concentration, average daily weight gains and selected immune
parameters were estimated. The selenium-enriched mushroom was found to be safe based
on cytotoxicity tests (MTT and LDH tests) and for this reason it was used for further experi-
ments. The mean quantity of selenium in the serum of calves fed with selenium-enriched L.
edodes mycelium was significantly higher than that of control calves. Additionally, the calves
fed with selenium-enriched L. edodes mycelium had higher body weight gains than those of
control calves. White blood cell counts and subpopulations of lymphocytes in the experi-
mental and control calves were within the reference range. The administration of L. edodes
enriched with selenium had a beneficial effect on state of health of the calves.

Introduction

The soil of Central European countries is deficient in selenium (Se), which is an essential ele-
ment for livestock and humans. Selenium-deficient soil translates into its deficiency in live-
stock, and in turn into its deficiency in humans. This deficiency has been linked to the
increased incidence of serious diseases such as cancer and muscular weakness. With this
awareness, Europeans are becoming more concerned about finding the possible solution to
this deficiency [1].

The 1960s saw the first diagnoses of nutritional muscular dystrophy in calves, the cause of
which was selenium deficiency. Deficiency of selenium leads to economic losses such as
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reduced milk yield, fertility problems, mastitis, and metritis in cattle [2, 3]. In the same decade,
selenium was known to be an element essential for life, indispensable for the maintenance of
the normal functioning of the organism and its proper development. It is a part of amino acids
such as selenocysteine which are the structural elements of several proteins and are significant
for homeostasis. Selenium is a component of glutathione peroxidase, which limits the harmful
processes of lipid and nucleic acid peroxidation, thus protecting the cells from deformation
and genetic damage. It shows preventive activity related to cancer of the colon, lungs, larynx,
prostate, stomach, and esophagus. In addition it stimulates the immune system, thus exhibit-
ing anti-inflammatory and antiviral properties (it inhibits the progression of HIV infection,
limiting the development of AIDS). All deviations from the normal status level of selenium ef
an in the mammals organism are associated with an increase in the risk of the occurrence or
progression of serious diseases [4]. Selenium is an important micronutrient in animals, but
there is a narrow margin between the adequate and potentially toxic concentrations in the
diet. Presented studies have demonstrated that supplementation of selenium-deficient cows
has a positive effect on their fertility and growth, and stimulates their immune system [5, 6, 7].
Previous analysis has mainly focused on comparing doses, forms, and the digestibility of sele-
nium additives. The selenium content in the body depends primarily on its dietary supply and
chemical form and the presence of other compounds or elements that may interfere with its
absorption. The most commonly used inorganic forms of selenium are sodium selenite
(Na,SeO3) and sodium selenate (Na,SeO,), whereas the equivalent organic form is primarily
selenomethionine (Se-Met), which occurs in yeast. Selenium is in the fruiting bodies of edible
mushrooms, which generally are the perfect organisms to be used for the preparation of medi-
cated supplements due to their high capacity to accumulate elements and their numerous ther-
apeutic effects (e.g. immunostimulatory, anti-inflammatory, and prebiotic). 8, 9, 10, 11].
Elements including selenium occur in the fruiting bodies of 200 species of edible mushrooms
belonging to 21 families. Boletus edulis in the Boletaceae family contains 20 pg Se/g d.w. (dry
weight), Agaricaceae mushrooms in the natural state contain 5 ug Se/g d.w., and the remaining
species of mushrooms contain no less than 1 pug Se/g d.w. [11, 12]

Lentinula (L.) edodes (Berk.) Pegler (Basidiomycota) is a particularly interesting species.
Medicines based on L. edodes are used to support cancer therapy due to their immunostimula-
tory and antioxidative effect [13, 14, 15]. Similarly to other species of mushroom, the fruiting
bodies of L. edodes constitute a good source of vitamins and can accumulate selenium [16, 17,
18].

Developing an appropriate combination of selenium and mycelium to deliver the proper
amount of selenium to the consumer constitutes a highly important challenge. Therefore, in
this study, we aimed to optimize the conditions for an in vitro culture to obtain mycelium with
the maximum Se(IV) content. For this purpose, mycelia from liquid cultures were used due to
the biotechnological possibilities of enriching culture media with the selenium form of seleni-
tetriglycerides. In addition, use of liquid cultures enabled mycelium to be obtained in a con-
trolled manner and under standardized conditions, which afforded reproducibility and
repeatability [19, 20]. L. edodes was chosen as a very suitable mycelium because of its unique
medical properties.

To determine the safety of selenium-enriched mycelium in the living organisms, we con-
ducted cytotoxicity tests (MTT- 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay and LDH-lactate dehydrogenase assay) using the SH-SY5Y human neuroblast cell
line.

The objective of this study was to determine the effect of Se-enriched L. edodes on serum
selenium concentration, nonspecific immune response (white blood cell counts and the per-
centage of lymphocyte subpopulations) and average daily gains (ADG) of calves. The results of
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our study showed that the developed material containing the mycelium of L. edodes enriched
with selenium can be used to supplement deficiencies of this element in livestock. The product
is intended for use as a feed additive for calves.

Materials and methods
Reagents

Methanol was of Suprapur® grade and was obtained from Merck (Darmstadt, Germany). For
the determination of Se(IV), we used Ni(NOs), as the chemical modifier (Fluka, Seelze, Ger-
many); HNOj; and standard solutions which contained 100 ng/mL of Se(IV) were obtained
from Sigma-Aldrich Chemical Company (Darmstadt, Germany). Double-distilled and deion-
ized water was prepared using the EASYpure RF compact ultrapure water system (Barnstead/
APS Water Services, Lake Balboa, CA, USA). A mixture of selenitetriglycerides was synthe-
sized by the reaction of Se(IV) with sunflower oil. The synthesis was performed at the Depart-
ment of Bioanalysis and Drug Analysis of the Medical University of Warsaw [19].

Mushroom material and mycelium preparation

In this study, we used fresh fruiting bodies of L. edodes (Berk.) Pegler (commonly known as
the shiitake mushroom) of commercial origin as the study material. Representative samples of
mushrooms were delivered to the Department of Pharmaceutical Botany of the Jagiellonian
University Medical College. The taxonomic identification of fruiting bodies was performed
using MycoKey 4.1 (http://www.mycokey.com). The explants originating from the young
fruiting bodies were degreased with 70% ethyl alcohol for 15 s and then sterilized for 2-5 min
in 15% hypochlorous acid. After triple rinsing with double-distilled water, the sterile fruiting
body fragments were transferred under laminar airflow onto Oddoux medium solidified with
agar [21]. Subsequently, to obtain the maximum growth of the mycelium, the biomass from
the solid medium was transferred into a modified liquid medium in Erlenmeyer flasks (500
mL) containing 250 mL of the medium and a baseline inoculum of 0.1 g was added to the
medium. The cultures were incubated at a temperature of 25+2°C, in a photoperiod of 16 h of
900 Ix light and 8 h of darkness, and with constant shaking at 140 rpm on an ALTEL shaker
(Poland) for 10 days.

Production of L. edodes mycelium enriched with Se in biofermenter

L. edodes biomass was obtained on liquid Oddoux medium enriched with Se(IV) in the form
of selenitetriglycerides [19]. The culture medium was supplemented with 25 and 50 mg/L of Se
(IV) (0.5 and 1 mL of selenitetriglicerides per liter of the medium), respectively.

To obtain efficient and significant growth of biomass, the mycelium from Erlenmeyer flasks
was transferred to a biofermenter, in which the volume of the medium was 10 L; the cultures
were mixed by the inflow of air (air flow rate: 2100 L/h) passed through the sterile antibacterial
filters. Carbon dioxide formed during the growth of the mycelium was constantly removed.
The cultures were grown at a temperature of 25+2°C and under the natural photoperiod. After
10 days of growth in the biofermenter, the mycelium was separated from the medium and was
frozen and lyophilized (Freezone 4.5 lyophilizer, Labconco; temperature:-40°C).

Selenium determination

The determination of total content of Se was by atomic absorption spectroscopy (AAS) with
the use of an Avanta Ultra Z spectrometer (GBC, Dandenong, Australia).
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Table 1. Program of graphite furnace in the spectrometer.

Stage Temp. [°C]
Drying 110
» 130
Ashing 400
» 600
» 400
Atomization 2200
Cleaning 2300

https://doi.org/10.1371/journal.pone.0233456.t001

Time of temp. rise [°C/s] Time of temp. maintained [s] Air flow [I/min]
10 10 3.0
1.0 10 3.0
10 10 3.0
10 2 0.0
1.0 1.0 0.0
0.5 0.5 0.0
0.1 0.9 3.0

The samples were mineralized by exactly 0.1 g of mycelia and medium lyophilizate being
measured into a teflon crucible, 3 mL of 65% HNOj; being added and the solution being pro-
cessed in a microwave mineralizer. The process of mineralization was conducted according to
the manufacturer’s instructions (Plazmatronika microwave mineralizer, model BM-1S).

Preparation of sample solutions started with the transfer of the mineralized solutions from
the previous step into a 25 mL volumetric flask and adjustment with water. Next, 0.05 mL of
this solution was placed in a 10 mL volumetric flask and adjusted with 1% HNOj; solution con-
taining 5 mg of Ni(NO3), in 1 mL. This mixture was used as a sample to conduct measure-
ments with the ASA method.

Preparation of standard solution was carried out using a standard solution of 100 ng of Se
(IV)/mL in 1% HNOj solution containing 5 mg Ni(NO3), in 1 mL was used as a solvent. A cal-
ibration curve was created automatically by placing 10 pl of mixtures containing 0; 10; 40 and
100 ng of Se(IV)/mL in a graphite furnace. The concentration of the standard solution was 100
ng of Se(IV)/mL. Every measurement was repeated 3 times. Quality of the performed analyses
was tested using the certified reference material BCR-185R (Sigma-Aldrich). All the results
were in agreement with the certified value of the selenium concentrations.

Relative Standard Deviation (RSD) measurements should not exceed 10%. The final mea-
suring dilution of the analyzed solution varied and depended on the Se content in the sample.
The samples were diluted in such a way that the result read by the apparatus was within the
range of 30 to 100 ng Se (IV)/mL (Table 1).

Cytotoxicity test

Lyophilized mycelia from liquid cultures with and without selenitetriglyceride were extracted
three times with 100 mL of methanol using a Sonic-2 sonicator bath at a frequency of 49 kHz
for 30 min in 25°C (Polsonic, Warszawa, Poland). Then, the extracts were evaporated to dry-
ness in an evaporator at 40°C under pressure (200 mBa; Biichi, Germany). To verify the safety
of selenium-enriched mycelium in living organisms, we performed cytotoxicity tests of the
obtained extracts using LDH and MTT assays and SH-SY5Y cell line [22].

Cell culture

The SH-SY5Y neuroblastoma cell line was obtained from the ATCC (American Type Culture
Corporation). Briefly, the cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco-
BRL, Eggenstein, Germany) supplemented with 10% fetal bovine serum (FBS) (Gibco-BRL)
and containing 100 units/mL of penicillin and 100 mg/mL of streptomycin (Sigma Co,

St. Louis, MO, USA). The cells were incubated in a humidified atmosphere of 5% CO,/95% O,
at 37°C. After reaching 80% confluency, the cells were harvested and seeded at a density of

5 x 10° cells per well in 96-well plates for the determination of LDH release, and for the
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determination of MTT reduction, the cells were seeded at a density of 8 x 10° cells per well in
96-well plates. SH-SY5Y is a reliable model that is suitable for the evaluation of neurotoxicity
and neuroprotection of drugs and other compounds [23]. It is a human-origin cell line with
dopaminergic phenotype and is commonly used as an in vitro model in various research
regarding neurodegenerative disorders, neurotoxicity, and oxidative stress. These characteris-
tics indicated it to be appropriate for use in this study.

Cell culture treatment

The extracts were prepared by dissolving mushroom material (2 mg) in 1 mL of ethanol:dou-
ble distilled water mixture (v/v, 1:10). SH-SY5Y cells were treated with these extracts at a con-
centration of 25 pg/mL. Then, 48 h later, H,0, (0.5 mM) was added and the cells were
cultured for the next 24 h. The control cultures were supplemented with appropriate amounts
of vehicle (ethanol:ddH,0, 1:10). After the incubation time cells were subjected to LDH and
MTT assays.

Measurement of LDH release

The H,0,-induced cytotoxicity in SH-SY5Y cells was quantified by measuring the efflux of
LDH into the culture media 24 h after the treatment with H,O,. LDH activity was determined
in the medium using the colorimetric method (Cytotoxicity Detection Kit, Roche Diagnostic
GmbH, Mannheim, Germany). The LDH released into the medium acts as the marker of cellu-
lar toxicity. According to this test, the amount of colored hydrazone formed after the reaction
of pyruvic acid with 2,4-dinitrophenylhydrazine is inversely proportional to the activity of
LDH in the sample, which can be quantified by measuring the absorbance at 420 nm. The
results were expressed as the percentage of control cells incubated in the absence of the exam-
ined extracts and H,O,.

MTT assay

Cytotoxicity was measured as previously described [22]. The method is based on the reducing
capacity of the living cells, which is estimated through the presence of insoluble intracellular
formazan crystals. The amount of formazan crystals formed depends on the activity of intra-
cellular dehydrogenases and is independent of changes in the integrity of the plasma mem-
brane [24]. SH-SY5Y cells were incubated with MTT (Sigma-Aldrich) for 3 h at 37°C. MTT
was prepared in PBS and added at a final concentration of 0.15 mg/mL. Then, the formazan
crystals were dissolved in dimethyl sulfoxide and the absorbance of each sample was measured
at 570 nm in a Multiscan plate-reader (Labsystems, Vantaa, Finland). The results were
expressed as the percentage of control cells incubated in the absence of the examined extracts
and H,O,.

Ethics

The animals were handled following the European Union Guidelines on animal care (Direc-
tive 2010/63/EU, 2010 European Union, 2010 Directive 2010/63/EU, 2010). The experimental
design was approved by the Local Ethics Commission in Lublin (permission number 68/2018).

Animals and sampling

In this study, six clinically healthy female Holstein-Friesian female calves at the age of 4-8
weeks were used. The experiment was conducted in the vivarium of the National Veterinary
Research Institute, Pulawy. The animals were randomly assigned to two equal groups,
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experimental (E) and control (C), and housed in two pens with free access to water. During
the study period, the amount of feed intake, rectal temperature, and overall state of health of
the calves were recorded daily. The body weight (b.w.) gains were monitored weekly until the
end of the study (day 49). Once a week, blood samples were collected from the vena jugularis
externa. A maximum of 39 ml of blood was collected from each animal using single needle
insertion to minimize the distress caused to the calves. The experimental procedures and ani-
mal management protocols were devised according to the detailed unified requirements of the
Local Ethics Committee for Animal Experimentation. This procedure was classified as being
of moderate severity and not needing anaesthesia and/or analgesia. For the analysis of sele-
nium concentration in serum, whole blood samples were collected in serum separator tubes
(Medlab, Raszyn, Poland) and were subsequently centrifuged at 1500 g for 10 min to obtain
sera, which was stored at —20°C until analysis. For white blood cell counts and the percentage
of lymphocyte subpopulations, whole blood samples were collected in 1 mL vacutainers with
K2-EDTA as the anticoagulant (Medlab, Raszyn, Poland) and examined within 1 h.

ADG of calves

Calves were given 312.5 g of milk replacer suspended in 2.5 L of warm water twice a day from
the beginning up to the third week of the experiment and 375 g of milk replacer suspended in
3 L of warm water twice a day and 500 g of mixed calf protein feed once a day from the fourth
to the seventh weeks of the experiment. Calves from both groups were fed hay and allowed
water ad libitum. Table 2 shows the nutrient composition of the diet. In addition, calves from
the experimental group were given L. edodes in the lyophilized form enriched with selenitetri-
glycerides (50 mg/L of Se(IV)) as a feed additive. The lyophilizate was added to the morning
portion of milk replacer at a dosage of 0.005 mg Se(IV)/kg b.w. of calves i.e. 0.086 g of sele-
nium-enriched mushroom lyophilizate/kg b.w. of calves per day for seven weeks. Calves’ b.w.
was recorded before the administration of feed additives (0 week of the experiment) and every
week from the first to the seventh weeks of the experiment. The ADG was calculated as body
weight at the end of the period — body weight at the beginning of the period x period

Lo -1
duration™ .

Serum selenium concentration

Selenium concentration in serum samples was analyzed by means of inductively coupled
plasma mass spectrometry (ICP-MS) with the use of Varian 820 MS, Bruker M 90 and Plasma
Quant ICP-MS (all Analytik Jena, Jena, Germany) and Varian Vista Pro (Agilent, Santa Clara,
CA, USA) and iCAP Duo 7000 (ThermoFisher, Waltham, MA, USA) ICP optical emissions
spectrometers.

Blood leukocyte counts

Total WBC (white blood cell) counts with LYM (lymphocyte), MON (monocyte), and GRA
(granulocyte) leukocyte differentiation were examined in peripheral blood using an Exigo
automatic veterinary blood analyzer (Boule Medical AB, Spanga, Sweden).

CDs and WC4 antigens

The percentage of lymphocyte subpopulations containing surface antigens CD2" (T cells),
CD4" (T helper cells), CD8" (T suppressor/cytotoxic cells), and WC4" (B cells) was analyzed
with an EPICS XL 4C flow cytometer (Beckman Coulter Company, Brea, CA, USA). The
expression of CD markers was determined using the following primary mouse anti-bovine
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Table 2. Ingredient and nutrient composition of the calves basal diet.

Ingredient Value
Milk replacer
Crude protein (%) 20.0
Crude oils and fats (%) 8.0
Ash (%) 6.0
Crude fiber (%) 1.3
Calcium (%) 0.7
Phosphorus (%) 0.45
Sodium (%) 0.1
Lysine (%) 14
Vitamin A (IU/kg) 10,000
Vitamin D5 (IU/kg) 2000
Vitamin E (mg/kg) 80
Vitamin K; (mg/kg) 1.0
Vitamin B1 (mg/kg) 4.3
Vitamin B2 (mg/kg) 4.3
Vitamin B6 (mg/kg) 4.3
Vitamin C (mg/kg) 100
Niacinamide (mg/kg) 6.6
Calcium D-pantothenate (mg/kg) 8.6
Folic acid (mg/kg) 0.35
Vitamin B12 (mg/kg) 0.05
Biotin (mg/kg) 0.07
Choline chloride (mg/kg) 300
Manganese (mg/kg) 64
Zinc (mg/kg) 56
Iron (mg/kg) 80
Copper (mg/kg) 8
TIodine (mg/kg) 0.96
Selenium (mg/kg) 0.2
Enterococcus faecium (cfu/kg) 1.2 x 10°
Mixed calf feed
Crude protein (%) 18.5
Crude oils and fats (%) 33
Crude fiber max. (%) 6.5
Crude ash max. (%) 9.0
Phosphorus (%) 0.8
Calcium (%) 1.3
Sodium (%) 0.23
Magnesium (%) 0.25
Vitamin A (IU/kg) 25,000
Vitamin D3 (IU/kg) 5000
Vitamin E (mg/kg) 25.0

cfu-colony-forming unit.

https://doi.org/10.1371/journal.pone.0233456.t002

monoclonal antibodies (mAb): anti-bovine CD2 fluorescein isothiocyanate isomer 1 (FITC),
anti-bovine CD4 FITC, and anti-bovine CD8 FITC. The expression of WC4" was determined
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using the following antibodies: anti-bovine WC4 and rabbit F(ab’)2 anti-mouse IgG secondary
polyclonal antibody. To standardize the analysis, anti-bovine CD45 FITC and cross-reacting
anti-human CD14 R- Phycoerythrin-Cy5 (RPE-Cy5) mouse mAb were used (Bio-Rad, Hercu-
les, CA, USA). Whole blood samples (100 uL) were incubated at room temperature (18-25°C)
with appropriate mAb for 15 min, and erythrocytes were lysed using lysis fluid for 20 min. For
the analysis of WC4™, the samples were incubated for 30 min with the appropriate primary
mADb, washed with PBS, and incubated for 15 min with the secondary antibody. After washing
the samples with PBS containing 5% inactivated fetal calf serum, the mixture was suspended in
500 pL of the same PBS and analyzed with the use of the EPICS XL 4C flow cytometer. The
data were obtained as listmodes in histogram form with the use of SYSTEM II 3.0 software
(Beckman Coulter).

Statistical analysis

Tukey’s test was applied to the results of selenium content. P<0.05 was assumed for all tests,
which were carried out in InStat software (GraphPad Software, San Diego, CA, USA). The
cytotoxicity results in MTT and LDH assays were expressed as mean + SEM (standard error of
mean). The significance of differences between the means was evaluated using the Bonferroni
post-hoc test followed by analysis of variance. The results of the experiment on animals are
presented as arithmetic mean + standard deviation (SD). The differences between the mean
values recorded in the experimental and control groups were analyzed using the ¢-test with a
statistically significant level of P<0.05.

Results
Optimization of liquid culture of L. edodes mycelium

According to our results, effective growth of the biomass of L. edodes was obtained from aer-
ated liquid cultures on the Oddoux medium both with and without the addition of selenitetri-
glycerides at 25 + 2°C under the natural photoperiod and within the experimental 10-day
growth cycle. Aeration and the removal of carbon dioxide were found to be effective in the
optimization of culture conditions. These facilitators resulted in maximal growth of the myce-
lium, which was obtained within 10 days of culture and markedly sooner than was seen for the
control cultures without aeration (which took about 21 days to grow).

There was a 30% increase in the growth of L. edodes biomass in selenitetriglyceride-
enriched culture over growth in unenriched culture. The yield of the biomass grown on the
unenriched modified Oddoux medium averaged about 10.6 g d.w./L, but with the addition of
selenitetriglyceride and the advantage of aerated conditions, it was about 15.1 g d.w./L [25].

Selenium accumulation in L. edodes mycelium enriched with
selenitetriglycerides

Selenium accumulation was tested in the mycelium of L. edodes grown on the medium with
the addition of selenitetriglycerides. In the commercially obtained L. edodes fruiting bodies,
which in turn were obtained from the natural habitat, the selenium content was found to be
similar to the content in the controls, which amounted to 0.01 mg/100 g d.w. Higher concen-
trations of selenium were obtained in the mycelium of L. edodes from liquid cultures, which
contained 0.79 mg/100 g d.w. (Table 3).

In L. edodes mycelium supplemented with selenium, considerable accumulation of this ele-
ment (from 192.6 to 532.3 mg/100 g d.w.) was detected (Table 3). This shows that the higher
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Table 3. Selenium content in L. edodes with and without the addition of selenitetriglycerides.

L. edodes part and culture media (Samples) Se (mg/100g DW)
Basal medium (unenriched) —
Fruiting bodies (unenriched) 0.01+0.00 *
Mycelium (unenriched and control) 0.79+0.63 *°
Mycelium + Se(IV) 25 mg/L medium 192.65+5.12 *P
Mycelium + Se(IV) 50 mg/L medium 532.31+35.53 >4
Medium + Se(IV) 25 mg/L medium 95.68+2.18 *>de
Medium + Se(IV) 50 mg/L medium 183.97+8.70 “Po%¢

Mean + standard deviation; n = 6;,—-not detected; Tukey’s test was used to reveal the differences between paired
groups of selenium in rows
a,b,c,d,e-values with different letters differ significantly (P<0.05)

https://doi.org/10.1371/journal.pone.0233456.t003

the concentration of selenium in the medium the higher the increase in the amount of 332
selenium in the mycelium of L. edodes.

Cytotoxicity test

SH-SY5Y cells treated with the extracts of L. edodes mycelium presented significantly more
formazan crystals (i.e., these cells had increased viability). Se(IV) at a concentration of 25 mg/
L in the medium also showed similar activity (P<0.01 and P<0.05, respectively). However, L.
edodes cultivated with selenium at a concentration of 50 mg/L of medium did not show any
cytoprotective effect (Fig 1). In the LDH release test, SH-SY5Y cells treated with the extracts of
L. edodes mycelium did not release LDH into the medium, regardless of the method of cultiva-
tion. However, in the case of cells treated with H,0,, only extracts of L. edodes cultured with
the addition of Se(IV) at a concentration of 50 mg/L in the medium decreased the amount of
cytotoxicity (P<0.05). These studies showed that the tested extracts did not show cytotoxic
effect on SH-SY5Y cells, and the extracts of L. edodes mycelium alone and with an addition of
Se (25 mg/L) even increased cell viability (Fig 2).

Our results evinced efficient L. edodes selenium accumulation. According to the results of
cytotoxicity tests, the amount of selenium present in the mycelium was found to be safe and
could be used for further experiments.

Experiment on animals

ADG of calves. The calves from the experimental group took all the portions of the exam-
ined feed additive (L. edodes enriched with selenium). The ADG for the whole period of the
experiment was 20.41+167.05 g/d in the control group and 193.88 £107.51 g/d in the experi-
mental group, and these differences were not statistically significant (P<0.05).

Serum selenium concentration and immunological parameters of calves. Table 4 shows
the mean concentrations of selenium in the serum of calves. In serum samples of the control
and experimental animals, these were below reference values according to Idexx Laboratories
analytical method ICP-MS (7166) [26] (<80 ug/L) before the beginning of the study. The
serum concentration of selenium was significantly higher in calves fed with selenium-enriched
mycelium of L. edodes (P<0.05). A significant increase in the concentration of selenium (from
23 ug/L to 177.67 pg/L) in experimental calves was detected after the first week of supplemen-
tation with the feed additive, and the resulting selenium level is considered adequate, falling in
the 80-300 pg/L range proposed by Puls [27] (Table 4).
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Fig 1. The effect of L. edodes extract with or without selenitetriglyceride supplementation on (A) the basal and (B) H,O,-induced 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction in SH-SY5Y human neuroblastoma cell line. Results are shown as the percentage of control cells not exposed to
the extract of L. edodes and H,O,. The results are expressed as mean + standard error of mean. The significance of differences between the means was evaluated using
the Bonferroni post-hoc test followed by a one-way analysis of variance (selenitetriglicerides 25 —addition of 25 mg of Se(IV)/L of medium; selenitetriglicerides 50 —
addition of 50 mg of Se(IV)/L of medium); *P<0.05; **P<0.01; ***P<0.001 versus control cells exposed to vehicle (1:10 ethanol/H,0); n = 12).

https://doi.org/10.1371/journal.pone.0233456.9001

Blood leukocyte counts. Our results showed a slight decrease in white blood cell counts
and their subsets (i.e. LYM and MON) in the experimental group between the second and
third weeks of the experiment, whereas from the fourth and fifth weeks the counts had similar
values to those of the control group (Fig 3, S1 Table). The GRA values were comparable in
both groups of animals throughout the study. No statistically significant differences were
found between the experimental and control groups and the results were within the reference
range.

CDs and WCA4 antigens. In the experimental group, the percentage of CD2* and CD4"
was slightly lower than that of the control group between the first and third and between the
second and fifth weeks of the study respectively. In both cases no statistically significant differ-
ences were found. The percentage of CD8" cells in the experimental group was generally lower
throughout study with the exception of the fourth and seventh weeks. Statistically significant
differences were observed in the second and third weeks when compared to the control group
(P<0.05). The percentage of WC4" was slightly lower up to the fourth week of the study in the
experimental group than in the control group. In the remaining weeks of the study, the per-
centage was similar to that of the control group. All the values were within the reference range
and no statistically significant differences were observed (Fig 4,51 Table).

Discussion

Selenium is known to modify and regulate redox processes depending on the needs of an
organism. The selenium in the selenium-enriched L. edodes mycelium exhibited a therapeutic
effect; therefore, we can say that it is safe for use, despite its low therapeutic index [28, 29].
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Fig 2. The effect of L. edodes extract with and without selenitetriglyceride supplementation on (A) the basal and (B) H,0,-induced release of lactate dehydrogenase
(LDH) in SH-SY5Y human neuroblastoma cell line. Results are shown as the percentage of control cells not exposed to the extract of L. edodes and H,O,. The results
are expressed as mean + standard error of mean. The significance of differences between the means was evaluated using the Bonferroni post-hoc test followed by a
one-way analysis of variance (selenitetriglicerides 25 —addition of 25 mg of Se(IV)/L of medium; selenitetriglicerides 50 —addition of 50 mg of Se(IV)/L of medium);
***P<0.001 versus control cells exposed to vehicle (1:10 ethanol/H,0); *P<0.05; *P<0.005 versus cells exposed to vehicle + H,O, alone; n = 12).

https://doi.org/10.1371/journal.pone.0233456.9002

Selenium in the form of selenitetriglycerides taken up by L. edodes and accumulated in the
mycelium constitutes a good source of selenium for the production of livestock feed and ani-
mal protein for human consumption. Its incorporation in mushrooms may enhance their
immunostimulatory, antioxidative, and anti-inflammatory effects [18, 30, 31]. In this study,
selenium in the mycelium of L. edodes ranged from 95.7 to 532.3 mg/100 g d.w. depending on
its concentration in the medium. For comparison, vegetable foods contain selenium from 0.02

Table 4. Effects of dietary treatments on selenium concentrations in blood serum of calves.

Weeks of Serum concentration of selenium in Serum concentration of selenium in
experiment control group (ug/L) experimental group (ug/L)

0 19.33+£1.67 23.00+9.50

I 23.00+3.51* 177.67+24.39 °

I 23.33£4.18° 175.00+18.15°

111 27.00+3.51° 236.00+19.86 °

v 23.67+2.40° 177.67+19.17®

\% 33.67+7.06° 138.3345.17°

VI 33.00+3.46° 178.67+6.89°

VII 38.50 +5.48 ° 210.67 £2.90

Mean = standard deviation; n = 3
*P_values with different letters differ significantly (P<0.05).

https://doi.org/10.1371/journal.pone.0233456.t1004
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Fig 3. 3A The results of a total count of white blood cells (WBC); 3B with leukocyte differentiation (LYM); 3C monocyte
differentiation (MON); 3D and granulocyte differentiation (GRA) in the peripheral blood of calves + SD (10° cells/L).

https://doi.org/10.1371/journal.pone.0233456.9003

to 0.12 pg/g d.w., whereas marine fishes and seafood contain higher amounts than vegetable
foods (0.56 to 2.00 pg/g d.w.) [1].

The safety of mycelium enriched with Se(IV) in the form of the organic complex—selenite-
triglycerides—was tested based on the evaluation of cytotoxicity using MTT and LDH tests.
These tests are routinely used to assess the cytotoxicity of medicinal mushrooms [23]. The
investigations showed that the tested extracts did not exert a cytotoxic effect on SH-SY5Y cells,
and that the extracts of L. edodes mycelium alone and with the addition of Se (25 mg/L) even
increased cell viability. LDH and MTT tests showed that the three extracts of L. edodes tested
had no cytotoxic activity on SH-SY5Y cells, and the latter test determined that the extracts of
L. edodes mycelium alone and with the addition of Se (25 mg/L) even increased cell viability.
For cells damaged by the addition of H,0, (an in vitro oxidative stress model) the tested
extracts did not intensify the H,O,-induced loss in SH-SY5Y cell viability; L. edodes mycelium
alone had no effect on H,0,-induced cell membrane damage, as determined by the LDH
release, the mycelium with the addition of Se (50 mg/L) had a protective effect, while the
extract of L. edodes with addition of Se (25 mg/L) enhanced the cytotoxic action of H,O,.

Based on the literature, selenium deficiency is observed in 23% of dairy cows and 31% of
calves in the Czech Republic [31]. Our experiment confirmed that similar problem may affect
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Fig 4. The results of examination of the percentage of lymphocyte subpopulations in peripheral blood of calves (%) +

SD

. 4A CD2*; 4B CD4*; 4C CD8"; 4D WC4" + SD; E-experimental calves; C—control calves. *~a value with this letter

differs significantly (P<0.05).
https://doi.org/10.1371/journal.pone.0233456.9004

calves in Poland as the study animals both from control and experimental groups on the first
day of the trial had serum selenium concentrations below the reference value. These results
indicate that enrichment of mycelium of L. edodes was useful in significantly increasing the
level of selenium in the serum of calves. There are studies confirming that a long-term admin-
istration of organic selenium resulted in higher Se blood concentration than a few repeated
parenteral administrations of inorganic selenium [32]. Pehrson et al. [33], compared two sele-
nium supplements in calves: with inorganic selenium (as selenite) and with the form of organic
selenium from yeast (as selenomethionine). Both groups had free access to the supplement,
which contained 30 mg of Se/kg. In the selenomethionine group, 10 out of 11 calves had
serum selenium concentrations of <100 pg/L. In the selenite group, seven out of nine calves
had <100 pg/L and two out of nine calves had <50 pug/L serum selenium concentrations. The
amount of selenium in whole blood of the cows and calves in the selenomethionine group was
higher than that in the animals from the selenite group, which indicates that organic selenium
is absorbed better than inorganic. These findings agree with those reported by Ran, who pos-
ited that supplementation of the diet with selenium-enriched yeast appeared to be more effec-
tive than supplementation with sodium selenite [34]. Similar results were obtained by Gunter
etal. [32] and Rossi et al. [35] who noted that supplementation with selenium-enriched yeast

PLOS ONE | https://doi.org/10.1371/journal.pone.0233456 May 21, 2020 13/19


https://doi.org/10.1371/journal.pone.0233456.g004
https://doi.org/10.1371/journal.pone.0233456

PLOS ONE

Se-enriched Lentinula edodes mycelium as a proposal of new feed additive in selenium deficiency

compared with sodium selenite at a concentration of 0.32 mg/kg d.w. improved serum sele-
nium concentration significantly (118.62 ug/L vs. 108.64). These results also confirm that yeast
selenium is better absorbed than sodium selenite.

Supplementing the feed for cattle with selenium is important for improving calves’ health
and production efficiency and is also important to enrich animal products intended for
human consumption. Currently, scientific research is being conducted on the precise dose and
form of selenium that can be fed to calves. The effects of selenomethionine and sodium sele-
nate are well understood; however, alternative forms are still being sought. Studies are being
conducted on encapsulation to protect selenium from adverse effects of the rumen environ-
ment and on the use of nanoparticles or fungi or algae grown in a selenium-enriched environ-
ment for incorporation into cellular structures [36, 37, 38]. Studies conducted by Grilli et al.
[36] showed that lipid microencapsulation can protect selenium from rumen utilization and
that this form is incorporated into milk more efficiently than that of the free form. His study
also indicated that selenium supplementation with the highest doses (5 mg/kg fed) in microen-
capsulated form significantly increased the level of selenium in the blood compared to supple-
mentation with selenium-enriched yeast. Selenium injection is also considered a very useful
method to improve the level of selenium in deficient calves. However, it should not be used as
a permanent source of selenium because of the risk of anaphylactic reaction [39]. Most cases
recover but fatal effects affect 10-20% of calves [40]. Furthermore, selenium injections are not
allowed for continuous use in the increasingly popular organic livestock production [41].
Chorfi [39] measured the effect of selenium injections while adding sodium selenite to both
the experimental and control animals’ diets to provide 3 mg Se/animal/day only in ingested
form. Heifers which received selenium injections showed significantly higher concentrations
of plasma and whole blood selenium and glutathione peroxidase activity than those of control
group animals. In another study, cows administered a mixture of 30 mg selenium in the form
of sodium selenite and calves injected with 5.5 mg selenium and 75 IU E/100 kg also had sig-
nificantly higher plasma concentrations of selenium and whole blood glutathione peroxidase
activity than control animals had [42]. Research results indicate that the additive used is a
good and safe source of selenium for cattle.

The tendency towards larger b.w. gains in the experimental group of calves than in the con-
trol group in this study is in accordance with the results obtained by Ebrahimi et al. [43]. They
showed superior b.w. gains of Holstein male calves that were fed with organic selenium (0.3
mg Sel-Plex per kg dry matter added to milk of suckling calves), but similarly to this study,
could not show statistically significant differences. However, it is difficult to compare these test
results because the selenium content was given per kg dry matter. Another study was con-
ducted by Wichtel et. al. [44] on Friesian heifers that were fed with pasture and received two
intraruminal selenium pellets which released Se at the rate of about 3 mg/d. The authors
obtained 20% higher body weight gains in calves supplemented with selenium when compared
to the control group. There is also study that describes the results of single or multiple subcuta-
neous injections of inorganic Se in newborn calves. In that experiment, calves that received
multiple injections of Se had significantly greater ADG than control calves, but in calves given
only a single injection it was not significantly different from that of the controls [45]. Similarly,
a single intramuscular injection of selenium also had no effect on calves’ growth performance,
although this kind of administration efficiently prevented deaths from muscular dystrophy
[46]. It is worth noting that in the aforementioned papers, animals were supplemented with
other forms of selenium than those used in this study. To the best of our knowledge, there are
no other data concerning the effect of consumption of L. edodes enriched with selenium on
body weight gains in calves.
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According to a previous study, in humans, selenium can be accumulated in lymphocytes,
macrophages and neutrophils and subsequently it can improve humoral and cell-mediated
immune response. Usually, small doses of selenium stimulate an immune response, and exces-
sive doses suppress it [4, 47 48]. Our WBC analysis with lymphocyte immunophenotyping
agrees with that of those who stated that there was no significant effect of selenium on hemato-
logical parameters and that possible differences in hematological parameters need only be con-
sidered to have limited biological meaning [49]. In our study no significant effect on WBC
counts was observed. However, there are studies which suggest that although selenium is con-
sidered beneficial for the immune system, leukocyte function is often not affected by its sup-
plementation [3, 48]. In the study of Machado et al. [50] it was shown that in Holstein cows
that were subcutaneously supplemented with inorganic Se, the leukocyte function was not
affected. Similarly, in the study of Weiss et al. [51], although the mean concentrations of Se in
serum samples of cows and newborn calves were higher in the group fed with organic sele-
nium (Se-yeast) than with an inorganic form (selenite), differences in neutrophil function
were not observed between the groups.

Regarding L. edodes mycelium, there are numerous studies which describe improved
immunity in humans as well as animals when mycelium was regularly consumed. Dai et al.
[52] describes that consuming L. edodes mushrooms improves human immunity and it was
seen by increased T-cell proliferation and activation. More studies concern the immune func-
tion of white blood cells potentiated by mycelium extracts. For example Lee et al. [53] exam-
ined innate immunity in poultry and found it stimulated after consumption of an extract of L.
edodes. Another study shows that polysaccharide isolated from L. edodes stimulates macro-
phage activity [54]. Therefore, it is difficult to compare existing results univocally with our
own results. To our knowledge there are no data about lymphocyte immunophenotyping of
calves fed with L. edodes mycelium enriched with selenium. Additionally, Yu et al. [55] claims
that that it is not surprising that the effect of consumption of edible mushrooms on induced
inflammatory responses is only modest because commonly consumed food should not exert a
strong influence on the immune system, moreover it could be harmful to have a staple dietary
component which induces or suppresses immune function.

In this study, a beneficial effect of L. edodes enriched with selenium on calves was observed
in an upward tendency in the b.w. gains and in an increase of selenium concentration in sera.

Conclusion

Selenium-enriched mycelium of L. edodes is characterized by the absence of any cytotoxic
effect, which is advantageous for its dietary administration to control animal selenium defi-
ciencies. In this study, the consumption of the L. edodes mycelium resulted in an increase in
the b.w. and the establishment of an adequate level of selenium in the serum of calves that had
deficiencies at the beginning of the study. The WBC counts and percentages of the lymphocyte
subpopulations in the experimental calves lying within the physiological range confirmed a
lack of adverse effect of the L. edodes mycelium on the non-specific immune response in the
examined animals. Further study is required to evaluate the effect of L. edodes enriched with
selenium on other parameters of immune response in calves.
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