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Reduction of Organic and Inorganic Selenium Compounds by the 
Edible Medicinal Basidiomycete Lentinula edodes and the 
Accumulation of Elemental Selenium Nanoparticles in Its Mycelium

We report for the first time that the medicinal basidiomycete 
Lentinula edodes can reduce selenium from inorganic so-
dium selenite (SeIV) and the organoselenium compound 1,5- 
diphenyl-3-selenopentanedione-1,5 (DAPS-25) to the ele-
mental state, forming spherical nanoparticles. Submerged 
cultivation of the fungus with sodium selenite or with DAPS- 
25 produced an intense red coloration of L. edodes mycelial 
hyphae, indicating accumulation of elemental selenium (Se0) 
in a red modification. Several methods, including trans-
mission electron microscopy (TEM), electron energy loss 
spectroscopy (EELS), and X-ray fluorescence, were used to 
show that red Se0 accumulated intracellularly in the fungal 
hyphae as electron-dense nanoparticles with a diameter of 
180.51±16.82 nm. Under designated cultivation conditions, 
shiitake did not reduce selenium from sodium selenate 
(SeVI).

Keywords: shiitake, elemental selenium, nanospheres, intra-
cellular synthesis

Introduction

Nanoparticles are finding ever-widening application in 
medicine (synthesis, delivery, and utilization of drugs; can-
cer therapy), biology (immunological research and the use 
of nanoparticles as biomarkers to study intracellular proc-
esses in vivo), and technology (electronic engineering, in-
formation technology, and preparation of new materials with 
improved properties) (Krumov et al., 2009). Biological syn-
thesis of nanoparticles by using microorganisms offers advan-
tages over chemical and physical methods, which are costly 
and require the use of hazardous substances (Narayanan 
and Sakthivel, 2010). An active search is in progress to find 
effective biological agents for the preparation of nanopar-
ticles of various chemical natures (Musarrat et al., 2011; Rai 
and Duran, 2011).

  Selenium is a trace element with unique biological func-
tions that forms part of several proteins of living organisms. 
Previously, elemental selenium (Se0) had been thought to 
be biologically inaccessible to living organisms, but recent 
research has demonstrated that selenium nanoparticles have 
biological activity. Artificial nanoparticles of Se0 display 
antitumor activity and antioxidant properties in vivo and 
in vitro (Gao et al., 2002; Wang et al., 2007; Zhang et al., 
2008; Wang, 2009). Size plays an important role in the bio-
logical activity of selenium nanoparticles; for example, Peng 
et al. (2007) found that particles of 5 to 200 nm can neu-
tralize free radicals in vitro. Current research has produced 
evidence for the possibility of using bacteria to obtain sele-
nium nanoparticles (Oremland et al., 2004; Pearce et al., 
2008; Prakash et al., 2009; Fesharaki et al., 2010; Prokisch 
and Zommara, 2010; Eszenyi et al., 2011). Along with bac-
teria, fungi are promising biological agents for preparing 
nanoparticles of various elements (Sastry et al., 2003; Durán 
et al., 2007; Philip, 2009; Popescu et al., 2010). The use of 
higher edible fungi to obtain selenium nanoparticles may, 
therefore, be of great theoretical and practical importance, 
as these fungi have the important advantage of being non-
toxic to humans.
  Several lower fungi degrade inorganic selenium compounds 
with the formation of red Se0, and their mycelia acquire a red 
or pink coloration in the process of degradation (Ramadan 
et al., 1988; Gharieb et al., 1995; Brady et al., 1996). It has 
been suggested that the mechanism of detoxification is the 
breakdown of selenium-containing salts to produce free 
selenium. We have not found any published studies per-
taining to the use of fungi in the preparation of selenium 
nanoparticles.
  The past few years have seen the beginning of extensive re-
search into the peculiarities of the chemical composition of 
fungi grown on substrates supplemented with selenium salts. 
Selenium has been found to be present in the fruiting bodies 
of macromycetes, mostly as protein-bound or free selenium- 
containing amino acids and also as inorganic compounds 
(Ogra et al., 2004; Zhao et al., 2004; Díaz Huerta et al., 2006; 
Munoz et al., 2006). Basidial fungi can accumulate large 
amounts of selenium; therefore, selenium enrichment of 
fungal fruiting bodies and mycelia may be of great practical 
value in correcting shortages of this trace element in humans 
and animals. Turło et al. (2010) reported that the antioxidant 
activity of Lentinula edodes mycelial extracts increased by 
100 to 400% when the fungus was grown with sodium 
selenite. They suggested that the activity increase may have 
been due to the accumulation of both selenium-containing 
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amino acids and Se0 in the mycelium. Still, fungal trans-
formation of inorganic selenium compounds to yield Se0 
remains poorly studied. Almost no attention has been paid 
to the effect on fungi of organoselenium compounds, some 
of which [e.g., diacetophenonyl selenide (DAPS-25)] are 
less toxic than selenates and selenites and so can serve as a 
better source of selenium for fungi.
  In this study, we examine the effect of selenium-containing 
compounds on the medicinal basidiomycete L. edodes and 
the ability of this xylotroph to reduce these compounds to 
the elemental state and accumulate selenium particles in its 
mycelium.

Materials and Methods

Fungus and cultivation conditions
Lentinula edodes (Berk.) Sing (shiitake), strain F-249, was 
obtained from the collection of higher fungi held by the 
Department of Mycology and Algology at Moscow State 
University, Russia. The fungal culture was maintained on 
beer-wort agar plates (4 degrees on the Balling scale for 
sugar content) (Ball, 2006) at 4°С.
  The fungus was grown submerged in beer wort (4 degrees 
on the Balling scale for sugar content) and in a synthetic 
medium of the following composition (g/L): d-glucose, 5; 
l-asparagine, 1; KH2PO4, 2; K2HPO4, 3; MgSO4 × 7H2O, 
2.5; FeSO4 × 7H2O, 0.03 (рН 5.8). Growth was conducted 
in 100-ml flasks containing 50 ml of medium at the myce-
lial growth temperature optimal for this species (26°С). For 
inoculation, we used a 14-day-old L. edodes culture grown 
on agar-supplemented synthetic medium at 26°С.
  The effect of organic and inorganic selenium compounds 
on L. edodes growth and the xylotroph’s reduction ability 
were examined by adding the following compounds to both 
beer wort and liquid synthetic medium:
i. Selenate (SeVI, as Na2SeO4) and selenite (SeIV, as Na2SeO3) 

(both from Sigma), added as aqueous solutions (con-
centration range, 10-6 to 10-2 mol).

ii. The selenium-containing formulation DAPS-25 (1,5-di-
phenyl-3-selenopentanedione-1,5), added as a solution 
in 50% ethanol (concentration range, 10-7 to 10-3 mol).

  The solutions of the compounds were sterilized by UV ir-
radiation and were added under sterile conditions to each of 
the growth flasks individually just before seeding. The in-
dicated sterilization method was chosen to prevent heating 
of the compounds and their possible chemical breakdown 
during autoclaving.

Determination of L. edodes growth characteristics
L. edodes growth was characterized by the accumulation of 
dry biomass. The mycelium was passed through filters that 
had been preweighed on an analytical balance, and then it 
was dried to a constant weight and weighed again. The in-
crement in biomass was compared between control and ex-
perimental trials. Experiments to measure fungal growth 
characteristics and biomass accumulation were done in 10 
replicates.

X-ray fluorescence analysis
To detect Se0 and/or selenium compounds in the fungal 
mycelium, an X-ray fluorescence study of mycelial samples 
was performed. To this end, L. edodes was grown in the syn-
thetic medium (control) and in the same medium supple-
mented with 0.3 mmol of Na2SeO4, 0.3 mmol of Na2SeO3, 
or 0.3 mmol of DAPS-25. Growth was conducted at 26°С 
for 7 days. The grown mycelial samples were collected by 
centrifugation and were dried at room temperature. The 
content of selenium in the dry biomass and in the refer-
ence samples of DAPS-25, Na2SeO3, and Na2SeO4 were an-
alyzed with an ED 2000 energy-dispersive spectrometer 
(Oxford Instruments, UK). The measuring conditions were 
as follows: element detection range, Na–U; X-ray tube, silver 
anode; tube voltage, 35 keV (medium elements); primary 
X-ray beam filter, thin Ag; exposure time, 600 sec; spectral 
path, air. The content of the elements being detected was 
evaluated by the basic parameters method included in the 
instrument’s software.

TEM microscopy and EELS analysis
For TEM studies, the mycelium was washed twice with PBS 
(g/L: NaCl, 8.5; Na2HPO4 × 2H2O, 1.34; NaH2PO4 × 2H2O, 
0.39; рН 7.4) and then with distilled water that had been 
filtered through a 0.22-μm-pore-size membrane filter (Milli-
pore Corp., USA). Next, the mycelial hyphae were resus-
pended in a minimal volume of distilled water and were 
placed onto nickel grids coated with formvar (1% formvar in 
dichloroethane). After the sample had dried, the cells were 
contrasted with 1% aqueous uranyl acetate (Tandler, 1990).
  To obtain ultrathin sections, the fungal hyphae were fixed in 
epoxy resin, as follows. The mycelial hyphae were collected 
by centrifugation (13,000×g for 20 min) at room tempera-
ture, and the material was then transferred to 2-ml poly-
propylene test tubes and fixed in 0.1% glutaraldehyde. 
Subsequent fixation was done for 12 h in a 2.5% gluta-
raldehyde solution made with phosphate buffer (0.1 mol, 
pH 7.2). The material was then held in a 0.1% OsO4 solu-
tion made with the same buffer but supplemented with 34 
mg/ml sucrose.
  Samples were dehydrated in increasing concentrations of 
acetone. After dehydration, the samples were held in pro-
pylene oxide for 45 min, and then they were embedded in 
Epon 812 and propylene oxide (each time for 24 h) at ratios 
of 1:2, 1:1, and 2:1. Next, the material was embedded in pure 
epoxy resin. Polymerization was done at 37, 45, and 57°С 
for 24 h each. Ultrathin sections were cut on an LKB-III 
microtome (Sweden), placed on nickel grids, and stained 
with aqueous uranyl acetate (Tandler, 1990) and lead cit-
rate (Reynolds, 1963).
  For nanoparticle studies, the fungal mycelium was grown 
as above for 14 days in the presence of 0.3 mmol of Na2SeO3 
or 0.3 mmol of DAPS-25. After that, it was washed free of 
the cultivation medium with distilled water, collected by 
centrifugation, and lyophilized. The fungal hyphae were 
then mechanically disrupted and were separated from 
nanoparticles through a membrane filter (0.4 μm pore size) 
(Millipore).
  A Libra 120 electron microscope (Carl Zeiss, Germany) 



Accumulation of elemental selenium nanoparticles in the L. edodes mycelium 831

(A)

(B)

(C)

Fig. 1. X-ray fluorescence analysis of dry biomass of L. edodes F-249 my-
celium grown in liquid synthetic medium in the absence (A, control) and 
presence of 0.3 mmol of Na2SeO3 (B) and 0.3 mmol of DAPS-25 (C) at 
26°C for 14 days. The emission lines at 11.22 and 12.49 keV (Kα and Kβ 
lines, respectively) correspond to selenium.

operating at 120 keV was used to take photomicrographs 
and electron energy loss spectra for selenium and to pre-
pare a selenium map.

Statistical analysis
All experiments had no less than 10 replications. Data are 
presented as means±95% confidence intervals.

Results

Effect of Na2SeO4, Na2SeO3, and DAPS-25 on the growth 
characteristics of L. edodes F-249
We first tested the sensitivity of L. edodes F-249 to Na2SeO4, 
Na2SeO3, and DAPS-25 and the effect of these compounds 
on its growth characteristics and on biomass accumulation 
as fungal mycelium under submerged cultivation. The in-
hibition of culture growth in liquid medium was deter-
mined by the change in the biomass increment. We found 
that 0.1 to 1 mmol of DAPS-25 suppressed fungal growth 
but that 0.1 to 1 μmol had a positive effect. The culture 
growth rate was much higher on beer wort than it was on 
synthetic medium, and this relatively fast-growing myce-
lium was more responsive to the selenium addition, which 
was evident as a greater enhancement of growth (up to 23%).
  When L. edodes was grown with 0.1 to 1 mmol of Na2SeO3 
and DAPS-25, the mycelium acquired a red or reddish-orange 
coloration. The color intensity depended on the concen-
tration of the compound used. The change in the color of 
microbial colonies growing in the presence of selenium- 
containing compounds to various hues of pink and red is 
the first sign of reduction of these compounds to the red 
modification of Se0 (Roux еt al., 2001; Hunter and Manter, 
2009). Such coloration is characteristic of bacteria and fungi 
growing on selenium-containing media, indicating that the 
culture has accumulated Se0 (Gharieb et al., 1995; Turner et 
al., 1998; Hunter and Kuykendall, 2007; Fernández-Martínez 
and Charlet, 2009; Turło et al., 2010).
  In experiments with 0.3 mmol of Na2SeO3 or 0.3 mmol of 
DAPS-25, the mycelium had a bright red coloration. The 
growth medium did not change its color, indicating that (i) 
the red coloration was associated with the mycelial hyphae, 
(ii) the enzymes reducing selenium from Na2SeO3 and 
DAPS-25 were probably localized inside the cells, and (iii) 
selenium had accumulated inside the cells. For this reason, 
the 0.3 mmol concentration was used in all subsequent 
experiments.
  When the colored cultures were sedimented by centrifu-
gation, the supernatant liquid remained uncolored and the 
mycelial sediment was bright red. This also suggests that 
selenium reduction was not associated with a chemical re-
duction occurring under the influence of culture-medium 
or culture-liquid components (various low- and high-mo-
lecular-weight compounds from the fungus’s biological ac-
tivity, including extracellular enzymes). Instead, it was as-
sociated directly with the fungal mycelium, with the reduc-
tion and the subsequent accumulation of Se0 occurring in-
side the mycelial hyphae. In no-fungus control flasks con-
taining synthetic medium of the same composition plus 

Na2SeO4, Na2SeO3, or DAPS-25 at 0.001 to 10 mmol, no 
color change or sedimentation occurred for 90 days of sele-
nium reduction at 26°С.
  In the presence of Na2SeO4, the color of the fungal culture 
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Fig. 2. TEM images of the hyphae of L. edodes F-249 mycelium grown in 
liquid synthetic medium in the absence (A, control) and presence of 0.3 
mmol of Na2SeO3 (B) and 0.3 mmol of DAPS-25 (C) at 26°C for 14 days. 
A cross section of fungal hyphae embedded in epoxy resin after selenium 
reduction (D). Bar marker = 1 μm.

(A) (B)                                                                       (C)

Fig. 4. TEM image of selenium 
particles obtained after the rupture 
of L. edodes F-249 mycelium (A) 
and a spectrum taken for these par-
ticles by EELS (B). The spectrum 
shows a line, M45, which is charac-
teristic of selenium. Control spec-
trum for Se0 from the EELS atlas 
(C). Bar markers = 1 μm, 100 nm.

(A) (B)

Fig. 3. TEM image of selenium particles (A, control) and a selenium dis-
tribution map created by EELS (B). Bar marker = 1 μm.

and of the growth medium remained at the control level, 
suggesting that under submerged cultivation conditions, L. 
edodes did not reduce selenium from this compound to Se0.

Selenium determination in the mycelium by X-ray fluo-
rescence
L. edodes was grown submerged in synthetic medium at 26°С 
for 14 days in the presence of 0.3 mmol of Na2SeO3, 0.3 
mmol of Na2SeO4, or 0.3 mmol of DAPS-25. The myce-
lium was then air dried at 20°С. X-ray fluorescence analysis 
of the fungal cells showed considerable accumulation of se-

lenium in the mycelium growing with Na2SeO3 and DAPS- 
25, which was reflected in the spectra as intense emission 
lines corresponding to selenium (Figs. 1A and 1B). The pre-
sence of selenium was determined by two lines, at 11.22 and 
12.49 keV. The spectra taken for the control cultures showed 
absence of selenium (Fig. 1C). Na2SeO4 at 0.3 mmol had no 
pigmenting effect on the mycelium, and selenium was pre-
sent in the mycelium only in trace amounts.

TEM and EELS
We performed TEM of L. edodes hyphae grown under the 
same conditions in the presence of 0.3 mmol of Na2SeO3 or 
0.3 mmol of DAPS-25. As seen in Fig. 2, the cells contained 
spherical electron-dense formations, which were absent 
from the control. Most of these formations had an average 
diameter of 180.51±16.82 nm and were localized inside the 
mycelial hyphae. Isolated spherical particles could be ob-
served outside the cells, most probably resulting from the 
rupturing of a small number of hyphae and release of ele-
mental selenium particles.
  The map of selenium distribution obtained by electron 
spectroscopic imaging showed that the inclusions were 
composed of selenium (Fig. 3). The spectra obtained by 
EELS confirmed this finding (Fig. 4).
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Discussion

Determination of the chemical species of selenium in or-
ganisms belonging to various taxonomic groups is a hot 
area in current research. In the past two decades, much at-
tention has been given to the study of selenium in agro-
nomic crops and in other foodstuffs (Reilly, 2006; Rayman 
et al., 2008). In several countries, selenium deficiency is re-
lieved by generating agricultural plants and industrial mi-
croorganisms with increased contents of this trace element. 
In this respect, edible fungi hold much promise because they 
can accumulate high concentrations of selenium. In fungi, 
selenium is found mostly as selenium-containing amino acids 
(both free and forming part of the fungal proteins), which 
are highly bioavailable organic compounds with low toxicity 
(Falandysz, 2008). However, there are nearly no data on the 
biotransformation of selenium compounds by basidial fungi 
with release of Se0. The literature available to us contains 
only assumptions as to the ability of (mostly lower) fungi 
to reduce selenium to Se0, which are based on the observa-
tions that fungal mycelia have acquired a red coloration, 
indirectly pointing to the presence of reduced selenium. 
For basidiomycetes, we were able to find only two articles, 
from a Polish research group, mentioning the red modifi-
cation of Se0 on the basis of a mycelial color change (Turło 
et al., 2007, 2010). However, those articles were addressed 
to the accumulation of selenium-containing amino acids in 
the fungal mycelium. The only report that we know to be 
devoted to the effect of the organoselenium compound DAPS- 
25 on the growth characteristics of fungal cultures (the ba-
sidiomycete Pleurotus ostreatus and several mold fungi) 
and to the biodegradation of DAPS-25 by Aspergillus niger 
to form Se0 and acetophenone is that of Poluboyarinov et al. 
(2009). No information is currently available on Se0 nano-
particles obtained from biological reduction of organic or 
inorganic selenium compounds by the medicinal basidio-
mycete L. edodes. We have not found any photos of these 
particles, description of their sizes, or evidence that they can 
accumulate in the interior of fungal mycelia.
  It is well known that various microorganisms can synthe-
size nanoparticles. Up-to-date information on microbial 
nanoparticle synthesis is available from a recent review by 
Narayanan and Sakthivel (2010), in which a diversity of 
microorganisms have been described to produce nanopar-
ticles of gold, silver, selenium, and other elements. However, 
it has been reported in articles on selenium reduction that 
not all microorganisms can reduce selenium to nanoparticle 
form and that most bacteria and fungi synthesize nanopar-
ticles extracellularly.
  In this work, we have for the first time obtained informa-
tion concerning selenium nanoparticles reduced from the 
organoselenium compound DAPS-25 (diacetophenonyl se-
lenide) and the inorganic selenium compound Na2SeO3 by 
the medicinal basidiomycete L. edodes F-249 and concern-
ing the ability of this fungus to synthesize and accumulate 
nanoparticles intracellularly. The reduction of selenium by 
the fungus during growth with Na2SeO3 and DAPS-25 was 
studied by X-ray fluorescence, TEM, and EELS. Because 
X-ray fluorescence is inadequate to identify selenium in its 
elemental state, we used TEM to take micrographs of the 

fungal mycelium (including cross sections) showing the ac-
cumulation of electron-dense nanoparticles inside the hy-
phae, and we also used EELS to confirm that these particles 
were indeed selenium. In our samples, Se0 was detected by 
obtaining a characteristic spectrum that proved to be iden-
tical to the Se0 spectrum included in the software database 
of the Libra 120 microscope. In addition, the selenium dis-
tribution map obtained by electron spectroscopic imaging 
showed that these inclusions were formed by selenium and 
that reduced selenium was localized inside the cells.
  It has been reported in the literature that various microor-
ganisms can reduce selenium both intra- and extracellularly. 
The reduction of selenites (SeIV), which have a low oxida-
tion–reduction potential, is a fairly easy process; accord-
ingly, possible mechanisms of this phenomenon may in-
clude both simple chemical reduction, induced by specific 
components of the culture medium, and enzymatic micro-
biological reduction. To rule out the possibility that selenite 
was reduced by the components of the growth medium, we 
ran an additional control consisting of no-fungus flasks with 
synthetic medium of the above composition that had been 
supplemented with Na2SeO3 or DAPS-25 at 0.3 mmol. The 
flasks were incubated at 26°С for 90 days. During this period, 
the medium did not change its color, indicating that it did 
not reduce selenium by itself. To rule out any involvement 
of fungus-derived excretions into the culture liquid, we ran 
the following control: The culture liquid used to grow L. 
edodes for 14 days, which contained various products of the 
fungus’s vital functions, was filtered thoroughly to remove 
the remaining mycelium. After 0.3 mmol of Na2SeO3 had 
been added, the culture liquid was incubated at 26°C for 14 
days. Throughout the incubation time, the solution did not 
change its color, attesting that neither the culture liquid itself 
nor its components, including extracellular enzymes, were in-
volved in selenium reduction. We conclude, therefore, that 
it is the fungal hyphae that possess reduction ability. This 
conclusion has also been confirmed by the results of TEM, 
showing accumulation of reduced selenium inside the fun-
gal cells in the form of nanospherical particles. This work 
establishes that biochemical reduction is directly related to 
the metabolism of the higher basidiomycete and is not de-
pendent on either extracellular synthetic products or che-
mical reduction induced by components of the culture 
medium.
  It can be said with assurance that the degradation of 
Na2SeO3 and DAPS-25 by L. edodes F-249 yields Se0 as its 
product. Because the accumulation of Se0 in the mycelium 
correlated with increased levels of the selenium-containing 
compounds in the growth medium, it can be assumed that 
in L. edodes, as in many microorganisms (Garbisu et al., 
1996), the degradation of such compounds serves to relieve 
the toxic effect of high Se concentrations on the fungus.
  The discovery of antitumor and antioxidant properties of 
selenium nanoparticles (Gao et al., 2002; Fernández-Martínez 
and Charlet, 2009) makes them a promising object of study. 
Biosynthesis of selenium nanoparticles through the use of 
the medicinal higher fungus L. edodes holds particular 
promise because of the simplicity, ready accessibility, and 
environmental safety of this method.
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Conclusions

When L. edodes is grown in synthetic medium in the pres-
ence of Na2SeO3 and the organoselenium compound DAPS- 
25 at initial concentrations above 0.01 mmol, the mycelium 
acquires a red coloration, with the color intensity and time 
to visual color detection being dependent on the concen-
tration of the added substance. By X-ray fluorescence, TEM, 
and EELS, we have recorded the ability of a submerged L. 
edodes culture to degrade the selenium-containing com-
pounds with the formation of Se0. Red Se0 is formed in the 
degradation of DAPS-25 and Na2SeO3 (but not Na2SeO4) 
in a submerged culture of L. edodes. The electron micro-
scopy data show the presence of 180.51±16.82 nm Se0 par-
ticles inside the fungal hyphae. This is the first time that ac-
cumulation of spherical Se0 nanoparticles inside L. edodes 
(shiitake) cells as a result of transformation of selenium- 
containing organic and inorganic compounds has been 
found.

Acknowledgements

This work was supported by a Siberian Health Corporation 
grant (2012–2013).

References

Ball, D.W. 2006. Concentration scales for sugar solutions. J. Chem. 
Educ. 83, 1489–1491.

Brady, J.M., Tobin, J.M., and Gadd, G.M. 1996. Volatilization of 
selenite in aqueous medium by a Penicillium species. Res. 
Microbiol. 100, 955–961.

Díaz Huerta, V., Fernández Sánchez, M.L., and Sanz-Medel, A. 
2006. An attempt to differentiate HPLC-ICP-MS selenium spe-
ciation in natural and selenised Agaricus mushrooms using dif-
ferent species extraction procedures. Anal. Bioanal. Chem. 384, 
902–907.

Durán, N., Marcato, P.D., De Souza, G.I.H., Alves, O.L., and 
Esposito, E. 2007. Antibacterial effect of silver nanoparticles 
produced by fungal process on textile fabrics and their ef�uent 
treatment. J. Biomed. Nanotechnol. 3, 203–208.

Eszenyi, P., Sztrik, A., Babka, B., and Prokisch, J. 2011. Produc-
tion of Lactomicrosel� and nanosize (100–500 nm) selenium 
spheres by probiotic lactic acid bacteria. Int. Conf. Food Eng. 
Biotechnol. 9, 97–101.

Falandysz, J. 2008. Selenium in edible mushrooms. J. Environ. Sci. 
Health C Rev. Environ. Carcinog. Ecotoxicol. Rev. 26, 256–299.

Fernández-Martínez, A. and Charlet, L. 2009. Selenium environ-
mental cycling and bioavailability: a structural chemist point of 
view. Rev. Environ. Sci. Biotechnol. 8, 81–110.

Fesharaki, P.J., Nazari, P., Shakibaie, M., Rezaie, S., Banoee, M., 
Abdollahi, M., and Shahverdi, A.R. 2010. Biosynthesis of sele-
nium nanoparticles using Klebsiella pneumoniae and their re-
covery by a simple sterilization process. Brazil J. Microbiol. 41, 
461–466.

Gao, X., Zhang, J., and Zhang, L. 2002. Hollow sphere selenium 
nanoparticles: their in vitro anti hydroxyl radical effect. Adv. 
Mater. 14, 290–293.

Garbisu, C., Ishii, T., Leighton, T., and Buchanan, B.B. 1996. Bac-
terial reduction of selenite to elemental selenium. Chem. Geol. 
132, 199–204.

Gharieb, M.M., Wilkinson, S.C., and Gadd, G.M. 1995. Reduction 
of selenium oxyanions by unicellular, polymorphic and fila-
mentous fungi: cellular location of reduced selenium and im-
plications for tolerance. J. Indust. Microbiol. 14, 300–311.

Hunter, W.J. and Kuykendall, L.D. 2007. Reduction of selenite to 
elemental red selenium by Rhizobium sp. strain B1. Curr. Micro-
biol. 55, 344–349.

Hunter, W.J. and Manter, D.K. 2009. Reduction of selenite to ele-
mental red selenium by Pseudomonas sp. strain CA5. Curr. 
Microbiol. 58, 493–498.

Krumov, N., Perner-Nochta, I., Oder, S., Gotcheva, V., Angelov, 
A., and Posten, C. 2009. Production of inorganic nanoparticles 
by microorganisms. Chem. Eng. Technol. 32, 1026–1035.

Munoz, A.H.S., Kubachka, K., Wrobel, K., Corona, J.F.G., Yatha-
vakilla, S.K.V., Caruso, J.A., and Wrobel, K. 2006. Se-enriched 
mycelia of Pleurotus ostreatus: distribution of selenium in cell 
walls and cell membranes/cytosol. J. Agric. Food Chem. 54, 3440– 
3444.

Musarrat, J., Dwivedi, S., Singh, B.R., Saquib, Q., and Al-Khedhairy, 
A.A. 2011. Microbially synthesized nanoparticles: scope and 
applications, pp. 101–126. In Ahmad, I., Ahmad, F., and Pichtel, 
J. (eds.), Microbes and microbial technology: agricultural and 
environmental applications. Springer, New York, USA.

Narayanan, K.B. and Sakthivel, N. 2010. Biological synthesis of 
metal nanoparticles by microbes. Adv. Coll. Interf. Sci. 156, 
1–13.

Ogra, Y., Ishiwata, K., Encinar, J.R., Lobinski, R., and Suzuki, K.T. 
2004. Speciation of selenium in selenium-enriched shiitake mush-
room Lentinula edodes. Anal. Bioanal. Chem. 379, 861–866.

Oremland, R.S., Herbel, M.J., Switzer Blum, J., Langley, S., Beve-
ridge, T.J., Ajayan, P.M., Sutto, T., Ellis, A.V., and Curran, S. 
2004. Structural and spectral features of selenium nanospheres 
produced by Se-respiring bacteria. Appl. Environ. Microbiol. 70, 
52–60.

Pearce, C.I., Coker, V.S., Charnock, J.M., Pattrick, R.A.D., Mossel-
mans, J.F.W., Law, N., Beveridge, T.J., and Lloyd, J.R. 2008. 
Microbial manufacture of chalcogenide-based nanoparticles via 
the reduction of selenite using Veillonella atypica: an in situ 
EXAFS study. Nanotechnology 19, 1–13.

Peng, D., Zhang, J., Liu, Q., and Taylor, E.W. 2007. Size e ect of 
elemental selenium nanoparticles (Nano-Se) supranutritional 
levels on selenium accumulation and glutathione S-transferase 
activity. J. Inorg. Biochem. 101, 1457–1463.

Philip, D. 2009. Biosynthesis of Au, Ag and Au-Ag nanoparticles 
using edible mushroom extract. Spectrochim. Acta A: Mol. Bio-
mol. Spectrosc. 73, 374–381.

Poluboyarinov, P.A., Vikhreva, V.A., Leshchenko, P.P., Aripovskii, 
A.V., and Likhachev, A.N. 2009. Elemental selenium formation 
upon destruction of the organoselenium compound DAFS-25 
molecule by growing fungal mycelium. Moscow Univ. Biol. Sci. 
Bull. 64, 164–168.

Popescu, M., Velea, A., and Lőrinczi, A. 2010. A biogenic produc-
tion of nanoparticles. Digest J. Nanomater. Biostruct. 5, 1035– 
1040.

Prakash, N.T., Sharma, N., Prakash, R., Raina, K.K., Fellowes, J., 
Pearce, C.I., Lloyd, J.R., and Pattrick, R.A.D. 2009. Aerobic mi-
crobial manufacture of nanoscale selenium: exploiting nature’s 
bio-nanomineralization potential. Biotechnol. Lett. 31, 1857–1862.

Prokisch, J. and Zommara, M.A. 2010. Process for producing ele-
mental selenium nanospheres. Patent application publication, 
No US 2010/0189634 A1.

Rai, M. and Duran, N. 2011. Metal nanoparticles in microbiology. 
Springer, Berlin, Germany.

Ramadan, H.E., Razak, A.A., Yousseff, Y.A., and Sedky, N.M. 1988. 
Selenium metabolism in a strain of Fusarium. Biol. Trace Element 
Res. 18, 161–170.

Rayman, M.P., Infante, H.G., and Sargent, M. 2008. Food-chain 



Accumulation of elemental selenium nanoparticles in the L. edodes mycelium 835

selenium and human health: spotlight on speciation. Br. J. Nutr. 
100, 238–253.

Reilly, C. 2006. Selenium in food and health. Springer, New York.
Reynolds, E.S. 1963. The use of lead citrate at high pH as an elec-

tron opaque stain in electron microscopy. J. Cell Biol. 17, 208– 
212.

Roux, M., Sarret, G., Pignot-Paintrand, I., Fontecave, M., and Coves, 
J. 2001. Mobilization of selenite by Ralstonia metallidurans CH34. 
Appl. Environ. Microbiol. 67, 769–773.

Sastry, M., Ahmad, A., Khan, M.I., and Kumar, R. 2003. Biosynthesis 
of metal nanoparticles using fungi and actinomycete. Curr. Sci. 
85, 162–170.

Tandler, B. 1990. Improved uranyl acetate staining for electron 
microscopy. J. Electron Microsc. Tech. 16, 1505–1517.

Turło, J., Gutkowska, B., and Herold, F. 2010. Effect of selenium 
enrichment on antioxidant activities and chemical composition 
of Lentinula edodes (Berk.) Pegl. mycelial extracts. Food Chem. 
Toxicol. 48, 1085–1091.

Turło, J., Gutkowska, B., and Malinowska, E. 2007. Relationship 
between the selenium, selenomethionine, and selenocysteine 

content of submerged cultivated mycelium of Lentinula edodes 
(Berk.). Acta Chromatogr. 18, 36–48.

Turner, R.J., Weiner, J.H., and Taylor, D.E. 1998. Selenium me-
tabolism in Escherichia coli. BioMetals 11, 223–227.

Wang, Y. 2009. Differential effects of sodium selenite and nano-Se 
on growth performance, tissue Se distribution, and glutathione 
peroxidase activity of avian broiler. Biol. Trace Element Res. 
128, 184–190.

Wang, H., Zhang, J., and Yu, H. 2007. Elemental selenium at nano 
size possesses lower toxicity without compromising the funda-
mental effect on selenoenzymes: Comparison with selenome-
thionine in mice. Free Radical Biol. Med. 42, 1524–1533.

Zhang, J., Wang, X., and Xu, T. 2008. Elemental selenium at nano 
size (nano-Se) as a potential chemopreventive agent with re-
duced risk of selenium toxicity: comparison with Se-methyl-
selenocysteine in mice. Toxicol. Sci. 101, 22–31.

Zhao, L., Zhao, G., Zhao, Z., Chen, P., Tong, J., and Hu, X. 2004. 
Selenium distribution in a Se-enriched mushroom species of 
the genus Ganoderma. J. Agric. Food Chem. 52, 3954–3959.


