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Selenium is an essential trace element for which dietary intake is not sufficient in many parts of the world such as
in Europe. Yeast and mushrooms may accumulate considerable amounts of selenium, but the chemical form in
mushrooms has not been elucidated yet. Thus, we determined the selenium speciation of selenium-enriched
button mushrooms in comparison to that of selenized yeast via Se K-edge XANES spectroscopy. Quantitative
analysis of the XANES spectra revealed that the selenium in selenized yeast is mainly present as seleno-me-
thionine but that in selenium-enriched button mushrooms, it is present predominantly as Se-methyl-1-seleno-

cysteine. As this form is highly bioavailable and directly enters the selenium metabolic pool, selenium-enriched
mushrooms may be a good food choice to improve selenium intake.

1. Introduction

Dietary selenium intake is currently insufficient in up to 1 billion
people all over the world. The prevalence of selenium deficiency is
expected to further increase due to increasing selenium losses from soil
[1]. This situation is critical because selenium acts as cofactor of many
enzymes (e.g., glutathione peroxidases, deiodases) and thus plays a key
role in protection from free radicals as well as in the regulation of
growth, development and metabolism [2]. Selenium deprivation is as-
sociated with impaired antioxidant protection and with disturbances in
cellular differentiation and immune responses, which might favor oxi-
dative stress, infections and chronic diseases such as cancer [3,4]. Meta-
analyses of epidemiological studies have revealed that a sufficient in-
take of selenium may protect against breast, lung and prostate cancer
[5] as well as cardiovascular diseases [6].

Abbreviations:XANES, X-ray absorption near-edge spectroscopy

Foods from animal origin such as meat and fish are the major
dietary sources of selenium. Most plant foods are comparably low in
selenium except for vegetables of the Allium and Brassicaceae family
such as onions and broccoli, which may accumulate considerable
amounts of selenium [7]. Interestingly, mushrooms cultivated on a se-
lenium-fortified substrate may also accumulate large amounts of sele-
nium in the form of organic selenium or as inorganic selenite. However,
only a few selenium-containing compounds in mushrooms have been
identified so far [8].

Dietary supplements such as selenized yeast, produced by fer-
menting Saccharomyces cerevisiae in selenium-rich media, are con-
sidered to be a possible source of organic food-form selenium, e.g.,
Amoako et al. [9]. Virtually all of the selenium in yeast occurs as
structurally related substitutes for sulfur in the amino acid methionine,
thus forming seleno-methionine via the same pathways and enzymes
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that are used to form sulfur-containing methionine. Owing to its simi-
larity to S-containing methionine, seleno-methionine becomes in-
corporated into yeast proteins [10].

Mushrooms are of great interest as a dietary source of selenium, but
the exact chemical speciation of organic selenium in selenium-enriched
mushrooms has not been clarified yet. Total selenium content in
mushrooms and yeasts can be easily determined by gas chomatography
(GC), atomic absorption spectrometry (AAS) or hydride gen-
eration-atomic fluorescence spectroscopy (AFS) (e.g., [11-14]. Fur-
thermore, selenium speciation in selenium-enriched mushrooms and/or
selenized yeasts were recently characterized by high pressure liquid
chromatography- inductively coupled plasma-mass spectrometry
(HPLC-ICP-MS) [9,15,16], LC-ESI-MS [14], and by size-exclusion
chromatography-inductively coupled plasma-mass spectrometry (SEC-
ICP-MS) [17-19]. Investigations with liquid chromatography-electro-
spray ionization-mass spectrometry have shown—in contrast to in-
vestigations by HPLC—that organic selenium in caps and stalks of se-
lenized Agaricus bisporus predominantly occurs as selenocysteine [14].

However, all of these methods applied so far have one main dis-
advantage: selenium speciation cannot be investigated in situ on the
basis on natural samples. Therefore, chemical changes in the selenium
speciation during preparation and extraction (such as by heating)
cannot be ruled out. For example, Bird et al. [15] found more than 20
selenium-containing species (also very “unlikely” selenium compounds)
in hot water and enzymatic hydrolysis extracts of selenized yeast using
HPLC-ICP-MS (trifluoroacetic acid was used as an ion-pairing agent in a
water-methanol phase). Knowing the exact chemical form of selenium
and how selenium is included in the organic matter is crucial for its
bioavailability and usage in metabolism [10], and thus, nondestructive
analytical methods are necessary to characterize selenium speciation in
selenium-enriched mushrooms and selenized yeasts.

X-ray absorption near-edge structure (XANES) spectroscopy using
synchrotron radiation is the method of choice to characterize selenium
speciation with knowledge of its speciation important for under-
standing its metabolism and biological significance [20] on the basis of
native samples. This method elucidates the electronic and geometric
structure of the environment of the absorbing (here: selenium) atoms,
e.g., whether the valence of the excited atom and the electronegativity
of neighboring atoms or coordination geometry around the excited
atom are also in higher coordination shells. The information about the
actual chemical binding of an element can often be deduced by com-
paring the XANES spectrum of the sample of interest with the spectra of
suitable model (reference) compounds (‘fingerprint’ analysis). Fur-
thermore, often, a quantitative analysis of spectra by linear combina-
tion fitting using suitable reference compounds can be performed,
leading to a quantitative description of a single elemental species
within the speciation (e.g., [21,22,23]). XANES spectroscopy at the
selenium Kedge using synchrotron radiation has been successfully used
to determine the speciation of selenium in different areas of biological
and agricultural research (e.g., [24,25,26]). More details on the appli-
cation of XANES to investigate biological significance in situ as well as a
description of the advantages of XANES spectroscopy are shown by
Prange and Modrow [27].

This study focused on two questions: (1) What is the exact chemical
speciation of selenium in selenium-enriched button mushrooms in situ?
(2) Are there any differences in selenium speciation between the mi-
crofungi (yeasts) and the macrofungi (mushrooms) when cultivated on
selenite-containing substrate/medium? Does selenium in selenized
yeasts and selenium-enriched mushrooms only occur as organic sele-
nium or additionally as an inorganic selenium species?

2. Materials and methods
2.1. Preparation of mushroom and yeast samples

White button mushrooms (Agaricus bisporus) grown on a fortified
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breeding ground containing 10 mg/kg of selenium saline (selenite)
were freeze-dried after harvest. The freeze-dried button mushroom
samples contained total selenium between 0.35-2.86 mg/kg as de-
termined by using a Jobin-Yvon ICP-OES instrument. Selenized yeast
(Spring Valley”~ Selenium) were purchased in Baton Rouge, LA, from a
grocery store (Walmart), and Se K-edge XANES spectra were measured
in fluorescence mode using the material as received. The selenized
yeast contained 200 mcg (ug) selenium/tablet with the following ad-
ditional ingredients: brewer’s yeast, cellulose, croscarmellose, vege-
table stearic acid, silica and vegetable magnesium stearate (specifica-
tion according to the supplier’s data sheet).

Non-selenium-enriched freeze-dried button mushrooms (Agaricus
bisporus) were used as a negative control. For XANES spectroscopy
measurements, the freeze-dried samples were ground finely and put on
a self-adhesive Kapton® film (type 7010) purchased from CWC
Klebetechnik (Frankenthal, Germany) and used for measurements in
fluorescence mode (see below).

2.2. XANES-spectroscopy experimental

XANES spectra were recorded at the INE beamline using synchro-
tron radiation of the Angstromquelle Karlsruhe (ANKA) synchrotron of
the Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany. The
storage ring was operated at 2.5 GeV with electron currents between
200 and 150 mA. The synchrotron radiation was monochromatized by a
modified Lemonnier-type double-crystal monochromator [28] that was
equipped with Ge (422) crystals. The monochromatic flux rate per
second was 2 x 10'° photons (at 150 mA). The measurements were
carried out in fluorescence mode for the reference and mushroom/yeast
samples using a 5 element LEGe (Canberra-Eurisys) detector. Further-
more, for comparison reasons, the reference samples were additionally
measured in standard transmission mode with ionization chambers
(under argon). Further details on the INE beamline and on the experi-
mental setup were published previously [29]. The spectra were scanned
with step widths of 0.5 eV between 12,620 and 12,720 eV and with an
integration time of 3 s per data point. XANES data were normalized and
analyzed using the ATHENA program of the IFFEFIT package [30].

For energy calibration of the spectra, the Se Kedge XANES spectrum
of the gray elemental selenium was used as a ‘secondary standard’
setting for the maximum of the first peak of the spectrum (‘white line’)
to an energy of 12,658 eV. According to the step width, this value is
reproducible to + 1eV.

2.3. Reference compounds

Potassium selenate, potassium selenite and selenourea were pur-
chased from Alfa Aesar (Karlsruhe, Germany); seleno-DL-methionine,
glutamyl-Se-methyl-L-selenocysteine, Se-methyl-1-selenocysteine, and
methylselenic acid were purchased from PharmaSe Inc. (Lubbock, TX,
USA); and 1-selenocysteine and selenium (grey selenium; metal) were
purchased from Sigma-Aldrich (Taufkirchen, Germany). All reference
compounds were purchased in the highest purity available (A.C.S. or
reagent grade). The samples were ground into a fine powder and put on
a self-adhesive Kapton® film (type 7010) purchased from CWGC
Klebetechnik (Frankenthal, Germany). The thickness and homogeneity
of the samples were optimized to avoid possible self-absorption
(fluorescence mode) and possible thickness- as well as pinhole-effects
(transmission mode).

2.4. Quantitative analysis

Spectra of the mushroom and yeast samples were recorded three
times in fluorescence mode using the 5-element detector (see above),
yielding 15 spectra for each sample. For subsequent quantitative ana-
lysis using linear combination fitting (LCF), the 15 spectra were aver-
aged/merged, normalized and analyzed using the ATHENA program of
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Table 1

Results of the least-square fitting of the selenium K-edge spectra of selenium-
enriched botton mushrooms and selenized yeast with 3 reference spectra. The
error of the numbers given in the table is < = 10%. (cf. Materials and Methods
and (21)).

Percentage contribution of selenium speciation

Sample Se-(methyl-L- seleno-pL- potassium
seleno)cysteine  methionine selenite
Selenium-enriched 55 (53)° 35 (36)° 10 11)*
Agaricus bisporus
Selenized yeast 18 (10)* 75 (75)* 7 (15)*

Saccharomyces
cerevisiae

@ Results for 1% derivative as control are shown in parentheses.

the IFFEFIT package [30]. The least square fitting process was carried
out in 3 steps. In a first step for both samples (the selenized yeast and
the selenium-enriched mushrooms), the best reference spectra (fluor-
escence vs. transmission) for selenomethionine and the best reference
compounds/spectra for selenocysteine were determined. In a second
step, sample spectra were fitted using all combinations of 3 from 5 best
reference spectra (selenite and 2 spectra each for selenocysteine and
selenomethionine). For both samples, best fits were obtained with the
same set of 3 reference compounds: Se-(methyl-i-seleno)cysteine, se-
leno-DL-methionine and potassium selenite. The corresponding results
are summarized in Table 1, and the corresponding spectra of the sam-
ples and the best fits are shown in Fig. 2. In many cases the 1st deri-
vatives show a more pronounced fine structure than the original ab-
sorption spectra and are therefore very sensitive for quantitative
analyses using a least square fitting process. Hence, for checking the
consistency of the original fitting process, in a third step, the 1% deri-
vatives of the sample spectra were fitted using the corresponding de-
rivative spectra of the reference compounds. The 1° derivatives of the
sample spectra were fitted similar to the absorption spectra by using
again all combinations of 3 from the derivative spectra of the 5 re-
ference spectra used for fitting the absorption spectra. The results of
this process agree quite well with those obtained by fitting the original
spectra (best fits obtained by the same 3 reference compounds!) and
they are also included in Table 1. The results of this fitting agreed quite
well with those obtained by fitting the original spectra, and they are
also included in Table 1.

Based on various quantitative analyses carried out by the authors
(e.g. also as “blind testing” experiments of defined mixtures of sulfur
compounds) the error of the percentage contributions for the com-
pounds in the linear combination fitting (Table 1) can be roughly es-
timated to + 10% (according to Prange et al. [21] and refences
therein).

3. Results and discussion

The aim of the present study was to investigate the exact chemical
speciation of selenium in selenized yeast and in selenium-enriched
mushrooms. To the best of our knowledge, this is the first application of
XANES to selenium-enriched button mushrooms to investigate possible
differences in the chemical form in which selenium is incorporated in
yeast (grown with selenite in broth by fermentation) versus that in
mushrooms (cultivated on selenite-containing substrate). For this ana-
lysis, a broad variety of reference compounds for selenium (different
species) were measured and their respective relevance tested (Fig. 1). In
general, these compounds are used only as representatives for a given
class of an atomic environment of the selenium atom. For example, gray
selenium is used as indicator for the presence of selenium (0) in general,
although it was intuitively evident that the metal, grey selenium, was
definitely not present in the samples under investigation. In Fig. 2, the
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Fig. 1. Selenium K-edge XANES spectra of different reference compounds: (a)
elemental selenium (gray), (b) L-selenocysteine, (c) Se-methyl-L-selenocysteine,
(d) glutamyl-Se-methyl-L-selenocysteine, (e) seleno-pi-methionine, (f) sele-
nourea, (g) methylselenic acid (h) potassium selenite and (i) potassium sele-
nate. (a.u., arbitrary units).
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Fig. 2. Selenium K-edge XANES spectra of (a) selenium-enriched Agaricus bis-
porus (solid line) and corresponding ATHENA fits (dotted line), (b) selenized
yeast (Saccharomyces cerevisiae, Spring Valley ) (dashed line), and corre-
sponding ATHENA fit (dashed-dotted line)). (a.u., arbitrary units.).

Se K-edge XANES spectra of selenized yeast (a) and selenium-enriched
mushrooms, grown on selenite (b), are shown together with their ac-
companying ATHENA fits. The spectra of the samples showed a max-
imum intensity at 12,663 eV, corresponding to organic selenium.
Therefore, upon uptake of selenite, selenium was mainly incorporated
into the organic molecules in the form of seleno-amino acids; a minimal
selection of reference compounds (seleno-DL-methionine, Se-methyl-t-
selenocysteine, selenite) was sufficient to fit the spectra (Table 1). In-
terestingly, the ratio of different seleno-amino acids in selenized yeasts
compared to that of selenium-enriched mushrooms was significantly
different. in situ, XANES revealed two different speciations (Table 1):
selenium in selenized yeast was mainly present as seleno-methionine, in
selenium-enriched button mushrooms it predominantly occurred as Se-
methylseleno)cysteine, which supports the results by Maseko et al. [14]
and contradicts the prior results obtained by HPLC [15]. It has been
shown in situ that button mushrooms take up selenite from the substrate
and incorporate it into Se-(methylseleno)cysteine, which is the sele-
nium form with the highest bioavailability [20]. Furthermore, ac-
cording to Whanger et al. [31] and Dong et al. [32], Se-methyl-L-sele-
nocysteine and y-glutamyl-Se-(methylseleno)cysteine are the most
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effective anticancer selenium agents. From this point of view, the spe-
ciation of selenium in selenium-enriched mushrooms is superior to se-
leno-methionine provided by selenized yeasts and superior to dietary
supplements containing inorganic selenium.

Both yeasts and button mushrooms were freeze-dried, but they had
a completely different speciation. A change in speciation of selenium by
freeze-drying might be assumed. However, Moreno et al. [33] have
evaluated and shown the stability of selenium species in freeze-dried
biological samples oysters over a period of 12 months. Therefore, the
speciation results presented here for the freeze-dried samples can be
assumed to correspond to native samples. In the yeast as well as in the
button mushrooms, a small amount of selenite was also detectable
(close to the error limit), which might be a result of “unincorporated”
selenite taken up during growth. A further oxidation to selenite or re-
duction of selenite to elemental selenium as well as any other inorganic
form of selenium was not observed when comparing the results (espe-
cially regarding the positions of the white lines indicating the “formal”
oxidation state) with the reference compounds (Fig. 1), as has also been
observed for different bacteria and molds [24]. In contrast, button
mushrooms cultivated on substrate (not enriched with selenite) and
yeasts (Saccharomyces cerevisiae) grown without selenite used as nega-
tive controls led to a very weak and noisy spectra when investigated by
Se K-XANES (data not shown), indicating that selenium was only pre-
sent in trace amounts.

According to the European Food Safety Authority (EFSA), adults can
achieve an adequate selenium supply by an intake of 70 ug selenium per
day. This dose ensures levelling off of the plasma selenoprotein P (SePP)
concentration, which reflects saturation of the functional selenium
body pool, thus indicating the fulfilment of the selenium requirement
[34]. The German, Austrian and Swiss nutrition societies recommend a
daily selenium intake of 60 pg for women and of 70 ug for men to obtain
saturation of SePP, taking into account sex-specific differences in re-
ference body weight [35]. The Institute of Medicine (USA) [36] con-
siders 55 pg of selenium per day to be adequate to meet selenium re-
quirements, based on the dose that is necessary to maximize
glutathione peroxidase activity. However, this biomarker is less valu-
able than SePP is to define the selenium requirement [34]. While the
average selenium intake by adults in the United States is 109 ug per
day, it ranges from 31.0 to 65.6 ug/day in European countries, thus
leading to much higher serum selenium concentrations in the United
States (Maryland: 1.69 to 2.15 umol/l; South Dakota 2.17 to 2.50 umol/
1) compared to those in Europe (0.66 to 1.69 umol/1) [36]. A single
portion (200 g) of selenium-enriched button mushrooms would provide
approximately 20 pg of selenium, an amount that would considerably
contribute to closing the gap between existing and recommended se-
lenium intake in selenium-deficient regions, without exceeding the
tolerable upper intake level for adults set at 300 ug/d [34] and 400 pug/
d [36]. Seleno-methionine, which is ingested from selenized yeast, is
highly bioavailable, but it is covalently bound in methionine-containing
proteins and has to be catabolized to make selenium available to the
metabolic pool. In contrast, selenocysteine enters directly into the se-
lenium metabolic pool and is incorporated in selenoproteins with cat-
alytic function [37].

Although Se-methyl-1-selenocysteine is an excellent source for se-
lenium supplementation and is the best bioavailable form, it is actually
not allowed as a dietary supplement in the EU (in contrast to the US).
Since 2009, the European Union has released a series of decrees with a
list of selenium compounds allowed to be used, which includes in-
organic selenium forms, selenized yeast, L-selenomethionine and its
hydroxy analog. Se-methyl-L-selenocysteine, which occurs in the sele-
nium-enriched button mushroom, is not listed, although this chemical
form of selenium is a good and healthy alternative (instead of dietary
supplements) for human selenium supplementation on the basis of an
enriched food (mushrooms). Therefore, it can be suggested that the EU
list should be amended to include Se-methyl-L-selenocysteine.

In conclusion, button mushrooms cultivated on selenium-fortified
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substrate provided organic selenium in the form of Se-methyl-i-sele-
nocysteine, which directly enters the metabolic selenium pool, in con-
trast to seleno-methionine ingested by yeast. Thus, button mushrooms
present a valuable selenium source and is an interesting organic alter-
native to seleno-methionine from the dietary supplement of selenium
enriched yeast.
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