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Trace elements selenium, copper, and zinc are essential minerals for the human body. One of the
means to increase the micronutrient content in diets is to add them to food raw materials, for ex-
ample, to enrich grain with micronutrients during malt production. To obtain rye malt, 3 kg grain
was soaked in 10 | water with addition of three mineral salts — sodium selenate (Na2SeO4), cop-
per sulphate (CuSO4 5H20), and zinc sulphate (ZnSO4 7H20) at different concentrations and dif-
ferent combination of salts. The concentration of selenium, copper, and zinc was determined in
rye malt. The obtained results were used to calculate the degree of assimilation of trace elements
in rye malt. The interaction of trace elements selenium/copper and copper/zinc was studied. The
total amount of selenium, copper, and zinc was analysed by inductively coupled plasma mass
spectrometry (ICP-MS). Sample preparation for elemental analysis was performed by wet acid di-
gestion in a closed microwave mineralisation system. The selenium assimilation degree in rye
malt was within 10.6 to 12.2%. Accordingly, copper assimilation was 32.8 to 38.0% and zinc 49.3
to 57.0%. Simultaneous presence of selenium/copper and copper/zinc during rye grain soaking

promoted the assimilation of each mineral, compared with only one mineral additive.
Key words: selenium, copper, zinc, assimilation, rye malt, germination.

INTRODUCTION

Micronutrients are essential elements used by plants in
small quantities. For most micronutrients, crop uptake is
less than 1 kg~ha'1. In spite of this low requirement, critical
plant functions are limited if micronutrients are unavailable,
resulting in plant abnormalities, reduced growth and lower
yield (Butzen, 2010). Their specific biochemical roles can-
not be substituted by other elements. In the absence of ade-
quate amounts of these elements in plant tissues, crop
growth and metabolic cycles will be impaired (Khoshgoftar-
manesh et al., 2010). For example, trace amounts of sele-
nium can promote growth in a variety of Se accumulator
and non-accumulator plants. Studies have also shown that
Se can protect plants from biotic and abiotic stresses
(Tamas et al., 2010; Wong et al., 2012). Se can activate the
antioxidant system by elevating GPX expression under
abiotic stress conditions such as ultraviolet radiation, and
low temperature. Also, supply of Se protects the plants from
a variety of herbivores and pathogens, probably by volatile
Se (dimethylselenide) emitted or Se elevated production of
ethylene, jasmonic acid and other defense-related proteins
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(Wong et al., 2012). Copper is an essential element for
plants, animals, and people in small, but absolutely neces-
sary quantities. An insufficient content of this element in
the soil reduces the yield of crops, particularly cereals
(Korzeniowska and Stanistawska-Glubiak, 2011). Copper is
an activator of several enzyme systems in plants and func-
tions in electron transport and energy capture by oxidative
proteins and enzymes. It may play a role in vitamin A pro-
duction. Vitamin A deficiency interferes with protein syn-
thesis (Lohry, 2007). Zinc acts either as a metal component
of enzymes or as a functional, structural, or regulatory co-
factor of a large number of enzymes. More than 80 zinc-
containing proteins have been reported. The rate of protein
synthesis and the protein content in zinc-deficient plants are
drastically reduced. The accumulation of amino acids and
amides in these plants demonstrates the importance of zinc
for protein synthesis. Zinc is an essential component of
RNA polymerase and if the zinc is removed, the enzyme is
inactivated. Zinc is also a constituent of ribosomes and is
essential for their structural integrity. A decrease in protein
content of zinc-deficient plants is also the result of en-
hanced rates of RNA degradation. Higher rates of RNase
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activity are a typical feature of zinc deficiency (Lohry,
2007; Mousavi et al., 2013).

Cereals, meats, and fish are the main sources of selenium in
the human diet. Cereals and cereal products contain a wide
range of selenlum concentration, most being between
10-550 mg- kg on a fresh weight basis. Cereal grains pro-
duced in the Keshan county in China contain 3-7 mg- kg
selenium, whereas wheat grain produced in North and South
Dakota in the US may contain more than 2000 Se mg- kg .
In general, European wheats contain lower levels of sele-
nium than North American wheats. Low selenium concen-
trations have been reported in Scandinavian countrles with
concentration in wheat ranging between 7-18 mg- kg Re-
cent surveys of South Australian wheats reported a range of
5-720 Se mg- kg , with a mean value of 155 mg- kg .
Wheat samples from Manitoba of Canada had a mean sele-
nium concentration of 760 mg- kg The nutritional mini-
mum level both for animals and humans is about 50-100 Se
mg-kg'] in dry fodder/food, and intake below that may
cause selenium deficiency (Tamas er al., 2010). The aver-
age copper concentration in the grain of wheat grown on
different soils varies between 2.3 and 4.6 mg- kg In Po-
land the average copper concentration in winter wheat graln
is 3.8 mg- kg and in spring barley is 4.8-5.4 mg- kg
(Wtasniewski et al., 2014). Cu concentration in wheat grain
in England is 3. 9—5 4 mg- kg , Iran — 5.5 mg- kg Can-
ada — 4.1 mg: kg , Sweden — 3.5-5 mg- kg , and the
USA — 4.1 mg- kg (Korzeniowska and Stanistawska-
Glubiak, 2011). In Central Asia, Zn concentration in wheat
has been reported to be between 20 mg-kg'land 39 mg-kg_1
(Morgounov et al., 2007). Most cereals have an intermedi-
ate level of zinc, Zn concentration in whole-grain cereal
(wheat, maize, brown rice, etc.) ranged from 5-32 mg- kg
(Brown et al., 2011). The main aim of this research was to
determine the degree of assimilation of selenium, copper,
and zinc content in rye malt.

MATERIALS AND METHODS

Plant material. The research object was rye grain (variety
‘Kaupo’) from Ltd. “Naukseni”. Rye grains of 96% viabil-
ity were soaked for 48 h at temperature 6.6-11.7 °C and
germinated 72 h at temperature 615 °C. Twenty samples of
rye malt were prepared. The experiments were perfomed in
three replications. To obtain rye malt, 3 kg grain was
soaked in 10 L water with addition of three mineral salts —
sodium selenate (Na,SeO,), copper sulphate (CuSO,
5H,0), and zinc sulphate (ZnSO, 7H,0) at different con-
centrations and in different combinations (Table 1). As a
control, samples without microelement additives were used
in all experimental series. After germination the grain was
rinse with distilled water and dried in an oven for 24 hours
at temperature 60—112 °C in a triple deck kiln and ground
with a laboratory mill fitted with a 0.4 mm sieve. Moisture
of malt samples ranged from 7.2% till 8.9%.

Mineralisation of rye malt samples. Microwave assisted
wet acid digestion was used for mineralisation of samples.
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Table 1
CONCENTRATION OF MICROELEMENTS IN WATER

Abbreviation|  Used mineral Concentration of microelements
of samples salts in solutions used
(mg1)

K 1 2 ‘ 3

I Se (Na,SeO,) 0 5 8.5 17
1T Cu (CuSO45H,0) 0 10 20 50
1T Zn (ZnSO,7H,0) 0 10 50 100
v Se (Na,SeO,) 0 8.5 0 8.5
Cu (CuSO45H,0) 0 0 20 20

v Zn (ZnSO47H,0) 0 50 0 50
Cu (CuSO45H,0) 0 0 20 20

Table 2

MICROWAVE ASSISTED WET MINERALISATION PROGRAMME
OF RYE MALT SAMPLES

Step Power, W Ramp time, min Holding time, min
600 10 5
400 5 25
0 2 20

This mineralisation method used closed Teflon vessels as
selenium is a volatile element. Sample digestion was per-
formed with a MULTIWAVE 3000 (Anton Paar) 1400 W
microwave accelerated reaction system and 100 mL Teflon
XF100 (p,,x = 100 bar, t_, = 260 °C) closed-system ves-
sels using an eight-vessel rotor.

All plastic vessels were washed with an appropriate deter-
gent, immersed in 5% HNO? for 24 h and rinsed with
ultrapure water (18.2 MQ cm™, Millipore Simplicity), prior
to use. Approximately 0.2 g with precision 0.0001 g of each
powdered sample was weighed into 100 ml microwave Tef-
lon vessels and 7 mL of concentrated nitric acid (freshly
sub-boiling distilled) and 2 ml of hydrogen peroxide
(Merck, suprapure) were added to each vessel. The vessels
were left open for two hours before sealing to allow sam-
ples to predigest, and were then positioned inside the micro-
wave digestion system for a three-step microwave tempera-
ture program (Table 2). After cooling, digested sample
solutions were transferred to 50 ml plastic tubes and diluted
up to 25 ml with deionised water (18.2 MQ- om’! , Milipore
Simplicity). Sample blanks were used for each mineralisa-
tion set. Approximately 0.5 g with precision 0.0001 g of
each powdered rye malt sample was weighed into a quartz
crucible and after preashing on a hot plate were mineralised
in a programmable muffle oven at 550 °C for six hours.
Finally, the ash was transferred to 50 ml plastic tubes and
diluted up to 45 ml.

Inductively coupled plasma mass spectrometry (ICP-
MS). A standard Agilent 7700x ICP-MS with a Micromist
nebuliser was used for the determination of zinc, selenium,
and copper in all rye malt samples. The operating condi-
tions used for the analysis of samples are shown in Table 3.
The Octopole Reaction System (ORS3) of the 7700xICP-MS
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Table 3

ICP-MS OPERATING PARAMETERS FOR THE DETERMINATION
OF Se, Zn AND Cu IN RYE MALT SAMPLES

RF power, W 1300
Sampling depth, mm 8
Carrier gas flow, 1-min’! 0.60
Dilution gas flow, I-min™! 0.40
He cell gas flow, l-min’! 0.004
Number of replicates 3

was operated in helium collision mode (He mode) and with-
out an ORS3 cell. For the ICP-MS analysis, a MassHunter
Workstation program and its subprograms — Instrument
Control and Offline Data Analysis were used. For quantita-
tive determinations by ICP-MS, a linear six-point calibra-
tion method was used. Stability of the analysis system was
checked by using two standard solutions after ten replicates.
For the preparation of standard solutions for quality check-
ing and producing a calibration graph, TraceCERT® CRMs
multi-element standard solution V for ICP (10 mg-l’1 in
10% HNO;) from SigmaAldrich and Selenium standard so-
lution (990 + 7 mg-1"' in 2-3% HNO3), from Merck
(Suprapur) were used.

Statistical analysis. The statistical analyses of data were
carried out using Microsoft Excel for Windows 7.0 (Micro-
soft Corporation, Redmond, WA). Mean value, standard de-
viations and significant values were calculated. P-values
< 0.05 were regarded as significant.

RESULTS

To determine trace element (Se, Cu, Zn) assimilation in rye
malt, rye grain was soaked in varying concentrations of se-
lenium, copper, and zinc salt solutions (Table 1).

Concentration of selenium in rye malt was determined by
ICP-MS for experiment series — I. The obtained results
(Fig. 1) showed that concentration of selenium in rye malt
depended on the selenium concentration in solution. When
the added concentration of selenium was 5 mg-l'l, concen-
tration of selenium in rye malt increased 36 times compared
to the control sample, and at concentration of 8.5 and 17
mg-l'1 by 68 and 138 times, respectively.

Copper concentration was determined in series II. At copper
concentration in solution of 10 mg-kg'1 copper concentra-
tion increased 5.4 times, compared to the control sample.
When the added copper concentration in solution was 20
and 50 mg-l'l, concentration of copper in rye malt increased
8.3 and even 20 times, respectively (Fig. 2).

The concentration of zinc in rye malt samples was deter-
mined in series IIl. Zinc concentrations in solution of 10,
50, and 100 mg L! increased Zn concentration in rye malt
1.8, 4.4, and 7.6 times, respectively, compared with the con-
trol (Fig. 3).
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Fig. 1. Dependence of Se concentration in rye malt from the Se concentra-
tion in the soaking solution.
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Fig. 2. Dependence of Cu concentration in rye malt on Cu concentration in
the soaking solution.
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Fig. 3. Dependence of Zn concentration in rye malt on Zn concentration in
the soaking solution.

The next step in the study was investigation of effect of two
trace element combinations (Se/Cu and Cu/Zn) in the soak-
ing solution of rye to evaluate their interactions in the as-
similation process. In the fourth series (IV — Se/Zn), solu-
tions contained added selenium and zinc in different
combinations: only with selenium addition (IV — 1), only
with copper addition (IV — 2) and with addition of selenium
and copper salts (IV — 3). The obtained results compared
with the control rye malt sample (IV — K) are shown in Fig-
ure 4. Similarly, we prepared a fifth experiment series (V —
Cu/Zn) with soaking water solutions using copper and zinc
addition. The obtained results are presented in Figure 5. The
concentrations of added amounts of Se, Cu and Zn were op-
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Fig. 4. Dependence of selenium and copper concentration in rye malt on
Se/Cu concentrations in the soaking solutions. IV-K: control rye malt sam-
ple; IV —1: Cu (0 mg~]'l) and Se (8.5 mg~]'l) in soaking water; IV — 2: Cu
(20 mg-l'l) and Se (0 mg-l'l) in soaking water; IV — 3: Cu (20 mg-l'l) and
Se (8.5 mg~l'l) in soaking water.
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Fig. 5. Dependence zinc and copper concentration in rye malt on Zn/Cu
concentrations in the soaking solutions. V — K: control rye malt sample;
V - 1: Zn (50 rng-l’l) and Cu (0 mg-l’l) in soaking water; V — 2: Zn
(U] mg-l'l) and Cu (20 mg-l'l) in soaking water; V — 3: Zn (50 mg-l'l) and
Cu (20 mg-l']) in soaking water.

timised from the results of single element additions in the
soaking water solution.

Assimilation efficiency of microelements was calculated
from ICP-MS analyses results (Table 4).

DISCUSSION

In the current study, mean concentration of selenium in rye
grain that was soaked in deionised water was 0.05 mg'kg'l.
Such an amount of selenium is common in Europe-grown
grains and is significantly lower than in grain grown in
America. (Tamas et al., 2010; Duma, 2010). The selenium
concentration in solution was correlated to the selenium
concentration in rye malt (p < 0.05). Selenium accumulation
in malt was proportional to its concentration in solution.
The obtained results were similar to results of other studies
(Lintschinger et al., 1997; Duma, 2010).

Copper concentration in deionised water soaked rye malt
was 2.8 mg~kg_1 (Fig. 2), which was significantly higher
(» < 0.05) compared to the selenium concentration (0.05
mg-kg'l) in rye malt. Similarly, selenium, copper concentra-
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Table 4

ASSIMILATION EFFICIENCY OF SOME MICROELEMENTS IN RYE
GRAIN

Micro- Sample 1 | Sample 2 | Sample 3
elements
Se Concentration in bathing 5 8.5 17
solution, mg-l'1
Assimilation efficiency, % 10.6 12 12.2
Cu Concentration in bathing 10 20 50
solution, mg-l'1
Assimilation efficiency, % 36.9 30.6 30.8
Zn Concentration in bathing 10 50 100
solution, mg-l'1
Assimilation efficiency, % 57 50.6 493

tion in rye malt depended on its concentration in solution.
The copper concentration in solution was correlated to the
copper concentration in rye malt (p < 0.05).

Quantitative and qualitative harvest culture is heavily de-
pendent on the concentration of zinc in soil (Mousavi et al.,
2013). The concentration of zinc in the plant is significantly
higher than copper and selenium concentration (Morgounov
et al., 2007; Thomas et al., 2010; Brown et al., 2011). The
results of Zn assimilation (Fig. 3) are similar to selenium
and copper, and also Zn concentration in malt was propor-
tional to the concentration of Zn concentration in solution.
Compared with control samples, the increases of zinc con-
centration in malt was not as large as in the case of sele-
nium and copper, which can be explained by the higher zinc
concentration in the control.

In nature plants and soil waters contain many trace ele-
ments, which facilitate or impede mutual assimilation
(Orlov, 1998; Buligin et al., 2007). The results (Fig. 4) of
the fourth series (IV-Se/Zn) showed that addition of both Se
and Zn to the solution used for soaking grains slightly (p <
0.05) increased Cu and Se assimilation (IV-3) in rye malt,
compared with samples where solutions had single mi-
cro-nutrient additions: selenium (IV-1) or copper (IV-2).
Selenium assimilation in rye malt increased up to 12% and
for copper — 4%.

Similar results (Fig. 5) were obtained for the fifth series
(IV-Zn/Cu) of rye malt samples. These experiments also
showed that simultaneous addition of Cu and Zn in the
soaking solution sligthly promoted assimilation of both ele-
ments in the rye malt, compare with the single element ad-
dition solutions. This might be explained by functionally
copper-deficiency of zinc-deficient cells, although they hy-
per accumulate copper up to 50-fold over normal levels.
Malasarn (2013) suggested that zinc-deficient cells seques-
ter copper in a bio-unavailable form, perhaps to prevent
mismetallation sites.

It is known that grains do not accumulate selenium (Terry et
al., 2000). In this study selenium intake was calculated and
analysed in the rye grain germination process, i.e. the pro-
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portion of available selenium in solution that was assimi-
lated by grain. The obtained results are shown in Table 4.
The most effective accumulation of selenium was observed
at the highest Se concentration in solution — 17 mg-l'l. Rye
grain at this concentration accumulated 12.2% of selenium
present in solution, whereas at the lowest selenium concen-
tration in the solution (5 mg-l'l) grains assimilated 10.6% of
the selenium. The different selenium intake in rye grain can
be explained by selenium consumption by grain at neces-
sary quantity at increased selenium concentration in the so-
Iution, because of biological processes (Duma, 2010).

Copper assimilation efficiency was significantly higher than
that of selenium (Table 4). This is due to copper accumula-
tion conditions in plants (Wtasniewski et al., 2014). The
low micro-nutrient concentration in plant reproductive or-
gans is due to the protective function that protects plant
from assimilation of trace elements in larger amounts in
these organs (Titov ef al., 2007). Results presented in Table
4 showed that higher assimilation efficiency of Cu in malt
(36.9%) was obtained in the soaking solution with the high-
est Cu concentration. At a lower concentration of copper
(20 and 50 mg~1'1) in solution, assimilation of Cu in rye
malt was 30.6% and 30.8%, respectively. Similar results
were obtained for zinc assimilation efficiency in rye. Zinc
and copper are essential trace elements that plants also ac-
cumulate (Brown et al., 2011). As seen from Table 4, the
highest assimilation effect of Zn (57%) in rye malt was ob-
served in soaking solution with the lowest concentration (10
Zn mg-l'l), compared to 49.3% of zinc assimilated at the
highest concentration of zinc in solution (100 mg-l_l). This
different zinc intake in rye grains is due to a stronger con-
nection to the cell membranes at lower concentrations of
micro elements in the environment. It is known that with in-
crease of zinc concentration, links with the cells will
weaken significantly.

CONCLUSIONS

The concentration of microelements (Se, Cu, and Zn) in rye
malt was correlated with the selenium, copper, and zinc
concentration in solution used for soaking rye grain.

The observed increase of selenium concentration in rye malt
was 36, 68, and 138 times higher than in the control sample,
using soaking solutions with selenium concentrations 5, 8.5,
and 17 mg-1"", respectively. The observed increase of copper
and zinc amounts in rye samples was approximately 8 and
18 times lower, respectively, compared with selenium.

It can be concluded that most efficient migration of
microelements from solution to rye malt was observed for
Zn. Rye grains accumulate about 49.3 to 57% of total zinc
amount added in deionised water. Copper assimilation effi-
ciency was 30.6-36.9%, and for selenium only 10.6—
12.2%.
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Simultaneous presence of selenium/copper and copper/zinc
during rye grain soaking slightly promoted assimilation of
the studied minerals, compared with single mineral addi-
tion.
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SELENA, VARA UN CINKA ASIMILACIJA RUDZU IESALA

Mikroelementi seléns, var§ un cinks ir nozimigi minerali cilvéka kermeni. Viena no iesp&jam, ka palielinat mikroelementu saturu cilveku
uztura, ir pievienot tos partikas izejvielas, pieméram, bagatinat graudus ar mikroelementiem iesala razoSanas laika.

Lai iegiitu rudzu iesalu, 3 kg graudus mérc€ja 10 1 Gidens, kura pievienoja tris dazadus mineralu salus — natrija selenatu (Na2SeOy4), vara
sulfatu (CuSO4 5H20) un cinka sulfatu (ZnSO4 7H20) dazadas koncentracijas un kombinacijas. Rudzu iesalam tika noteikts seléna, vara un
cinka saturs, ka ari aprékinata So mikroelementu asimilacijas pakape. Tika pétita savstarp&ja mijiedarbiba starp mikroelementiem
seléns/var§ un var$/cinks. Kop€jais seléna, vara un cinka saturs tika noteikts ar induktivi saistitas plazmas masspektrometrijas metodi
(ICP-MS). Selena asimilacijas pakape rudzu graudos sastadija no 10,6 lidz 12,2%. Savukart vara asimilacija no 32,8 lidz 38,0%, bet cinka:
49,3-57,0%. Vienlaiciga mikroelementu seléna/vara un vara/cinka klatbtitne rudzu graudu mércéSana veicinaja So mineralvielu savstarp&jo
asimilaciju, salidzinot to ar tikai vienas mineralvielas piedevu.
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