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AbstrAct

Microelements are important components of living organisms. Their small amounts fulfil sub-
stantial functions in organisms, although in larger amounts they can have a toxic effect.  
The research presented in the paper addressed the effect of different methods of fertilization 
with selenium at different stages of plant growth on the content of selenium, iron, zinc,  
copper and manganese in the grain of spring wheat (Triticum aestivum L.). Foliar fertilization 
(dose 5 g ha-1), seed (dose 50.00 μmol) and foliar, soil (dose 5 g ha-1) and foliar, as well as seed, 
soil and foliar fertilization were introduced. The content of selenium, Se, Fe, Zn and Mn in the 
grain was determined after mineralization in a mixture of HNO3 and HClO4, through the method 
of atomic absorption spectrometry (AAS). The study results show that fertilization with sele- 
nium has no effect on the yielding of spring wheat. It contributes, however, to an increase  
in the selenium content in the grain. Fertilization to the grain and soil with additional foliar 
application at the tillering and stem elongation stage (G+S+F1-2), as well as soil fertilization 
combined with foliar application at the same stages (S+F1-2) and the stem elongation stage 
alone (S+F2) proved the most effective. The best period for selenium application in cultivation 
of spring wheat is therefore the stem elongation stage (BBCH 30–39). Fertilization with sele- 
nium did not contribute to an increase in the content of the remaining selected microelements 
in the grain of spring wheat. The values of the analysed elements are comparable with natural 
amounts occurring in crops. This shows that fertilization with selenium permits an increase  
in its content in the grain of spring wheat with no excessive toxic accumulation of elements, 
such as iron, copper, zinc, or manganese.

Keywords: Se application, Triticum aestivum, iron, zinc, copper, manganese.

Aleksandra Radawiec, Independent Department of Agricultural Chemistry, Institute of Agriculture 
and Ecology, Warsaw University of Life Sciences, Nowoursynowska 166, 02-787 Warsaw,  
Poland, aleksandra_kowalczyk@sggw.edu.pl 
* This research received no external funding.



1026

INTRODUCTION

Microelements are important components of plants. In small quantities, 
they determine balanced metabolism, growth, and reproduction. As the first 
link in the food chain, plants provide them to consumers of all levels, includ-
ing humans. Microelements are of key importance in a diet, and translate 
into the state of health of the population. One of element is selenium, consid-
ered an element vital for animals and humans. It participates in antioxidant 
processes, is included in the composition of the thyroid hormone, regulates 
the functioning of the immune system, and protects the brain and reproduc-
tive organs (Ratajczak, Gietka-czeRnel 2016).

Despite the great importance of selenium, in many countries around  
the globe, the supply of the element is too low in comparison to the recom-
mended consumption. There is a significant relationship between the Se 
content in soil and the content in plants (liu et al. 2021). Soil is the main 
source of nutrients influencing the yield of plants (Vilček, toRma, 2016) and 
their elemental composition (cacak-PietRzak et al. 2019). The optimum dose 
of Se for adults varies from 50 to 200-400 μg per day (Vinceti et al. 2018), 
and its consumption is lower in the majority of European countries  
(StoffanelleR, moRSe, 2015). Selenium deficiency in human organisms  
results in many unfavourable symptoms (lanGaueR-lewowicka, PawlaS 2016). 
In China, in areas poor in Se, diseases related to selenium deficit are  
observed, namely the Kashin-Beck disease and the Keshan disease (ShReenath 
et al. 2018). Counteracting such phenomena involves various activities aimed 
at an increase in the dietary selenium content. One measure is fertilization 
with the element (chilimba et al. 2012, alfthan et al. 2015, izydoRczyk et al. 
2021). 

Plants, and particularly crops, have the ability of accumulating and  
metabolizing selenium, therefore constituting one of the main selenium 
sources in the cells of mammals (combS 2015). Although the element is belie- 
ved to fulfil no important functions for plants, many studies have revealed  
a positive effect of low selenium contents on plants (RamoS et al. 2010,  
chauhan et al. 2017, molnáR et al. 2018).

Considering the effect of selenium on plant metabolism, relatively few 
papers discuss its effect on the accumulation of other elements, such as man-
ganese (Mn), copper (Cu), zinc (Zn), and iron (Fe). Small quantities of these 
elements are vital for plants as well as humans, and their insufficient supply 
may contribute to a reduction of crop yields and negative health effects  
in the population (SilVa et al. 2018).

The objective of the study was to determine the effect of diversified  
fertilization with selenium on the accumulation of microelements, such  
as Zn, Fe, Cu, and Mn, in the grain of spring wheat Triticum aestivum L.
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MATERIALS AND METHODS

The research was conducted in 2018-2020 at the Experimental Station  
of the Institute of Agriculture of the Warsaw University of Life Sciences  
in Skierniewice in the form of a field trial. Weather conditions are presented 
in Figures 1 and 2. These conditions are typical for central Poland.

The experiment was carried out on light, sandy soil, on experimental 
plots with an area of 16.5 m2. The pH of the soil determined in 1-mol KCl  
by the potentiometric method on an automatic pH meter (Moga, Poland) was 
4.97. This is a typical value for over half of the soils in Poland. Total content 
of nitrogen in soil by the Kjeldahl method was 0.76 g kg-1, carbon determined 
on a Vario Max analyzer (Elementar, Germany) was 8.40 g kg-1, and sulphur 
determined by the same method was 0.33 g kg-1, phosphorus determined  
by the Egner-Riehm method was 45.57 mg kg-1, and potassium determined 
by the same method was 150 mg kg-1. Total selenium content in the soil was 
determined by mineralization in aqua regia, then determined by atomic  
absorption spectrometry (AAS) using a Thermo Electronic Solaar M6  
(Thermo Scientific, Wilmington, NC, USA). Selenium content in soil was 
0.128 mg kg-1.

Fig. 1. Monthly temperature in 2018-2020 against the background of many years 1991-2020
 

Fig. 2. Monthly precipitation totals in 2018-2020 against the background  
of many years 1991-2020
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The plant used for the study was spring wheat Triticum aestivum L.,  
the cv. Mandaryna. The sowing was done with a Poznaniak seeder. The seed-
ing density was 5 million grains per ha. 

Selenium was introduced in the form of sodium selenate (Na2SeO4).  
The following types of fertilization with selenium were applied: 1) foliar ap-
plication (F), 2) seed (G) and foliar (F) application, 3) soil (S) and foliar (F) 
application, 4) seed (G), soil (S) and foliar (F) application. Foliar application 
was dosed at a concentration of 16.66 mg Se l-1, which means 5.00 g Se ha-1 
(spraying volume per hectare was 300 L), at different development growth 
stages of the plant: F1 – tillering (BBCH 22), F2 – stem elongation (BBCH 
32), F3 – inflorescence emergence (BBCH 52), and F4 – ripening (BBCH 85). 
Moreover, foliar fertilization treatments were applied at several development 
stages combined, where the total fertilizer dose (5.00 g Se ha-1) was divided 
into a number of selenium applications: F1-2 – tillering and stem elongation, 
F1-3 – tillering, stem elongation, and inflorescence emergence, as well as 
F1-4 – tillering, stem elongation, inflorescence emergence, and ripening stage 
(Table 1). Seed application was performed through soaking spring wheat 
grains in 50.00 µmol selenium solution for 24 h before seeding. Soil fertiliza-
tion at a dose of 5.00 g Se ha-1 was applied before wheat seeding (spraying 
volume per hectare: 300 dm3). The experiment was conducted in three repli-
cations.

The content of selenium, zinc, iron, copper and manganese in the grain 
was determined after mineralization in a mixture of HNO3 and HClO4, 
through the method of atomic absorption spectrometry (AAS), using a Thermo 
Elemental Solaar M6 apparatus (Thermo Scientific, Wilmington, NC, USA).

The statistical analyses were performed by means of the Statgraphics 
5.1. software (The Plains, Virginia, USA). The results were subject to single 
factor and multivariate analysis of variance ANOVA and t-test at a signifi-
cance level of p= 0.05, and Pearson linear correlation analysis.

RESULTS AND DISCUSSION

In the control sample, the grain yield was 2.19 t ha-1 (Figure 3). Objects 
fertilized with selenium generated both higher and lower yield in comparison 
with control, although these differences were not significant. A significantly 
higher grain yield was found only in the case of soil fertilization together 
with foliar application in the tillering phase (S+F1). Different fertilization 
methods and different selenium doses generally had no effect on the yield  
of the grain of spring wheat. Other studies have also shown that fertilization 
with selenium, even in higher doses such as 5-20 g ha-1 Se, and even up  
to g ha-1 Se, causes no decrease in the yield (RamkiSSoon 2020).

Selenium content in the grain of spring wheat in the control sample was 
0.161 mg kg-1 (Table 2). It was the lowest value. The low selenium content  
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Table 1
Research design

Treatment Dose of Se Total dose of Se
Control C 0.00 g ha−1 0.00 g ha−1

Foliar 
applica-
tion

F1 5.00 g ha−1 5.00 g ha−1

F2 5.00 g ha−1 5.00 g ha−1

F3 5.00 g ha−1 5.00 g ha−1

F4 5.00 g ha−1 5.00 g ha−1

F1-2 2.50 g ha−1 in each treatment 5.00 g ha−1

F1-3 1.67 g ha−1 in each treatment 5.00 g ha−1

F1-4 1.25 g ha−1 in each treatment 5.00 g ha−1

Seed and 
foliar 
applica-
tion 

G 50.00 µmol grain 50.00 µmol
G+F1 50.00 µmol grain + 5.00 g ha−1 foliar 50.00 µmol + 5.00 g ha−1

G+F2 50.00 µmol grain + 5.00 g ha−1 foliar 50.00 µmol + 5.00 g ha−1

G+F3 50.00 µmol grain + 5.00 g ha−1 foliar 50.00 µmol + 5.00 g ha−1

G+F4 50.00 µmol grain + 5.00 g ha−1 foliar 50.00 µmol + 5.00 g ha−1

G+F1-2 50.00 µmol grain + 2.5 g ha−1 
foliar in each treatment 50.00 µmol + 5.00 g ha−1

G+F1-3 50.00 µmol grain + 1.67 g ha−1 
foliar in each treatment 50.00 µmol + 5.00 g ha−1

G+F1-4 50.00 µmol grain + 1.25 g ha−1  
foliar in each treatment 50.00 µmol + 5.00 g ha−1

Soil and 
foliar 
applica-
tion  

S 5.00 g ha−1 5.00 g ha−1

S+F1 5.00 g ha−1 soil + 5.00 g ha−1 foliar 10.00 g ha−1

S+F2 5.00 g ha−1 soil + 5.00 g ha−1 foliar 10.00 g ha−1

S+F3 5.00 g ha−1 soil + 5.00 g ha−1 foliar 10.00 g ha−1

S+F4 5.00 g ha−1 soil + 5.00 g ha−1 foliar 10.00 g ha−1

S+F1-2 5.00 g ha−1 soil + 2.50 g ha−1  
foliar in each treatment 10.00 g ha−1

S+F1-3 5.00 g ha−1 soil + 1.67 g ha−1  
foliar in each treatment 10.00 g ha−1

S+F1-4 5.00 g ha−1 soil + 1.25 g ha−1  
foliar in each treatment 10.00 g ha−1

Seed, 
soil and 
foliar 
applica-
tion

G+S 50.00 µmol grain + 5.00 g ha−1 soil 50.00 µmol + 5.00 g ha−1

G+S+F1 50.00 µmol grain + 5.00 g ha−1  
soil + 5.00 g ha−1 foliar 50.00 µmol + 10.00 g ha−1

G+S+F2 50.00 µmol grain + 5.00 g ha−1  
soil + 5.00 g ha−1 foliar 50.00 µmol + 10.00 g ha−1

G+S+F3 50.00 µmol grain + 5.00 g ha−1  
soil + 5.00 g ha−1 foliar 50.00 µmol + 10.00 g ha−1

G+S+F4 50.00 µmol grain + 5.00 g ha−1  
soil + 5.00 g ha−1 foliar 50.00 µmol + 10.00 g ha−1

G+S+F1-2 50.00 µmol grain + 5.00 g ha−1  
soil + 2.50 g ha−1 foliar in each treatment 50.00 µmol + 10.00 g ha−1

G+S+F1-3 50.00 µmol grain + 5.00 g ha−1  
soil + 1.67 g ha−1 foliar in each treatment 50.00 µmol + 10.00 g ha−1

G+S+F1-4 50.00 µmol grain + 5.00 g ha−1  
soil + 1.25 g ha−1 foliar in each treatment 50.00 µmol + 10.00 g ha−1
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in the control sample of the spring wheat grain was correlated with its low 
content in the soil, considered as deficient. When such low selenium levels 
are determined in soil and plants, measures aimed at counteracting the  
phenomenon are implemented in many countries (zaPletaloVá et al. 2021). 
Spring wheat fertilized with selenium in all combinations was characterized 
by a higher content of this element in the grain. This content was deter-

Fig. 3. Average yield depending on fertilization. 
Results show means and standard deviations (n=9): A, b, c – means followed by the same letter 

are not significantly different from one another based on the Tukey’s test at p≤0.05.
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Table 2
Content of selenium, copper, zinc, iron and manganese in grain (mg kg−1)

Treatment Se Cu Zn Fe Mn
Control C 0.16±0.01a 4.07±0.42abcde 66.79±3.02d 44.89±4.11a 38.05±6.24cde

Foliar 
application

F1 0.28±0.11abcd 3.75±0.25abcde 40.80±1.50ab 45.95±5.36a 32.14±2.13abcde

F2 0.31±0.06abcd 3.91±0.10abcde 66.76±5.75d 29.17±4.61a 37.57±3.99bcde

F3 0.26±0.11abc 4.08±0.84abcde 46.83±6.43abcd 27.48±0.51a 32.15±5.97abcde

F4 0.23±0.07ab 3.36±0.31abc 36.11±1.21a 25.72±2.32a 29.27±4.73abc

F1-2 0.38±0.15abcde 3.75±0.40abcde 56.28±6.50abcd 47.41±4.74a 34.07±2.20abcde

F1-3 0.42±0.16bcdef 3.81±0.44abcde 63.57±3.83cd 28.49±1.52a 32.22±6.72abcde

F1-4 0.28±0.13abcd 3.87±0.23abcde 49.42±5.13abcd 35.79±2.95a 38.47±4.50de

Seed and 
foliar 
application

G 0.23±0.10ab 4.10±0.08abcde 43.91±5.20abc 42.70±5.08a 33.40±3.22abcde

G+F1 0.23±0.12ab 4.79±0.56e 52.48±6.45abcd 31.18±0.16a 35.22±1.94abcde

G+F2 0.30±0.12abcd 4.24±0.49bcde 58.66±6.52bcd 32.33±3.76a 40.01±5.81e

G+F3 0.26±0.11abc 3.86±0.04abcde 43.23±4.51ab 25.67±3.16a 33.93±3.74abcde

G+F4 0.21±0.07ab 3.78±0.35abcde 46.83±5.73abcd 26.89±4.75a 33.67±6.35abcde

G+F1-2 0.35±0.09abcde 3.78±0.15abcde 40.87±3.59ab 28.31±3.46a 38.45±4.10de

G+F1-3 0.30±0.12abcd 3.64±0.51abcd 50.08±7.73abcd 27.51±5.43a 35.14±4.52abcde

G+F1-4 0.23±0.11ab 4.37±0.23cde 42.21±0.86ab 29.28±5.34a 36.87±1.68bcde

Soil and 
foliar 
application

S 0.36±0.03abcde 4.54±0.18de 50.59±8.91abcd 28.74±3.08a 32.70±7.31abcde

S+F1 0.28±0.02abcd 3.98±0.20abcde 50.21±5.20abcd 32.17±3.58a 33.89±7.99abcde

S+F2 0.64±0.08fgh 3.64±0.30abcd 50.51±4.21abcd 31.19±6.01a 32.17±2.15abcde

S+F3 0.32±0.05abcd 3.06±0.46a 45.36±5.62abc 45.76±2.47a 29.49±5.41abc

S+F4 0.28±0.02abcd 3.72±0.57abcde 42.08±7.33ab 27.88±1.50a 26.60±1.95a

S+F1-2 0.71±0.14gh 3.17±0.37ab 40.92±1.80ab 27.58±3.80a 28.80±2.20ab

S+F1-3 0.50±0.17defg 3.25±0.44abc 47.59±3.99abcd 30.24±3.82a 30.69±3.86abcd

S+F1-4 0.26±0.11abc 3.73±0.84abcde 45.63±7.01abc 36.39±6.64a 34.13±6.28abcde

Seed, soil 
and foliar 
application

G+S 0.38±0.13abcde 3.93±0.10abcde 45.40±7.47abc 47.86±2.78a 34.06±7.89abcde

G+S+F1 0.34±0.10abcde 3.83±0.31abcde 41.15±3.54ab 27.17±4.17a 32.26±2.23abcde

G+S+F2 0.56±0.21efgh 4.18±0.98abcde 60.52±5.72bcd 36.93±4.87a 39.95±5.47e

G+S+F3 0.32±0.11abcd 3.52±0.43abcd 44.24±3.30abc 26.89±5.26a 30.06±3.50abcd

G+S+F4 0.34±0.12abcde 4.15±0.58abcde 47.22±1.84abcd 29.52±1.13a 29.84±4.76abcd

G+S+F1-2 0.74±0.16h 3.66±0.29abcde 40.96±5.52ab 40.29±2.85a 35.88±5.45bcde

G+S+F1-3 0.47±0.15cdef 3.30±0.22abc 53.23±4.02abcd 26.84±3.00a 33.06±6.20abcde

G+S+F1-4 0.28±0.13abcd 3.63±0.20abcd 44.86±3.17abc 34.03±5.34a 35.06±4.19abcde

Results show means and standard deviations (n=9): a, b, c – means followed by the same letter 
are not significantly different from one another based on the Tukey’s test at p≤0.05.
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mined by both the fertilization method and development stage at which foli-
ar fertilization was applied. The highest selenium content was recorded  
in wheat grain of wheat fertilized with Se as seed, soil and foliar application 
at the tillering and stem elongation stage (G+S+F1-2), where the content 
reached 0.74 mg kg-1 Se. Despite the application of different selenium doses, 
no excessive toxic accumulation of the element in the plant was recorded 
that could be a threat for animals or humans, constituting further links  
in the trophic chain (Radawiec et al. 2021).

The results also show that the stage at which selenium was applied also 
has a significant effect on the final content of the element in the grain  
of spring wheat. Despite the application of the same dose of selenium within 
a single fertilization method, whether foliar (F), soil (S), seed (G), or com-
bined application (S+G), the introduction of selenium at different stages  
of development of wheat translated into different Se contents in the grain. 
The study showed that the best period for the application of selenium in cul-
tivation of spring wheat is the stem elongation stage (BBCH 30-39), as con-
firmed by other experiments (Radawiec et al. 2021, RamkiSSoon 2021).

Zinc content in the control sample was 66.79 mg kg-1, and was the high-
est (Table 2). Equally high content was recorded in the grain of wheat fer-
tilised with Se by foliar application at the stage of stem elongation (F2) and 
in the case of foliar fertilization at the tillering, stem elongation, and inflo-
rescence emergence stages (F1-3). Same as zinc, the iron content in the con-
trol sample was among the highest, reaching 44.89 mg kg-1 Fe. Comparably 
high contents of the element were determined after foliar application at the 
tillering stage (F1), at the tillering and stem elongation stage (F1-2), and for 
seed fertilization (G), soil fertilization with foliar application at the stage  
of inflorescence emergence (S+F3), and seed and soil fertilization (G+S). Cop-
per content was also determined in the grain of spring wheat. In the control 
sample, it was 4.07 mg kg-1 Cu. The highest content of the element was  
obtained after seed fertilization combined with foliar application at the stem 
elongation stage (G+F1). Soil (S) and seed fertilization combined with foliar 
application at the stages of stem elongation, tillering, inflorescence emer-
gence, and ripening (G+F1-4) proved equally effective. Manganese content  
in the grain of spring wheat was shaped similarly as in the case of copper.  
In the control sample, it reached 38.05 mg kg-1 Mn, and varied from  
26.60 mg kg-1 to 40.01 mg kg-1 in the grain of spring wheat fertilized with 
selenium. The highest content of the element was recorded after seed ferti- 
lization combined with foliar application at the stage of stem elongation 
(G+F2), and after seed and soil fertilization with foliar application at the 
stage of stem elongation (G+S+F2). Fertilization with selenium had no con-
siderable effect on the accumulation of microelements. Content of iron,  
copper, and manganese did not significantly differ from that in the control 
sample. The greatest variability was noted in relation to the zinc content  
in grain. 
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The comparison of the results with other studies points to the general 
conclusion that fertilization with selenium can cause lack or a slight  
decrease in the content of microelements in the grain of spring wheat (filek 
et al. 2010, tobiaSz et al. 2014, zaPletaloVá et al. 2021). This tendency has 
no effect on the ability to accumulate selenium in wheat grain. In the study, 
a decrease in the content of the determined microelements usually occurred 
in the case of foliar application at the ripening stage (F4), and soil fertiliza-
tion combined with foliar application at the stage of inflorescence emergence 
(S+F3) or at the ripening stage (S+F4). Therefore, foliar application of sele-
nium at the stage of inflorescence emergence (F3) or at the ripening stage 
(F4) can presumably contribute to a reduction of the content of microele-
ments in the plant.

Contents of the analysed microelements obtained as a result of fertiliza-
tion with selenium were compared with natural contents occurring in plants. 
In our research, the content of copper in wheat grain was in the range  
of 3.06-4.79 mg kg-1. Researchers (kabata Pendias, PendiaS 1999) determined 
the natural content of the element in cereals at a level of 2.6-6.0 mg kg-1.  
The zinc content in our experiment varied from 36.11 to 66.79, and the  
natural content is in a range of 15-60 mg kg-1 Zn. In our research, we also 
determined the iron content. Its natural content in plants is 10-400 mg kg-1 

Fe, while in the experiment it ranged from 25.67 mg kg-1 to 47.86 mg kg-1. 
Manganese content varied in the study within a range of 26.60-40.01 mg kg-1, 
whereas its natural content in cereal grain in Poland reaches 10-45 mg kg-1 
Mn. Mean copper content for cereal grains in non-polluted regions is 3.7 mg kg-1 
(bednaRek et al. 2008). Also other studies that determined contents of trace 
elements in cereals provide results comparable with our study (Ścigalska  
et al. 2011). Selenium has the ability to limit the bioassimilation of harmful 
elements in the food chain. It can also limit negative transformations result-
ing from the excess of heavy metals (iSmael et al. 2019, ShanG et al. 2021). 
The research conducted on this subject often suggests the possibility of intro-
ducing selenium into the environment and human organisms. However,  
it should be borne in mind that it becomes toxic when present in excess,  
so possibilities of selenium distribution and possible effects of its influence 
should be strictly controlled. The desired target content of selenium in grains 
that is not toxic to living organisms ranges from 0.1 to 1.00 mg kg-1 Se 
(bañueloS et al. 2020). For this purpose, doses of 5 to 25 g ha-1 Se are used 
(ReiS et al. 2018, nGiGi et al. 2019, Xia et al. 2019). The fertilization used  
in the study increased the selenium content to the optimal amount recom-
mended for enrichment with this element (kabata PendiaS, PendiaS 1999, 
Radawiec et al. 2021). All the types and doses of fertilization presented in the 
study can be safely used to increase the supply of selenium in the grain 
without excessive accumulation of heavy metals.
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CONCLUSIONS

The study results show that fertilization with selenium has no effect on 
the yielding of spring wheat, although it contributes to an increase in seleni-
um content in the grain. Seed and soil fertilization with additional foliar 
application at the tillering and stem elongation stage (G+S+F1-2), as well as 
soil fertilization combined with foliar application at the same stages (S+F1-2) 
and at the stem elongation stage alone (S+F2) proved the most effective. 
Therefore, the best period for the application of selenium in cultivation of 
spring wheat is the stem elongation stage (BBCH 30-39). Fertilization with 
selenium did not contribute to an increase in the content of the remaining 
selected microelements in the grain of spring wheat. The determined content 
of the discussed elements is comparable to natural content occurring in 
crops. This shows that fertilization with selenium allows for an increase in 
its content in the grain of spring wheat with no excessive toxic accumulation 
of elements, such as iron, copper, zinc or manganese.
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