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ABSTRACT

A laboratory study was conducted to evaluate the effects of selenium (Se) on the status of essen-
tial micronutrients in garden pea (Pisum sativum L.). The aim of the study was to verify wheth-
er Se affects the growth and essential micronutrient concentration, partitioning and transloca-
tion among individual plant parts of garden pea. Plants were grown under growth chamber
conditions in Hoagland’s nutrient solution No.1. Selenium was supplied to nutrient solution in
the form of sodium selenite or sodium selenate, at concentrations of 10 and 20 pmol dm™, when
plants were in the stage of the first pair of leaves. After 7 days, the fresh and dry matter of
shoots, hypocotyls and roots as well the concentrations of Se and essential micronutrients (Fe,
Zn, Mn, Mo, Cu and B) in individual plant parts were determined. Concentrations of Se and
micronutrients were analysed with an inductively coupled plasma optical emission spectrometer
(ICP-OES). Pea seedlings absorbed Se from the nutrient solution and accumulated it mainly in
roots. More Se was accumulated in seedlings when it had been applied in the form of selenate
than selenite. Se application at a higher concentration (20 pmol dm) limited the increase of dry
weight of shoots. Moreover, Se in both forms reduced the water content mainly in roots, wherein
the effect of selenate was stronger and occurred also in aerial parts. Under the influence of Se,
a decrease in the accumulation in pea seedlings and translocation to shoots of Fe, Zn, Mn, B and
Cu was found. However, this was not observed in the case of Mo. The results suggest that the
Se effect exerted on translocation of micronutrients was caused by dehydration associated with
membrane damage of roots.
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INTRODUCTION

Selenium (Se) is an essential component of human and animal cells, but
it is not considered an essential element for higher plants, although at lower
concentrations it can improve their biological functions and stimulate plant
growth, whereas at higher concentrations it can exert toxic effects (HARTIKA-
INEN et al. 2000). Numerous reports have been published regarding the ben-
eficial antioxidant effects of Se in stress caused by various factors (GUPTA,
Gupra 2017). The incorporation of Se instead of S into cysteine and methi-
onine results in the synthesis of non-specific selenoproteins. Thus, Se phyto-
toxicity is attributed to the synthesis of malformed selenoproteins and the
induction of oxidative stress as a result of a high concentration of this ele-
ment (VAN Hoewyk 2013, Gupra, Gupra 2017). It has also been found that Se
at higher concentrations can alter contents of essential nutrients in plants.
However, there are differences in the results of various authors, which
do not allow for generalizations (Wu, HuanG 1992, Arvy et al. 1995, KOPSELL
et al. 1995, PazurkiEwicz-Kocot et al. 2003, FARGASOVA et al. 2006, HAWRYLAK-
-Nowak 2008, ScuiavoN et al. 2013, HawrvyLAK-Nowak et al. 2015, PoLiTycka
et al. 2017). Discrepancies occur even when the results of experiments car-
ried out in hydroponic cultures are compared, in which the composition of
the nutrient solution is strictly defined and the conditions are controlled.
Domokos-SzaBoLcsy et al. (2017) state in their review that although the inter-
action between Se and S is well documented, interactions between Se and
other essential nutrients are not fully clarified and this issue should be fur-
ther investigated. Therefore, the aim of this study was to examine the effect
of selenate and selenite on micronutrient accumulation and translocation in
garden pea (Pisum sativum L.) plants.

MATERIALS AND METHODS

Garden pea (Pisum sativum L.) cv. ‘Akord’ seeds were germinated for
4 days on Petri dishes lined with moist filter paper. Uniform, germinated
seeds were then transferred to containers with 4 dm? of aerated Hoagland’s
nutrient solution No. 1 and grown for the next 4 days. Se was added to the
nutrient solution as sodium selenite (Na,SeO, 5H,0) or sodium selenate
(Na,SeO,) when the pea seedlings were in the stage of the first pair of leaves.
The concentration of Se in the nutrient solution was 10 and 20 pmol dm.
Control seedlings were grown in a nutrient solution without Se. The experi-
ment was carried out in a controlled-environment growth chamber with
the following conditions: under luminescent light with photon flux density
135 pmol m? s! (Philips lamps), a 14/10 day/night photoperiod, at 27/23°C
day/might temperatures and relative humidity of about 60%. The experiment
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was repeated 3 times in 3 replications, each replication involving 1 container
with 35 pea seedlings. Seedlings were grown on Hoagland’s solution No. 1
with selenium for 7 days and samples were collected when the plants were
in the stage of the third pair of leaves.

The fresh and dry mass values of pea shoots, hypocotyls and roots were
taken as growth criteria. Results are means of about 300 seedlings. The con-
tent of water in shoots and roots was calculated on the basis of fresh and dry
mass.

Air-dried 0.5 g samples of pea shoots, hypocotyls and roots were digested
at 200°C (15 min of warming plus 20 min of maintaining the set tempera-
ture) in 10 cm? of 65% super pure HNO, using the microwave system CEM
MARS-5 Xpress. Samples were then replenished with double-distilled water
to the final volume of 25 cm?®. The analyses of Se, Fe, Zn, Mn, Mo, Cu and B
in pea samples were conducted using an inductively coupled plasma optical
emission Prodigy spectrometer (ICP-OES Teledyne Leeman Labs USA).

Moreover, the total micronutrient content in shoot, hypocotyl and root
was obtained by multiplying the micronutrient content in a plant part by its
dry matter, while the translocation index (TI) for relative nutrient transport
to the shoot was calculated by dividing the shoot micronutrient content by
the total plant micronutrient content and expressed as the percentage of
control (RENGEL, GRAHAM 1996).

The results were subjected to statistical analysis using analyses of variance
and the significance of differences between the means was estimated by the
Duncan’s test.

RESULTS AND DISCUSSION

The Se content in pea seedlings significantly increased following an appli-
cation of this element in either form , and was higher at the higher Se con-
centration in the nutrient solution (Table 1). In seedlings grown in a nutrient
solution with the addition of selenate, on average the content of Se was
3.2-fold higher than in seedlings grown in a solution with selenite. Similar
results were obtained in both soil and hydroponic experiments for different
plant species (CARTES et al. 2005, ZHao et al. 2005, Garousi et al. 2016,
MoLNAROVA, FARGASOVA 2016). The Se treatment of pea seedlings resulted in
significant differences in the distribution of Se between individual plant
parts. Regardless of the form, a higher Se concentration was found in the
roots than in the shoots. It is believed that selenate taken up by plant roots
is quickly transported through the xylem to shoots (L1 et al. 2008, KostorouLou
et al. 2010). However, other results obtained by some authors suggest that
the distribution of Se applied in the form of selenite or selenate in individual
plant parts is dependent on plant species (ArRvy 1993, HAWRYLAK-Nowak 2013,
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Table 1

Selenium content in plant parts of garden pea supplied with selenium in forms
of sodium selenite and sodium selenate

Se content (ug kg DW)
Plant part selenite selenate
control
10 pmol dm™® | 20 pmol dm* | 10 pmol dm® | 20 pmol dm
Shoot 0.551a* 6.021b 19.50¢ 203.4d 787.3e
Hypocotyl 2.614a 19.31b 40.98d 31.58¢ 96.24e
Root 4.102a 307.96 382.5¢ 708.5d 1755.e

* Means from the individual rows of the table not followed by the same letter are significantly
different at a < 0.05.

HawryrLAK-Nowak et al. 2015, Garoust et al. 2016, MoLNAROVA, FARGASOVA
2016). There is no information in the literature on the accumulation of Se in
the hypocotyl. Our study showed that the Se content in hypocotyls of pea
seedlings treated with selenite was lower than in roots, but higher than in
shoots, while a lower Se content was found in hypocotyls of seedlings treated
with selenate compared to shoots and roots.

Growth parameters are most commonly used as indices of phytotoxicity
caused by various stress factors. Plant growth responses are closely related
to the content of Se in plant tissues. Se excess reduces plant mass (MROCZEK-
-ZDYRSKA, WoJCIK 2012, HAWRYLAK-Nowak 2008, 2013, HAWRYLAK-NOWAK et al.
2015, MoLNAROVA, FARGASOVA 2016). In our experiment, significant reduction
of fresh weight under the influence of Se was observed in shoots and roots of
pea seedlings but not in hypocotyls (Table 2). Compared to the control, stron-
ger inhibition of the shoot growth was induced by selenate (on average by
39.52%) than by selenite (22.39%), while the root growth was inhibited
respectively by 45.46% and 27.28%. Significant reduction of dry weight, by
19.36% on average, was found only in shoots treated with 20 umol dm*? Se in
either form. The calculated water content clearly indicated that dehydration
occurred in the roots under the influence of Se in both forms, as well as in
the shoots treated with selenate. Similar results were obtained for bean, pea,
white mustard, tobacco and yellow sweet clover (KostorouLou et al. 2010,
AGcGARWAL et al. 2011, HEGEDUSOVA et al. 2012, MoLNAROVA, FARGASOVA 2016).

The phytotoxicity of selenite and selenate has been widely reported
(Vax Hoewvyk 2013, Gupta, Guprra 2017). It depends on an Se concentration
and the sensitivity of plants, which is different for various species (DHILLON,
DuiLLoN 2009, KAURr et al. 2014). Most plants are more sensitive to selenite
than to selenate (VAN HoEwyk 2013). Pea seedlings showed more sensitivity
to selenate than to selenite, as expressed by the inhibition of fresh weight,
probably because of greater accumulation of Se supplied in the selenate form
and stronger dehydration in roots. Different stress factors cause damage to
plasma membranes, resulting in cell dehydration. Such a relationship was
observed in common bean under the influence of Se in the form of selenite at
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Table 2
Fresh and dry weight and water content of plant parts of garden pea supplied
with selenium in forms of sodium selenite and sodium selenate

Treatment
Plant part selenite selenate
control
10 pmol dm® | 20 pmol dm™® | 10 pmol dm® | 20 pmol dm™

FW (g plant?)
Shoot 1.050d* 0.830c¢ 0.800c¢ 0.740b 0.530a
Hypocotyl 0.059a 0.055a 0.062a 0.058a 0.060a
Root 0.660c¢ 0.550bc¢ 0.4106 0.460b 0.300a

DW (g plant™)
Shoot 0.124b 0.103ab 0.093a 0.118b 0.097a
Hypocotyl 0.006a 0.006a 0.006a 0.006a 0.005a
Root 0.042a 0.043a 0.044a 0.044a 0.042a

WC (g water g DW)

Shoot 7.468¢ 7.058¢ 7.602¢ 5.271b 4.464a
Hypocotyl 8.833bc¢ 8.167a 9.333¢c 8.660ab 11.00d
Root 14.71d 11.79¢ 8.318b 9. 454b 6.142a

* Means from the individual rows of the table not followed by the same letter are significantly
different at @ < 0.05.

a toxic concentration (AccarRwaL et al. 2011). Many studies showed that Se
applied in forms of selenite and selenate at higher concentrations increased
lipid peroxidation, which caused damage of plasma membranes (HARTIKAINEN
et al. 2000, Mora et al. 2008, MROCZEK-ZDYRSKA, WOJCIK 2012). MoRra et al.
(2008) reported that Se applied in the form of selenite caused an increase of
lipid peroxidation in white clover shoots when its content was above 200 pg
Se kg! dry weight. MRoczEK-ZDYRSKA and WoJcik (2012) observed enhanced
lipid peroxidation and plasma membrane damage in the roots of faba bean
grown in Hoagland’s nutrient solution with 6 umol dm? Se in the selenite
form. The effect of Se on the uptake of micronutrients could be the result of
such changes in garden pea.

Analysis of micronutrients showed that Se affected their content in pea
seedlings (Table 3). The content of Fe, Zn, Mn and B in shoots of Se-treated
seedlings, regardless of the Se concentration and form, was significantly lower
compared to the control. In contrast, the content of Cu in seedlings treated
with 20 pmol dm™® Se in both forms and the content of Mo treated with
selenate at both concentrations were significantly higher (on average Cu by
15.95% and Mo by 11.65%) than the control. In hypocotyls, all Se treatments
caused a significant increase in the content of Fe (by 32.59% on average), Zn
(by 50.39%) and Cu (by 115.35% compared to control). While an average
decrease in theMn content by 25.03% was observed in hypocotyls treated
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Table 3

Content of micronutrients in plant parts of garden pea supplied with selenium in forms
of sodium selenite and sodium selenate

Treatment Fe Zn Mn B Cu Mo
(mg kg DW)
Shoot
Control 109.2¢ 95.62b 39.52¢ 24.60b 8.0906 1.081a
10 pmol dm™ selenite 83.67b 75.15a 26.23a 20.06a 6.410a 1.128a
20 pmol dm™ selenite 73.07a 67.13a 24.07a 21.37a 9.084c¢ 0.999«a
10 pmol dm™ selenate 78.92ab 76.72a 33.41b 21.69a 8.033b 1.230b
20 pmol dm selenate 64.65a 67.33a 32.46b 21.55a 9.677c 1.292b
Hypocotyl
Control 142.9a 60.96a 36.92b 11.85b 22.55a 2.440b
10 pmol dm™ selenite 178.1b 107.6d 37.04b 9.933a 29.52b 1.105a
20 pmol dm selenite 201.1c 66.36b 26.29a 10.07a 49.63¢ 1.017a
10 pmol dm™ selenate 198.9¢ 86.25¢ 34.57b 11.35b 50.80c 2.258b
20 pmol dm™ selenate 179.8b |106.5d 29.07a 12.46b 64.30d 2.388b
Root
Control 140.3a 98.03b 19.27¢ 4.535a 10.98a 2.030b
10 pmol dm selenite 144.2a 111.2¢ 16.96b 5.521b 13.89b 1.615a
20 pmol dm selenite 147.4a 72.42a 14.68a 4.046a 20.69c¢ 1.917b
10 pmol dm selenate 149.1a 104.6bc¢ 19.43c¢ 5.232b 18.14c¢ 1.892b
20 pmol dm selenate 138.4a 82.96a 14.33a 7.092¢ 24.35d 2.064b

* Means for the individual plant parts within one column not followed by the same letter are
significantly different at a < 0.05.

with 20 pmol dm™ Se in both forms, the content of B decreased by 15.60%
and Mo fell down by 51.51% in plants treated with selenite at both concen-
trations. In roots, the following increased: the Cu content in all Se treat-
ments by 75.48% on average compared to control, the B content in all treat-
ments (by 31.16% on average) except 20 umol dm™ selenite, and the
Zn content only in the treatment with 10 pmol dm™® selenite (by 13.43%).
In contrast, a decrease of the Zn content was observed in roots treated with
20 umol dm?3 Se in both forms (on average 20.75% compared to control),
of Mn in all treatments (on average 15.15% compared to control) except at
10 umol dm™ selenate treatment, and of Mo in roots treated with 10 pmol dm
selenite (20.44% compared to control). ScHiavON et al. (2013) observed a sig-
nificant decrease of Mo, Mn, Fe and Cu in tomato roots at 5 and 10 pmol dm
selenate. These changes in the content of micronutrients could affect the
enzymatic antioxidant system. Fe, Zn, Cu and Mn are components or co-fac-
tors of antioxidant enzymes such as superoxide dismutases or ascorbate
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peroxidase and the activity of these enzymes is positively correlated with the
content of these micronutrients (CAKMAK 2000, ALSCHER et al. 2002, BLOKHINA
et al. 2003, CARTES et al. 2005, PoLiTyckaA et al. 2017).

Ions are not distributed evenly in the whole plant and there are great
differences in their mobility in plants. Because of Casparian strips in the
endodermis of the root, which are a barrier blocking radial movement of ions
in the cell wall, ions must move at least part of the way through the sym-
plast. Mineral compounds loaded into the xylem remain for the most part in
the form of simple ions and are carried in the transpiration stream to the
shoot. From the apoplast or from the xylem, ions may be absorbed into
the symplast, where selection of ions takes place.

Calculated total accumulation of micronutrients in whole pea seedling
showed that under the influence of Se their uptake from the nutrient solu-
tion decreased and was clearly dependent on an Se concentration (Table 4).
The uptake of mineral nutrients is closely associated with the uptake of wa-
ter by plant roots. Therefore lower water content observed in the roots of pea

Table 4

Total content of micronutrients in plant parts of garden pea supplied with selenium
in forms of sodium selenite and sodium selenate

Treatment Fe Zn Mn B Cu Mo
total content in plant part (mg plant™)
Shoot
Control 13.54c 11.87d 4.900d 3.050c¢ 1.003¢ 0.134c¢
10 pmol dm selenite 8.618b 7.740b 2.702ab 2.066a 0.660a 0.116b
20 pmol dm™ selenite 6.795a 6.243a 2.238a 1.987a 0.845b 0.093a
10 pmol dm selenate 9.312b 9.053¢ 3.942¢ 2.559b 0.948¢ 0.145¢
20 pmol dm selenate 6.271a 6.531a 3.149b 2.090a 0.939b¢ 0.125b
Hypocotyl
Control 0.857a 0.366a 0.221b 0.071b 0.135a 0.015¢
10 pmol dm selenite 1.069b 0.646d 0.260c¢ 0.060a 0.177b 0.007a
20 pmol dm selenite 1.207¢ 0.398b 0.158a 0.060a 0.298¢ 0.006a
10 pmol dm selenate 1.193¢ 0.518¢ 0.207b 0.068b 0.305¢ 0.013b6
20 pmol dm™ selenate 0.899a 0.532¢ 0.145a 0.062a 0.321c 0.012b
Root
Control 5.893a 4.117b 0.809¢ 0.190a 0.461a 0.085b
10 pmol dm selenite 6.201b 4.782¢ 0.729b 0.237b 0.597b 0.069a
20 pmol dm™ selenite 6.486b 3.186a 0.646a 0.178a 0.910d 0.084b
10 umol dm™ selenate 6.5600 4.602b 0.855¢ 0.230b 0.798¢ 0.083b
20 pmol dm selenate 5.813a 3.484a 0.602a 0.298¢ 1.023e 0.087b

* Means for the individual plant parts within one column of the table not followed by the same
letter are significantly different at a < 0.05.
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Fig. 1. Translocation index (TI) of micronutrients in garden pea supplied with selenium
in forms of sodium selenite and sodium selenate

seedlings (Table 2) was probably the reason for the lower uptake and trans-
port of ions, while distribution of micronutrients among individual plant
parts varied and depended on the type of micronutrient. A decrease in the
accumulation of all micronutrient in the shoots of pea seedlings was ob-
served, except Mo in the selenite treatment, while the content of Fe, Zn, Cu
dcreased in hypocotyls and roots, although there were exceptions of higher
Se concentrations. This was probably due to the closure of stomata and the
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suppression of the transpiration stream. Dehydration of roots could have
generated an ABA signal that was transmitted to the shoots, leading to the
closure of stomata in leaves. Such a consequence was observed by JiaNG et al.
(2015) in tobacco plants, in which a high Se content in roots (but not in
leaves) resulted in the closure of the stomatal apparatus and a decrease of
the photosynthetic rate. Therefore, the growth inhibition of pea seedlings
under an Se treatment may be the result of impaired photosynthesis and
inhibition of the dry matter increase observed at the higher concentration of Se.

The suggestion that stomatal closure occurs under the influence of
Se, could explain the reduced translocation of all micronutrients, except Mo
(Figure 1), and the accumulation of Se applied as selenite in roots (Table 1).
In the case of Mo, under the influence of Se at the lower concentration, par-
ticularly in the form of selenite, the translocation of this nutrient to shoots
was stimulated. It has been shown that Fe, Mn, Cu, Zn and B ions absorbed
by the roots are distributed in the plant through the xylem by the transpira-
tion stream (Savic et al. 2012, Avvarez-FERNANDEZ et al. 2014). There is a
large gap in understanding thelong-distance transport of Mo in plants. Early
studies of KaNNAN and Ramant (1978) using *Mo-labelled and metabolic in-
hibitor proved that molybdate translocation in plants is an active process.
The difference between the translocation of Mo and the other micronutrients
confirms the suggestion that the closure of stomata occurred due to the dehy-
dration caused by Se treatment.. The negative effect exerted on the translo-
cation of micronutrients to shoots was probably caused by dehydration asso-
ciated with some membrane damage of roots. However, further investiga-
tions are needed to substantiate this hypothesis.

CONCLUSIONS

1. Pea seedlings absorbed Se from the nutrient solution and accumulated
it mainly in roots. More Se was accumulated in seedlings when it was ap-
plied in the form of selenate than selenite.

2. Se application at a higher concentration (20 pmol dm?) limited the
increase of dry weight of shoots. Moreover, Se in both forms reduced the wa-
ter content mainly in roots, wherein the effect of selenate was stronger and
also occurred also in shoots.

3. Under the influence of Se, a decrease in the accumulation and translo-
cation to shoots of Fe, Zn, Mn, B and Cu in pea seedlings was found. Howev-
er, it was not observed in the case of Mo.
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