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ALLEVIATION EFFECT OF SELENIUM
ON MANGANESE STRESS OF PLANTS

LAGODZ ACY WPLYW SELENU NA STRES MANGANOWY RO SLIN

Abstract: Mn, as Fe, Zn, Cu and Ni is a heavy metal and alsecessary element all the living organisms.
Excessive Mn nutrition causes a strong oxidativesst The aim of the studies was to determinatiereffect of
Se treatment (as sodium selenite;Ol&e) to alleviate the Mn stress of plants. Becausétokensitivity to
oxidative stress induced by excessive concentmtddMn a model plant was lettudeattuca sativa L. ‘Sunny’).
The studies were conducted in a controlled enviemtgrowth room in stable climate conditions: 16 h
photoperiod; temperature light/dark 18.0 +0.5°A0160.5°C; relative humidity 70-80%; quantum fluxndey
195-205umol m?s™. Plants were grown hydroponically in nutrient $mln characterized by excessive Mn
content (19.2 mg dr) and different contents of Se (control; 0.77, 1.083 mg dri¥). In all the combination
were also tested different foliar sprays (distiliedter and a 0.005% Se solution). Plants grown uodeditions
described above take up and transported Se frorrenusolutions into their leaves with a signifitaeduction of
Mn concentration and changes in the plant nutri¢aitus. With the increase in the concentrationSeotlearly
narrowed quantitative relations in the leaves betwthis element and micro-metallic. Increasing Selb in
nutrient solution has a positive influence on thengh of plants, but Se foliar treatment generdigreases plant
yield. The study shown that Se application may keealleviation of Mn stress of plants, with sinawieous reduce
in Mn concentration in leaves - which may be ofcgial importance also in the cultivation of momeomically
important species.

Keywords: Mn toxicity, selenium, macroelements, microelersghydroponic, lettuce

Introduction

Manganese (Mn) is an essential micronutrient totld living organisms [1-3].
Excessive Mn uptake is a disadvantage and may gaussological disorders. In case of
plants it may significantly reduce biomass produtti photosynthesis and caused
biochemical disorders [4]. An important factor whimfluences the quality of plants is
their nutrition, especially the quality of wateredsin plant watering. Generally most of the
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water sources contain lower concentrations of Mri (sg dm®). However also in other
countries sometimes water may contain higher Mrceontration, for example in Scotland it
was determined the concentration of Mn in drinkingter up to 1.9 mg dm what is
clearly exceeding the limit of 0.05 mg @hi5]. Meanwhile in Poland in case of water used
for drip irrigation and fertigation of horticulturavas determined more than 4.0 mgdm
which is a concentration about 10-times higher tbatimal for plants growing [6-8].
Excessive (without visual symptoms on plants) aic@with present visual symptoms of
necrosis) contents of Mn in water/nutrient meditamse a significant accumulation of this
nutrient in different edible parts (fruits and leay of vegetable species [7, 8]. European
Commission Regulation No. 420/2011 of 29 April 2¢2]Lsets maximum levels of Hg, Cd
and Pb in foodstuffs - but not for Mn adequate intake (Al) of Mn specified by the
National Academies’ Institute of Medicine is varifigm 1.8 mg (women) to 2.3 mg (men)
per day [1]. 11 mg Mn dayis a Tolerable Upper Intake Level (UL) of whichsaset for
adults based on a no-observed-adverse-effectflev@estern diets. It is known that heavy
metals (including Mn) constitute a consumer hellhard, due to their accumulation in
vegetables and organisms [10, 11]. Trace elemeaysancumulate in the some vitals like:
liver, kidneys, myocardium [12] or brain [2, 13]catheir effects can be seen after several
months, and even years [14]. The mechanism of Mimatexicity is only little known [2].

An element which significantly alleviates oxidativatress of plants induced by
excessive Mn nutrition is silicon (Si) [15, 16], tbeeports on the influence of Si on the
concentration of Mn in edible parts of vegetablesiaconclusive. Another element which
may also alleviate metal stress is selenium (Séjhwimay also limit the heavy metals toxic
effects [17-19]. In previous studies, a positivieef of Se was found on the Pb, Cd and Al
concentrations in tissues of different plant sped20-25]. At the same time many
scientists focus on bio-fortification of vegetablegh Se [26-28]. A low Se intake in the
human body may increase the risk of cardiovascdiseases (CVD), cancer and other
diseases, caused by free radicals [29, 30].

Because of its sensitivity to oxidative stress oatliby excessive concentrations of Mn
a model plant in our studies was a lettuce [7]. @ima of the conducted study was to
determine the allevation effect of Se nutritiongant yield and the concentrations of Mn,
Se, and also other macro- and microelements irekeat lettuce grown under strong Mn
stress.

Materials and method

Experimental design. The studies were conducted in a chamber room ldcattehe
area of Experimental Station of the Departmentsthaf Faculty of Horticulture and
Landscape Architecture, the Poznan University & ISciences (Poland). The aim was to
determine the effect of Se nutrition on chemicamposition (especially Se and Mn
concentrations) of leaves and on vyield of lettuce. (Sunny’) grown under strong
Mn-stress. The experiments were conducted in actifial design with the factors:
A - Se concentration in the nutrient solution (coht3 Se levels), B - foliar spraying
(B1 - distilled HO; B2 - Se solution). The experiments were estabdsin the systematic
design in 4 replications.

The following stable climate conditions were mainéal during the experiment: 16 h
of photoperiod; temperature day/night 18 +0.5°C+D65°C; relative humidity (70-80%);
quantum flux density 195 to 2¢Bnol m?s™. The quantum flux density was measured
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with the SunScan Canopy Analysis System (SS1, Belfaevices Ltd., Cambridge,
England). The light source were high pressure sodamps.

Plant nutrition. Details of schedule of seedling preparation waswshearlier [7].
Plants were grown in hydroponically in rockwool ¢ks (10 x 10 x 10 cm) with
recirculation of nutrient solution. A standard et solution for lettuce was used (in mg
dm™): N-NH, 10.0; N-NQ150.0; P-P@50.0; K 150.0; Ca 150.0; Mg 50.0; Fe 3.00; Mn
19.2; Zn 0.44; Cu 0.03; B 0.01; pH 5.50; EC 1.8 an$. Se was added to the nutrient
solution at the following levels (in mg dfr control, 0.77, 1.05, 1.33 (described as Se-I,
Se-Il and Se-lll). Within each nutrient medium cdnation Se foliar spraying was applied
(10 cn? of 0.005% solutiorplant®). The Se source was sodium selenate purum p.a.
(Na,O,Se;; Sigma-Aldrich). Plants were sprayed one timeqyete, 7 days after the start of
the experiment. The control plants were cultivatétthout Se nutrition with distilled water
spraying.

Chemical analysis. From every plant in each studied combination thevds were
collected, which were dried to constant weight #reh ground. In order to assay the total
forms of macroelements and Na the plant material nveneralized in concentrated$0;,
while for analyses of microelements (Fe, Mn, Zn &) - in a mixture of HN@and
HCIO, (3:1, v/v) [31, modified]. After mineralization thisllowing determinations were
performed: N-total using the distillation methodcaing to Kjeldahl in a Parnas Wagner
apparatus; P - colorimetrically with ammonia molgted K, Ca, Mg, Na, Fe, Mn, Zn, Cu
using flame atomic absorption spectroscopy (on al Caiss Jena apparatus). Se
concentrations in the plant material were deterthimghydride generation (HG-AAS). The
method is based on the separation of Se in the ébtaSe from the sample matrix.

Satigtical analysis. The data were analysed using STATISTICA (Stat8uft, Tulsa,
OK, USA). The results were analysed by factorial QWA with Se content in nutrient
solution and foliar sprays as fixed factors. Durgatest was employed to analyze
differences between measured parameters. There wais@ calculated the simple
correlation coefficients between Se nutrition amtrient concentration in leaves and plant
yield.

Results and discussion

Plant yield. Se applied in nutrient medium directly to thetrmone influenced plant
yield - the highest yield was obtained at the agapion of Se-lll (Table 1). Generally
(except for Se-Il) Se foliar application decreapéaht performance. Mean yield of plants
sprayed with distilled water was higher than forspeayed.

Chemical composition of plants. Se nutrition significantly modified the chemical
composition of leaves (Tables 1 and 2). Concewtnatof Mn under Se spraying varied -
but at the Se-Ill dose applied in nutrient solutosignificant reduction was recorded in Mn
concentration (reduction by about 36% comparindihie control). The plant response to
Se spraying was varied. The Se concentration ivekeéncreased with an increase in Se
concentration in nutrient solution. The highestcdacentration was found for Se-Il with
simultaneous Se spraying (3.71 mg Se&' kM), but the lowest for the control (distilled
H,O sprayed). The Na concentration in leaves decdeasder Se treatment to nutrient
medium, although the effect of Se spraying wasedatfor mean caused increasing of Na
concentration). Se applied to the root zone (at, &=-111) significant decreased in the N
concentration below the level of control. The Paanmiration in leaves for Se-l was higher,



14¢€ Tomasz Kleiber, Wiodzimierz Krzeski, Katarzyna Przygocka-Cyna and Tomasz&pski

while for Se-Il and Se-Ill was lower comparing witie control. The effect of Se-spraying
on N and P concentrations was varied. Concentratidfin leaves was stable (except for
Se-lll), for which a significant decreased.

Se application - both via the root zone and fofipraying - caused a significant Ca
reduction. Concentrations of Mg varied (lower fa-ISand Se-Ill, while higher for Se-II).
The mean Mg concentration under Se spraying wasridiaan in the control sprayed by
distilled water. The Fe status was stable - exémpSe-Il, for which it was significantly
higher (for the combination with distilled,B spraying). Se application to the root zone
significantly decreased the Zn concentration irvdésa but reaction on Se foliar spraying
was varied. Se changed the Cu status of leavabdehanges were multi-directional.

Table 1
The effect of Se on yielding of plants (g h&adnd concentration of: Se and metallic microeleiméexpress as
mg kg’of dry matter) in leaves of lettuce grown under Mress

Plant spraying Se level in nutrient solution
Control | 0.77 | 1.05 [ 133 | Mean
Yielding of plants
Distilled water 304.67 c 293.00 bc 267.00 ab 351.00 303.92 B
Se solution 245.67 a 256.33 a 277.67 abc 299.67 bc  269.83A
Mean 275.17 A 274.67 A 272.34 A 325.33 B
Se
Distilled water 2.64a 2.93b 3.43d 3.35d 3.09A
Se solution 2.83b 3.12c 3.71e 297b 3.16 A
Mean 274 A 3.03B 3.57D 3.16 C
Mn
Distilled water 639.45 cd 662.35 cd 736.50 e 468.25 626.64 A
Se solution 731.85¢€ 617.95c 683.10 d 566.30 b .864B
Mean 685.65 C 640.15 B 709.80 C 517.27 A
Fe
Distilled water 118.30 a 109.55 a 180.65 b 116.05 g 131.14 A
Se solution 128.30 a 115.70 a 111.50 4 117.90 p 3918
Mean 123.30 A 112.63 A 146.08 B 116.98 A
Zn
Distilled water 21.20 b-d 23.47 cd 17.06 ab 15.58 a| 19.32 A
Se solution 25.23d 20.22 a-c 21.14 b-d 17.53 al .02A
Mean 23.22C 21.84 BC 19.10 AB 16.55 A
Cu
Distilled water 6.52 bc 7.87 de 8.74 e 5.52 ab Al6
Se solution 7.94 de 5.27 a 7.13cd 8.20 de 7.13 A
Mean 7.23 AB 6.57 A 7.93B 6.86 A

Key for Tables 1-2: separately for rows and colunmsans marked with the same capital letters dadiffer
significantly atp < 0.05; within rows and columns, means marked whié same small letters do not differ
significantly atp = 0.05

A statistically significant negative linear corriédden was found between Se content in
the nutrient medium and P, K, Ca, Mg, Na, Mn andcéncentrations in leaves, while in
the case of Se concentration in leaves and plaid {fie correlation with P, K, Ca, Mg, Na,
Mn and Zn was significant and positive (Table &)tHe case of Se spraying significant and
negative linear correlation coefficients were fourmdy for Ca and Mg in leaves, as well as
plants yield. Moreover, significant correlations rereobserved for a number of other
parameters studied.
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Table 2

The effect of Se on macroelement and sodium corat@rt (express as % of dry matter) in leaves wfite
grown under Mn-stress

Plant spraying Se level in nutrient solution
Control | 0.77 | 1.05 | 133 | Mean
N
Distilled water 3.96 ef 3.54b 3.89 de 3.40a 369
Se solution 3.61 bc 3.82d 3.68 ¢ 4,03 f 3.78B
Mean 3.78B 3.68 A 3.78B 3.71 AB
P
Distilled water 0.99c 1.07 f 0.93 b 0.94b 0.98 A
Se solution 1.05e 0.99¢c 0.85a 1.04d 0.98 A
Mean 1.02C 1.03D 0.89 A 0.99B
K
Distilled water 6.51 b 6.40 b 6.39 b 5.79 a 6.27 A
Se solution 6.57 b 6.35b 6.53 b 592 a 6.34 A
Mean 6.54 B 6.37 B 6.46 B 5.86 A
Ca
Distilled water 1.85e 1.70d 1.74d 1.49 bc 1.70 B
Se solution 1.53 ¢ 1.39a 1.46 a-c 1.42 ab 1.45A
Mean 1.69D 1.55B 1.60C 1.46 A
Mg
Distilled water 0.86 ¢ 0.88c¢c 0.99d 0.82b 0.89B
Se solution 0.88 ¢ 0.75a 0.86 ¢ 0.85¢c 0.83 A
Mean 0.87 C 0.81 A 0.92D 0.84 B
Na
Distilled water 0.056 b 0.056 b 0.061 c 0.055 b 50.8
Se solution 0.068d 0.062 c 0.061 c 0.047 a 0.059 H
Mean 0.062 C 0.059 B 0.061 BC 0.051 A
Table 3

Values of linear correlation coefficients betwe@nc®ntent in nutrient medium ($and foliar Se spraying (3e
and chemical composition/yield of plants (significa level” - 0.05,” < 0.01)

Concentration in leaves

1
= s N P K Ca Mg Fe Mn Zn Cu Na Se vield
St [ 1.00 -
<’ - 1.00
N | -0.05| 0.21]| 1.0
P [ -0.39 | —-0.01] 0.04 1.00
K [-0.78"| 0.13 | 0.12] -0.03| 1.00
Ca | -0.45 [-0.777[0.14] 0.12 | 0.40| 1.00
Mg | 0.03 | —0.43]0.17] -0.09| 0.23] 0.62] 1.00
Fe | 0.07 | —0.28] 0.25-0.17] 0.11] 0.3§ 0.77] 1.00
Mn [-0.59" | 0.14 | 0.21] 0.04 | 0.83 | 0.38| 0.57 | 0.49 | 1.00
Zn [-0.78"| 0.26 [-0.19 0.47 | 0.70" | 0.18 | —0.03 —0.20] 0.61" | 1.00
Cu| 0.03 | -0.01] 0.25 0.22 | 0.22| 0.32] 0.81/055 | 0.61 | 0.24 | 1.00
Na [-0.59" | 0.18 [-0.34-0.14] 0.66 | 0.05| 0.10] 0.28 0.64]|0.54 |-0.04 1.00
S [ 059 | 0.10 [-0.26-0.877| —0.11| —0.3d 0.12 | 0.23| —0.01 —0.410.03 0.13 | 1.04
Yield| 0.49° [-0.49" [-0.2d —-0.12| —0.6T | 0.10 | —0.13 —0.23]-0.72" | -0.42|-0.26 -0.57" [0.01] 1.00

Increasing intensity of Se treatment generally éased the quantitative relations
between Se and metallic microelement (Fe, Mn, 4n), i€ leaves (Table 4). Wherein the
average greatest changes in relative quantificatias determined for Zn (—37.66%) and
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then for: Mn (—34.04%), Fe (—17.55%) and Cu (—1%pkdn combination characterized by
the worst yielding the Mn:Se ratio was 258.60:1 latin case of the best yielding the
guantitative relations of Fe:Se was the narrowdrequal 139.59:1.

From the human health it is important to balance thet in terms of both the
macro- and micronutrients and functional elemeBtsth Mn and Se are necessary to
human. Some soils around the world have insuffici8a contents, which makes it
impossible for plants to accumulate this elemef}.[Bor example, areas around the Baltic
Sea are known as Se-deficient [33]. Also some #oitgher parts of the EU show the same
problem [30, 34, 35]. Deficits of Se content in Hwl was the reason to undertake research
on bio-fortification of vegetables with this elenhen

In many previous studies a positive increase irShetatus was found in plant tissues,
caused by the application of different Se formsthBbe application of Se via the root-zone
(in nutrient medium) and in foliar spraying sigodntly increased concentration of Se in
lettuce leaves and roots [28]. Similarly as in tlescribed study it was found that an Se
addition (in concentration of 0.5 and 1.0 mg Se*tmthe nutrient solution) resulted in an
increase in the Se concentration in leaves, whaih & positive impact on plant yielding
[36]. Increasing Se nutrition has an effect ondbecentration of that element in plants [26,
37, 38]. Se may also have an influence on N andé&falmlic pathways (secondary
metabolites production) what could be a benefigsgdects for health of consumers [27].

Table 4
The quantitative relations between metallic miczogénts and Se in lettuce leaves
Plant spraying Se level in nutrient solution
Control | 0.77 | 1.05 | 133 | Mean
Fe:Se
Distilled water 44.80 37.38 52.70 34.59 42.37
Se solution 45.33 37.06 30.06 39.73 38.05
Mean 45.07 37.22 41.38 37.16
Mn:Se
Distilled water 242.09 226.05 214.91 139.59 205.66
Se solution 258.60 197.99 184.26 190.69 207.88
Mean 250.35 212.02 199.59 165.14
Zn:Se
Distilled water 8.03 8.01 4.97 4.64 6.41
Se solution 8.91 6.47 5.70 5.91 6.75
Mean 8.47 7.24 5.34 5.28
Cu:Se
Distilled water 2.47 2.69 2.55 1.65 2.34
Se solution 2.80 1.69 1.92 2.76 2.29
Mean 2.64 2.19 2.24 2.20

It was found that Se nutrition significantly modifi the chemical composition of
plants with macro- and microelements. Previousistuteported a varied influence of Se
on nutrient contents. Smolen et al. [28] reportiedt tSe has no a significant effect on
contents of macroelements in lettuce leaves. Medew[88] it was stated that
independently of concentration, supplementationSef weakly modified the nutrient
concentrations in seedlings. Smolen et al. [28¢meined generally higher concentrations
of N, K, Zn; lower: Ca, Mg, Fe and Mn with simuleous similar concentrations of P and



Alleviation effect of selenium on manganese stoégdants 14¢

Cu in Se bio-fortified lettuce leaves, but it mavh been connected with a different variety
of lettuce and a different chemical compositiomofrient solution used for fertigation.

Se is frequently involved in antagonistic processéh metals (Cu, Zn and Cd) in
plants and it also inhibits absorption of heavyatste.g. Cd or Pb [39, 40]. The novelty of
our studies was not only connected with bio-factifion of lettuce with Se, but also
a significant reduction of heavy metal contentsgluding Mn, with an important
improvement of plant yield. The Mn concentrationléttuce leaves in the case of plants
grown with the standard cultivation (0.5 mg Mn dyis 328.4 mg kg DM [7]. With an
increase to an excessive level (19.2 mg Mn3ime content of Mn in leaves increased
about 1.5 times. For tomato grown in rockwool agcréase in Mn level in nutrient solution
from optimal to the excessive/toxic range causedpmrox. 10-fold increase in Mn content
[8]. In our studies it was found that by additiors® nutrition it is possible to reduce the
content of Mn in lettuce leaves by about 36%. ABapplication in nutrient solution (in
the form of orthosilic acid) may reduce Mn contémttomato fruits by about 10% [41].
In the case of lettuce the application of the séomne of Si did not influence the content of
Mn in leaves [42].

Se generates some barriers for heavy metal trarsfen the root zone to the
aboveground plant parts - it was determined thenggst inhibition (84.9%) in the case of
Pb [20]. In earliest studies conducted on lettute @hinese cabbage it was found that Se
can react the negative effects of Pb and Cd, wigshlts in a lower accumulation of these
heavy metals in plants [43]. Simultaneously it iagnd a decreasing content of Mn in
roots and in flag leaves of whedriticum aestivum L. cv. Manu) under higher doses of Se
(15 um) compared with a lower application rate 5 §e) [38]. The protective role of Se in
heavy metal stress, such as changes in root groxahility, Reactive Oxygen Species
production and antioxidant activity, is not unamiwgs and depends mainly on Se
concentration [24]. Se alleviated the Al-oxidatiwtress in ryegrass roots by the
enhancement of spontaneous dismutation of supeyoxddliicals and the subsequent
activation of peroxidase enzyme [21]. Others [A4jgested that Se is an antioxidant or it
activates protective mechanisms, which alleviatiglative stress in the chloroplasts. The
spontaneous disproportion of superoxide tgOHmay explain the slightly improved
tolerance of photosynthesis [45].

A positive influence of Se application on lettudel¢ was observed. It was reported
that both quantitative and qualitative vyield of mk was dose-dependent
(concentration-dependent) on Se levels [37]. Théngb Se range of treatment is very
narrow and excessive nutrition can produce oxigatitress and cause damage to plants
[46, 47]. Low concentration Se improves cell vidhjlwhereas at high concentrations it
was pro-oxidant and enhances lipid peroxidation aetl membrane injury [24]. Se
fertilization increases chlorophylap and total contents) in onion leaves [48]. Se fia t
forms of sodium selenate and sodium selenite) Wasopposing effects on lettuce plant
metabolism: at low doses it acts as an antioxidaat enhances plant growth, whereas at
higher levels it reduces yields [26]. Selenium ¢ityiin high doses was also confirmed by
other authors [49, 50].

Conclusion

Se nutrition significantly affected plant chemicamposition - it decreased the Mn
concentration (the lowest for Se-lll with distilledlater spraying), with a simultaneous
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increase of Se concentration (the highest was mi@ted for Se-1l with Se foliar treatment)

and changes in concentrations of other nutrientte@ves. It was found that the most
intensive Se nutrition (at Se-lll), with simultanesodistilled water spraying, significantly

improved plant yield. A statistically significantegative linear correlation was found

between Se content in the nutrient medium and wiostacroelements (except N) Na, Mn

and Zn concentrations in leaves, while in the a#s8e concentration in leaves and plant
yield the correlation was significant and positivie.the case of Se spraying significant
negative linear correlation coefficients were fowrdy for Ca and Mg in edible parts of

lettuce, as well as yield. Concluding it may beesighat additional Se nutrition via nutrient
solution directly to root zone may increase footetsaby reducing Mn concentration in

their edible parts with a simultaneous improvenwntield potential.
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